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Abstract: This issue is proposed and organized as a means to present recent developments in the field
of testing of materials in civil engineering. For this reason, the articles highlighted in this issue should
relate to different aspects of testing of different materials in civil engineering, from building materials
and elements to building structures. The current trend in the development of materials testing in civil
engineering is mainly concerned with the detection of flaws and defects in elements and structures
using destructive, semi-destructive, and nondestructive testing. The trend, as in medicine, is toward
designing test equipment that allows one to obtain a picture of the inside of the tested element and
materials. Very interesting results with significance for building practices of testing of materials and
elements in civil engineering were obtained.

Keywords: testing; diagnostic; building materials; elements; civil engineering

1. Introduction

The field of testing of materials in civil engineering is very wide, and is interesting from
an engineering and scientific point of view [1–3]. This issue is proposed and organized as a
means to present recent developments in the field of testing of materials in civil engineering.
For this reason, the articles highlighted in this issue should relate to different aspects of
testing of different materials in civil engineering, from building materials and elements to
building structures [4–6]. The current trend in the development of materials testing in civil
engineering is mainly concerned with the detection of flaws and defects in elements and
structures using destructive, semi-destructive, and nondestructive testing.

This issue mainly focuses on different novel testing approaches, the development of
single and hybrid measurement techniques, and advanced signal analysis. The topics of
interest include but are not limited to the testing of materials and elements in civil engi-
neering, testing of structures made of novel materials [7–9], condition assessment of civil
materials and elements, detecting defects invisible on the surface, damage detection and
damage imaging, diagnostics of cultural heritage monuments, structural health monitoring
systems, modeling and numerical analyses, nondestructive testing methods, and advanced
signal processing for nondestructive testing [10,11].

2. Description of the Articles Presented in the Issue

Grouted rock bolts represent one of the most used elements for rock mass stabilization,
as analyzed by [12], and reinforcement and the grouting quality have a crucial role in the
load transfer mechanism. At the same time, the grouting quality, as well as the grouting
procedures, are the least controlled in practice. This paper deals with the non-destructive in-
vestigation of grouting percentage through an analysis of the rock bolt’s natural frequencies
after applying an artificial longitudinal impulse to its head by using a soft-steel hammer
as a generator. A series of laboratory models, with different positions and percentages of
the grouted section, simulating grouting defects, were tested. A comprehensive statistical
analysis was conducted and a high correlation between the grouting percentage and the
first three natural frequencies of rock bolt models has been established. After validation
of FEM numerical models based on experimentally obtained values, a further analysis

Materials 2021, 14, 3412. https://doi.org/10.3390/ma14123412 https://www.mdpi.com/journal/materials
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includes consideration of grout stiffness variation and its impact on the natural frequencies
of rock bolts [12].

In their paper [13], in order to create and make available design guidelines, recom-
mendations for energy audits, data for analysis and simulation of the condition of masonry
walls susceptible to biological corrosion, deterioration of comfort parameters in rooms,
or deterioration of thermal resistance, were given. The paper analyzes various types of
masonry wall structures occurring in and commonly used in historical buildings over the
last 200 years. The summary is a list of results of particular types of masonry walls and
their mutual comparison. On this basis, a procedure path has been proposed which is
useful for monitoring heat loss, monitoring the moisture content of building partitions,
and improving the hygrothermal comfort of rooms. The durability of such constructions
has also been estimated, and the impact on the condition of the buildings that have been
preserved and are still in use today was assessed [13].

In [14], the laboratory testing of the construction materials and elements is a subset
of activities inherent in sustainable building materials engineering. Two questions arise
regarding the test methods used: the relation between test results and material behavior
in actual conditions on the one hand, and the variability of results related to uncertainty
on the other. The paper presents the analysis of the results and uncertainties of the two
simple independent test examples (bond strength and tensile strength) in order to demon-
strate discrepancies related to the ambiguous methods of estimating uncertainty, and the
consequences of using test methods when method suitability for conformity assessment
has not been properly verified. These examples are the basis for opening a discussion
on the test methods development direction which makes it possible to consider them as
“sustainable”. The paper addresses the negative impact of the lack of complete test mod-
els, taking into account proceeding with the uncertainty regarding erroneous assessment
risks. Adverse effects can be minimized by creating test methods appropriate for the
test’s purpose (e.g., initial or routine tests) and handling uncontrolled uncertainty compo-
nents. Sustainable test methods should ensure a balance between widely defined tests and
evaluation costs and the material’s or building’s safety, reliability, and stability [14].

The article by [15] presents the possibilities of using foamed asphalt in the recycling
process to produce the base layer of road pavement constructions, in Polish conditions.
Foamed asphalt was combined with reclaimed asphalt pavement (RAP) and hydraulic
binder (cement). Foamed asphalt mixtures with cement (FAC) were made, based on
these ingredients. To reduce stiffness and cracking in the base layer, foamed asphalt
(FA) was additionally used in the analyzed mixes containing cement. The laboratory
analyses allowed estimating the stiffness and fatigue durability of the conglomerate. In the
experimental section, measurements of deflections are made, modules of pavement layers
are calculated, and their fatigue durability is determined. As a result of the research, new
fatigue criteria for FAC mixtures and the correlation factors of stiffness modulus and fatigue
durability in situ with the results of laboratory tests were developed. It is anticipated that
FAC recycling technology will provide durable and safe road pavements [15].

The article by [16] presents experimental tests of a new type of composite bar that has
been used as shear reinforcement for concrete beams. In the case of shearing concrete beams
reinforced with steel stirrups, according to the theory of plasticity, the plastic deformation
of stirrups, and stress redistribution in stirrups cut by a diagonal crack, are permitted.
Tensile composite reinforcement is characterized by linear-elastic behavior throughout
the entire strength range. The most popular type of shear reinforcement is closed-frame
stirrups, and this type of fiber-reinforced polymer (FRP) shear reinforcement was the
subject of research by other authors. In the case of FRP stirrups, rupture occurs rapidly,
without the shear reinforcement being able to redistribute stress. An attempt was made to
introduce a quasi-plastic character into the mechanisms transferring shear by appropriately
shaping the shear reinforcement. Experimental material tests covered the determination of
the strength and deformability of straight glass fiber-reinforced polymer (GFRP) bars and
GFRP headed bars. Experimental studies of shear-reinforced beams with GFRP stirrups and
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GFRP headed bars were carried out. This allowed a direct comparison of the shear behavior
of beams reinforced with standard GFRP stirrups and a new type of shear reinforcement:
GFRP headed bars. Experimental studies demonstrated that GFRP headed bars could be
used as shear reinforcement in concrete beams. Unlike GFRP stirrups, these bars allow
stress redistribution in bars cut by a diagonal crack [16].

The paper by [17] examines the effect of PBO (P-phenylene benzobisoxazole)–FRCM
(fabric-reinforced cementitious matrix) reinforcement on the stiffness of eccentrically com-
pressed reinforced concrete columns. Reinforcement with FRCM consists of bonding
composite meshes to the concrete substrate by means of mineral mortar. Longitudinal
and/or transverse reinforcements made of PBO (P-phenylene benzobisoxazole) mesh were
applied to the analyzed column specimens. When assessing the stiffness of the columns,
the focus was on the effect of the composite reinforcement itself, the value and eccentricity
of the longitudinal force, and the decrease in the modulus of elasticity of the concrete, with
increasing stress intensity in the latter. Dependencies between the change in the elasticity
modulus of the concrete and the change in the stiffness of the tested specimens were exam-
ined. The relevant standards, providing methods of calculating the stiffness of composite
columns, were used in the analysis. Regarding columns, which were strengthened only
transversely with PBO mesh, reinforcement increases their load capacity, and at the same
time, the stiffness of the columns increases due to the confinement of the cross-section.
The stiffness depends on the destruction of the concrete core inside its composite jacket.
In the case of columns with transverse and longitudinal reinforcement, the presence of
longitudinal reinforcement reduces longitudinal deformations. The columns failed at
higher stiffness values in the whole range of the eccentricities [17].

The paper by [18] presents the results of an experimental investigation into stop-
splayed scarf joints which was carried out as part of a research program at the Wroclaw
University of Science and Technology. A brief description of the characteristics of scarf
and splice joints appearing in historical buildings is provided, with special reference to
stop-splayed scarf joints (so-called “bolt of lightning” joints) which were widely used,
for example, in Italian Renaissance architecture. Analyses and studies of scarf and splice
joints in bent elements as presented in the literature are reviewed, along with selected
examples of analyses and research on tensile joints. It is worth noting that the authors in
practically all the cited literature draw attention to the need for further research in this
area. Next, the results of the authors’ own research on beams with stop-splayed scarf joints,
strengthened using various methods, e.g., by means of drawbolts (metal screws), steel
clamps and steel clamps with wooden pegs, which were subjected to four-point bending
tests, are presented. Load-deflection plots were obtained for load-bearing to bending of
each beam in relation to the load-bearing of a continuous reference beam. A comparative
analysis of the results obtained for each beam series is presented, along with conclusions
and directions for further research [18].

Non-destructive testing of concrete for defects detection, using acoustic techniques,
is currently performed mainly by human inspection of recorded images [19]. The images
consist of the inside of the examined elements, obtained from testing devices such as
the ultrasonic tomograph. However, such an automatic inspection is time-consuming,
expensive, and prone to errors. To address some of these problems, this paper aims to
evaluate a convolutional neural network (CNN) toward an automated detection of flaws in
concrete elements using ultrasonic tomography. There are two main stages in the proposed
methodology. In the first stage, an image of the inside of the examined structure is obtained
and recorded by performing ultrasonic tomography-based testing. In the second stage, a
convolutional neural network model is used for the automatic detection of defects and
flaws in the recorded image. In this work, a large and pre-trained CNN is used. It was
fine-tuned on a small set of images collected during laboratory tests. Lastly, the prepared
model was applied for detecting flaws. The obtained model has proven to be able to
accurately detect defects in examined concrete elements. The presented approach for
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automatic detection of flaws is being developed with the potential to not only detect defects
of one type but also to classify various types of defects in concrete elements [19].

The reliability and safety of power transmission depend first and foremost on the
state of the power grid, and mainly on the state of the high-voltage power line towers [20].
The steel structures of existing power line supports (towers) have been in use for many
years. Their in-service time, the variability in structural, thermal and environmental loads,
the state of foundations (displacement and degradation), the corrosion of supporting
structures and lack of technical documentation are essential factors that have an impact
on the operating safety of the towers. The tower state assessment used to date, consisting
of finding the deviation in the supporting structure apex, is insufficient because it omits
the other necessary condition, the stress criterion, which is not to exceed allowable stress
values. Moreover, in difficult terrain conditions, the measurement of the tower deviation
is very troublesome, and for this reason, it is often not performed. This paper presents a
stress-and-strain analysis of the legs of 110 kV power line truss towers with a height of 32 m.
They have been in use for over 70 years and are located in especially difficult geotechnical
conditions—one of them is in a gravel mine on an island surrounded by water, and the
other stands on a steep, wet slope. Purpose-designed fiber Bragg grating (FBG) sensors
were proposed for strain measurements. Real values of stresses arising in the tower legs
were observed and determined over a period of one year. Validation was also carried out
based on geodetic measurements of the tower apex deviation, and a residual magnetic field
(RMF) analysis was performed to assess the occurrence of cracks and stress concentration
zones [20].

The paper by [21] explores the microstructural evolution characteristics of tailings sand
samples from different types of infiltration failure during the infiltration failure process. A
homemade small infiltration deformation instrument is used to test the infiltration failure
characteristics of the tailings sand during the infiltration failure process. Evolutionary char-
acteristics of the internal microstructure pores and particle distribution were also studied.
Using CT (computerized tomography) technology to establish digital image information,
the distribution of the microscopic characteristics of the particle distribution and pore struc-
ture after tailing sand infiltration were studied. Microscopic analysis was also performed
to analyze the microscopic process of infiltration and destruction, as well as to see the
microscopic structural characteristics of the infiltration and destruction of the total tailings.
The test results show that there are obvious differences in the microstructure characteriza-
tion of fluid soil and piping-type infiltration failures. Microstructure parameters have a
certain functional relationship with macro factors. Combining the relationship between
macrophysical and mechanical parameters and microstructural parameters, new ideas for
future research and the prevention of tailings sand infiltration and failure mechanisms are
provided [21].

The paper by [22] presents the results of tests for flexural tensile strength (fct,fl) and
fracture energy (Gf) in a three-point bending test of prismatic beams with notches, which
were made from steel fiber-reinforced high-strength concrete (SFRHSC). The registration of
the conventional force–displacement (F–δ) relationship and unconventional force-crack tip
opening displacement (CTOD) relationship was made. On the basis of the obtained test
results, estimations of the parameters fct,fl and Gf in the function of the fiber-reinforcement
ratio were carried out. The obtained results were applied to building and validating a
numerical model with the use of the finite element method (FEM). A non-linear concrete
damaged plasticity model CDP was used for the description of the concrete. The obtained
FEM results were compared with the experimental ones that were based on the assumed
criteria. The usefulness of the flexural tensile strength and fracture energy parameters
for defining the linear form of weakening of the SFRHSC material under tension was
confirmed. The author’s own equations for estimating the flexural tensile strength and
fracture energy of SFRHSC, as well as for approximating deflections (δ) of SFRHSC beams
as the function of crack tip opening displacement (CTOD) instead of crack mouth opening
displacement (CMOD), were proposed [22].

4



Materials 2021, 14, 3412

The accepted methods for testing concrete are not favorable for determining its het-
erogeneity [23]. The interpretation of the compressive strength result as a product of
destructive force and cross-section area is burdened with significant understatements. It
is assumed erroneously that this is the lowest value of strength at the height of the tested
sample. The top layer of concrete floors often crumble, and the strength tested using scle-
rometric methods does not confirm the concrete class determined using control samples.
That is why it is important to test the distribution of compressive strength in a cross-section
of concrete industrial floors with special attention to surface top layers. This study presents
strength tests of borehole material taken from industrial floors using the ultrasonic method,
with exponential spot heads with a contact surface area of 0.8 mm2 and a frequency of
40 kHz. The presented research project anticipated the determination of strength for sam-
ples in various cross-sections at the height of elements and destructive strength in the
strength testing machine. It was confirmed that for standard and big borehole samples, it
is not possible to test the strength of concrete in the top layer of the floor by destructive
methods. This can be achieved using the ultrasonic method. After the analysis, certain
types of distributions of strength across concrete floor thickness were chosen from the
completed research program. The gradient and anti-gradient of strength were proposed as
new parameters for the evaluation of floor concrete quality [23].

Ventilated facades are becoming an increasingly popular solution for the external part
of walls in buildings [24]. They may differ in many elements, among others, cladding (fiber
cement boards, HPL plates, large-slab ceramic tiles, ACM panels, stone cladding), types of
substructures, console supports, etc. The main element that characterizes ventilated facades
is the use of an air cavity between the cladding and thermal insulation. Unfortunately, in
some respects, they are not yet standardized and tested. Above all, the requirements for
the falling-off of elements from ventilated facades during a fire are not precisely defined
by, among other things, the lack of clearly specified requirements and testing. This is
undoubtedly a major problem, as it significantly affects the safety of evacuation during a
fire emergency. For the purposes of this article, experimental tests were carried out on a
large-scale facade model, with two types of external facade cladding. The materials used as
external cladding were fiber cement boards and large-slab ceramic tiles. The model of the
large-scale test was 3.95 m × 3.95 m; the burning gas released from the burner was used as
the source of fire. The facade model was equipped with thermocouples. The test lasted
one hour, and the cladding materials showed different behavior during the test. Large-
slab ceramic tiles seemed to be a safer form of external cladding for ventilated facades.
Unfortunately, they were destroyed much faster, by about 6 min. Large-slab ceramic
tiles were destroyed within the first dozen or so minutes, then their destruction did not
proceed or was minimal. In the case of fiber cement boards, the destruction started from the
eleventh minute and increased until the end of the test. The author referred the results of the
large-scale test to testing on samples carried out by other authors. The results presented the
convergence of the large-scale test with samples. External claddings were equipped with
additional mechanical protection. The use of additional mechanical protection to maintain
external cladding elements increases their safety but does not completely eliminate the
problem of the falling-off of parts of the facade. As research on fiber cement boards and
large-slab ceramic tiles has suggested, these claddings were a major hazard due to fall-off
from the facade [24].

The aim of this study [25] was to investigate the effect of plasterboards’ humidity
absorption on their performance. The specimens’ hydration procedure consisted of consec-
utive immersing in water and subsequent drying at room temperature. Such a procedure
was performed to increase the moisture content within the material volume. The mi-
crostructural observations of five different plasterboard types were performed through
optical and scanning electron microscopy. The deterioration of their properties was eval-
uated using a three-point bending test and a subsequent ultrasonic (ultrasound testing
(UT)) longitudinal wave velocity measurement. Depending on the material porosity, a
loss of UT wave velocity from 6% to 35% and a considerable decrease in material strength
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from 70% to 80% were observed. Four types of approximated formulae were proposed
to describe the dependence of UT wave velocity on the board moisture content. It was
found that the proposed UT method could be successfully used for the on-site monitoring
of plasterboards’ hydration processes [25].

Concrete structure joints are filled in mainly in the course of sealing works ensuring
protection against the influence of water. This paper by [26] presents the methodology
for testing the mechanical properties of ESD pseudoplastic resins (E—elastic deformation,
S—strengthening control, D—deflection control) recommended for concrete structure joint
fillers. The existing standards and papers concerning quasi-brittle cement composites do
not provide an adequate point of reference for the tested resins. The lack of a standardized
testing method hampers the development of materials universally used in expansion joint
fillers in reinforced concrete structures, as well as the assessment of their properties and
durability. An assessment of the obtained results by referring to the reference sample
has been suggested in the article. A test stand and a method of assessing the mechanical
properties results (including adhesion to the concrete surface) of pseudoplastic resins in
the axial tensile test have been presented [26].

The compaction index is one of the most important technological parameters during
asphalt pavement construction, which may be negatively affected by the wrong asphalt
paving machine setting, weather conditions, or the mix temperature. Presented in [27], this
laboratory study analyzes the asphalt mix properties in case of inappropriate compaction.
The reference mix was designed for an AC 11 S wearing layer (asphalt concrete for a
wearing layer with maximum grading of 11 mm). Asphalt mix samples used in the tests
were prepared using a Marshall device with the compaction energy of 2 × 20, 2 × 35, 2 × 50,
and 2 × 75 blows, as well as in a roller compactor where the slabs were compacted to
various heights: 69.3 mm (+10% of nominal height), 66.2 mm (+5%), 63 mm (nominal), and
59.9 mm (−5%), which resulted in different compaction indexes. Afterward, the samples
were cored from the slabs. Both Marshall samples and cores were tested for air void content,
stiffness modulus in three temperatures, indirect tensile strength, and resistance to water
and frost indicated by the ITSR value. It was found that either an insufficient or excessive
level of compaction can cause a negative effect on the road surface performance [27].

The importance of surface roughness and its non-destructive examination has often
been emphasized in structural rehabilitation. The innovative procedure presented in [28]
enables the estimation of concrete-to-concrete strength, based on a combination of low-cost,
area-limited tests and geostatistical methods. The new method removes the shortcomings
of the existing one, i.e., it is neither qualitative nor subjective. The interface strength factors,
cohesion and friction, can be estimated accurately based on the collected data on surface
texture. The data acquisition needed to create digital models of the concrete surface can be
performed by terrestrial close-range photogrammetry or other methods. In the presented
procedure, limitations to the availability of concrete surfaces are overcome by the generation
of subsequential Gaussian random fields (via height profiles) based on the semivariograms
fitted to the digital surface models. In this way, the randomness of the surface texture is
reproduced. The selected roughness parameters, such as mean valley depth and, most
importantly, the geostatistical semivariogram parameter sill, were transformed into contact
bond strength parameters based on the available strength tests. The proposed procedure
estimates the interface bond strength based on the geostatistical methods applied to the
numerical surface model and can be used in practical and theoretical applications [28].

The core part of a hybrid truss bridge is the connection joint that combines the concrete
chord and steel truss-web members [29]. To study the mechanical behavior and failure
mode of steel–concrete connection joints in a hybrid truss bridge, static model tests were
carried out on two connection joints at the scale of 1:3, under a horizontal load that
was provided by a loading jack mounted on the vertical reaction wall. The specimen
design, experimental setup and testing procedure were introduced. In the experiment,
the displacement, strain level, concrete crack and experimental phenomena were factually
recorded. Compared with the previous study results, the experimental results in this
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study demonstrated that the connection joints had an excellent bearing capacity and
deformability. The minimum ultimate load and displacement of the two connection
joints were 5200 kN and 59.01 mm, respectively. Moreover, the connection joints exhibited
multiple failure modes, including the fracture of gusset plates, the slippage of high-strength
bolts, the local buckling of compressive splice plates, the fracture of tensile splice plates
and concrete cracking. Additionally, the strain distribution of the steel–concrete connection
joints followed certain rules. It is expected that the findings from this paper may provide a
reference for the design and construction of steel–concrete connection joints in hybrid truss
bridges [29].

The static elastic modulus (Ec) and compressive strength (fc) are critical properties
of concrete [30]. When determining Ec and fc, concrete cores are collected and subjected
to destructive tests. However, destructive tests require certain test permissions and large
sample sizes. Hence, it is preferable to predict Ec using the dynamic elastic modulus (Ed),
through non-destructive evaluations. A resonance frequency test performed according to
ASTM C215-14, and a pressure wave (P-wave) measurement conducted according to ASTM
C597M-16, are typically used to determine Ed. Recently, developments in transducers
have enabled the measurement of shear wave (S-wave) velocities in concrete. Although
various equations have been proposed for estimating Ec and fc from Ed, their results deviate
from experimental values. Thus, it is necessary to obtain a reliable Ed value for accurately
predicting Ec and fc. In this study, Ed values were experimentally obtained from P-wave
and S-wave velocities in the longitudinal and transverse modes; Ec and fc values were
predicted using these Ed values through four machine learning (ML) methods: support
vector machine, artificial neural networks, ensembles, and linear regression. Using ML, the
prediction accuracy of Ec and fc was improved by 2.5–5% and 7–9%, respectively, compared
with the accuracy obtained using classical or normal-regression equations. By combining
ML methods, the accuracy of the predicted Ec and fc was improved by 0.5% and 1.5%,
respectively, compared with the optimal single variable results [30].

The paper by [31] describes tests conducted to identify the mechanisms occurring
during the fracture of single-edge notches loaded in three-point bending (SENB) spec-
imens made from an Al–Ti laminate. The experimental tests were complemented with
microstructural analyses of the specimens’ fracture surfaces and an in-depth analysis of
acoustic emission (AE) signals. The paper presents the application of the AE method
to identify fracture processes in the layered Al–Ti composite, using a non-hierarchical
method for clustering AE signals (k-means) and analyses using waveform time domain,
fast Fourier transform (FFT Real) and waveform continuous wavelet, based on the Morlet
wavelet. These analyses made it possible to identify different fracture mechanisms in Al–Ti
composites, which is very significant for the assessment of the safety of structures made
from this material [31].

The aspects regarding the stiffness of the connections between the beams that support
the storage pallets and the uprights are very important in the analysis of the displacements
and stresses in the storage racking systems. The main purpose of the paper by [32] is to
study the effects of both upright thickness and tab connector types on rotational stiffness
and on the capable bending moment of the connection. For this purpose, 18 different
groups of beam-connector-upright assemblies are prepared by combining three types of
beams (different sizes of the box cross-section), three kinds of upright profiles (with a
different thickness of the section walls), and two types of connectors (four-tab connectors
and five-tab connectors). Flexural tests were carried out on 101 assemblies. For the
assemblies containing the uprights with a thickness of 1.5 mm, the five-tab connector
leads to a higher value of the capable moment and higher rotational stiffness than similar
assemblies with four-tab connectors. A contrary phenomenon happens in the case of the
assemblies containing those upright profiles having a thickness of 2.0 mm, regarding the
capable design moment. It is shown how the safety coefficient of connection depends on
both the rotational stiffness and capable bending moment [32].
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Concrete shrinkage is a phenomenon that results in a decrease in volume in the
composite material during the curing period. The method for determining the effects of
restrained shrinkage is described in Standard ASTM C 1581/C 1581M–09a. This article [33]
shows the calibration of measuring rings with respect to the theory of elasticity, and the
analysis of the relationship of steel ring deformation to high-performance concrete tensile
stress as a function of time. Steel rings equipped with strain gauges are used for the
measurement of strain during the compression of the samples. The strain is caused by
the shrinkage of the concrete ring specimen that tightens around steel rings. The method
allows registering the changes to the shrinkage process over time and evaluating the
susceptibility of concrete to cracking. However, the standard does not focus on the details
of the mechanical design of the test bench. To acquire accurate measurements, the test
bench needs to be calibrated. Measurement errors may be caused by an improper, uneven
installation of strain gauges, imprecise geometry of the steel measuring rings, or incorrect
equipment settings. The calibration method makes it possible to determine the stress in a
concrete sample, leading to its cracking at the specific deformation of the steel ring [33].

The article by [34] proposes using the acoustic emission (AE) method to evaluate the
degree of change in the mechanical parameters of fiber cement boards. The research was
undertaken after a literature review, due to the lack of a methodology that would allow
nondestructive assessment of the strength of cement–fiber elements. The tests covered the
components cut out from a popular type of board available on the construction market.
The samples were subjected to environmental (soaking in water, cyclic freezing–thawing)
and exceptional (burning with fire and exposure to high temperature) factors, and then
to three-point bending strength tests. The adopted conditions correspond to the actual
working environment of the boards. When applying the external load, AE signals were
generated which were then grouped into classes, and initially assigned to specific processes
occurring in the material. The frequencies occurring over time for the tested samples were
also analyzed, and microscopic observations were made to confirm the suppositions based
on the first part of the tests. Comparing the results obtained from a group of samples
subjected to environmental and exceptional actions, significant differences were noted
between them, which included the types of recorded signal class, the frequency of events,
and the construction of the microstructure. The degradation of the structure, associated
with damage to the fibers or their complete destruction, results in the generation under
load of AE signals that indicate the uncontrolled development of scratches, and a decrease
in the frequency of these events. According to the authors, the methodology used allows
the control of cement–fiber boards in use. The registration and analysis of active processes
under the effect of payloads makes it possible to distinguish mechanisms occurring inside
the structure of the elements, and to formulate a quick response to the situation when the
signals indicate a decrease in the strength of the boards [34].

The article by [35] discusses one of the methods of dielectric constant determination
in a continuous way, which is the determination of its value based on the amplitude of
the wave reflected from the surface. Based on tests performed on model asphalt slabs, the
research presented how the value of the dielectric constant changes, depending on the
atmospheric conditions of the measured surface (dry, covered with water film, covered
with ice, covered with snow, covered with de-icing salt). Coefficients correcting dielectric
constants of hot mix asphalt (HMA) determined in various surface atmospheric conditions
were introduced. It was proposed to determine the atmospheric conditions of the pavement
with the use of wavelet analysis in order to choose the proper dielectric constant correction
coefficient and, therefore, improve the accuracy of the pavement layer thickness estimation
based on the ground-penetrating radar (GPR) method [35].

Phenomena occurring during the curing of concrete can decrease its mechanical
properties, specifically its strength and serviceability, even before it is placed [36]. This is
due to excessive stresses caused by temperature gradients, moisture changes, and chemical
processes arising during the concreting and in hardened concrete. At stress concentration
sites, microcracks form in the interfacial transition zones (ITZ) in the early phase and
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propagate deeper into the cement paste or to the surface of the element. Microcracks
can contribute to the development of larger cracks, reduce the durability of structures,
limit their serviceability, and, in rare cases, lead to their failure. It is thus important to
search for a tool that allows objective assessment of damage initiation and development in
concrete. The objectivity of the assessment lies in it being independent of the constituents
and additives used in the concrete or of external influences. The acoustic emission-based
method presented in this paper allows damage detection and identification in the early
age of concrete (before loading) for different concrete compositions, curing conditions,
temperature variations, and in reinforced concrete. As such, this method is an objective
and effective tool for damage process detection [36].

The authors of [37] suggest a wire-mesh method to classify the particle shape of large
amounts of aggregate. This method is controlled by the tilting angle and opening size of
the wire mesh. The more rounded the aggregate particles, the more they roll on the tilted
wire mesh. Three different sizes of aggregate, 11–15, 17–32, and 33–51 mm, were used for
assessing their roundness after classification, using the sphericity index to sort them into
rounded, sub-rounded/sub-angular, and angular. The aggregate particles with different
sphericities were colored differently and then used for classification via the wire-mesh
method. The opening sizes of the wire mesh were 6, 11, and 17 mm, and its frame was
0.5 m wide and 1.8 m long. The ratio of aggregate size to mesh-opening size was between
0.6 and 8.5. The wire mesh was inclined at various angles of 10◦, 15◦, 20◦, 25◦, and 30◦ to
evaluate the rolling degree of the aggregates. The aggregates were rolled and remained on
the wire mesh between 0.0–0.6, 0.6–1.2, and 1.2–1.8 m, depending on their sphericity. A
tilting angle of 25◦ was the most suitable angle for classifying aggregate size ranging from
11–15 mm, while the most suitable angle for aggregate sizes of 17–32 and 33–51 mm was
20◦. The best ratio for the average aggregate size to mesh-opening size for the aggregate
roundness classification was 2 [37].

Taking into account the possibilities offered by two imaging methods, X-ray micro-
computed tomography (μCT) and two-dimensional optical scanning, this article by [38]
discusses the possibility of using these methods to assess the internal structure of spun
concrete, particularly its composition after hardening (Michałek 2020). To demonstrate the
performance of the approach based on imaging, laboratory techniques based on physical
and chemical methods were used as verification. A comparison of the obtained results
of applied research methods was carried out on samples of spun concrete, characterized
by the layered structure of the annular cross-section. Samples were taken from the power
pole E10.5/6c (Strunobet-Migacz, Lewin Brzeski, Poland) made by one of the Polish man-
ufacturers of prestressed concrete E-poles precast in steel molds. The validation shows
that optical scanning followed by appropriate image analysis is an effective method for
evaluation of the spun concrete internal structure. In addition, such analysis can signif-
icantly complement the results of the laboratory methods used so far. In a fairly simple
way, through the porosity image, it can reveal improperly selected parameters of concrete
spinning, such as speed and time, and, through the distribution of cement content in
the cross-section of the element, it can indicate compliance with the requirement for the
corrosion durability of spun concrete. The research methodology presented in the paper
can be used to improve the production process of poles made of spun concrete; it can be an
effective tool for verifying concrete structure [38].

In the study by [39], the effects of the mixing conditions of waste-paper sludge ash
(WPSA) on the strength and bearing capacity of controlled low-strength material (CLSM)
were evaluated, and the optimal mixing conditions were used to evaluate the strength
characteristics of CLSM with recyclable WPSA. The strength and bearing capacity of CLSM
with WPSA were evaluated using unconfined compressive strength tests and plate bearing
tests, respectively. The unconfined compressive strength test results show that the optimal
mixing conditions for securing 0.8–1.2 MPa of target strength under 5% of cement content
conditions can be obtained when both WPSA and fly ash are used. This is because WPSA
and fly ash, which act as binders, have a significant impact on overall strength when the
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cement content is low. The bearing capacity of weathered soil increased from 550 to 575 kPa
over time, and CLSM with WPSA increased significantly, from 560 to 730 kPa. This means
that the bearing capacity of CLSM with WPSA was 2.0% higher than that of weathered
soil immediately after construction; furthermore, it was 27% higher at 60 days of age. In
addition, the allowable bearing capacity of CLSM corresponding to the optimal mixing
conditions was evaluated, and it was found that this value increased by 30.4% until 60 days
of age. This increase rate was 6.7 times larger than that of weathered soil (4.5%). Therefore,
based on the allowable bearing capacity calculation results, CLSM with WPSA was applied
as a sewage pipe backfill material. It was found that CLSM with WPSA performed better
as backfill and was more stable than soil immediately after construction. The results of this
study confirm that CLSM with WPSA can be utilized as sewage-pipe backfill material [39].

Non-destructive testing (NDT) methods are an important means to detect and assess
rock damage [40]. To better understand the accuracy of NDT methods for measuring
damage in sandstone, this study compared three NDT methods, including ultrasonic
testing, electrical impedance spectroscopy (EIS) testing, computed tomography (CT) scan
testing, and a destructive test method, elastic modulus testing. Sandstone specimens
were subjected to different levels of damage through cyclic loading, and different damage
variables derived from five different measured parameters—longitudinal wave (P-wave)
velocity, first-wave amplitude attenuation, resistivity, effective bearing area and the elastic
modulus—were compared. The results show that the NDT methods all reflect the damage
levels for sandstone accurately. The damage variable derived from the P-wave velocity is
more consistent with the other damage variables, and the amplitude attenuation is more
sensitive to damage. The damage variable derived from the effective bearing area is smaller
than that derived from the other NDT measurement parameters. Resistivity provides
a more stable measure of damage, and damage derived from the acoustic parameters
is less stable. By developing P-wave velocity-to-resistivity models based on theoretical
and empirical relationships, it was found that differences between these two damage
parameters can be explained by differences between the mechanisms through which they
respond to porosity, since the resistivity reflects pore structure, while the P-wave velocity
reflects the extent of the continuous medium within the sandstone [40].

The H spin-lattice relaxometry (T1, longitudinal) of cement pastes with 0 to 0.18 wt %
polycarboxylate superplasticizers (PCEs) at intervals of 0.06 wt % from 10 min to 1210 min
was investigated in [41]. Results showed that the main peak in T1 relaxometry of cement
pastes was shorter and lower along with the hydration times. PCEs delayed and lowered
this main peak in the T1 relaxometry of cement pastes at 10 min, 605 min and 1210 min,
which was highly correlated to its dosages. In contrast, PCEs increased the total signal
intensity of T1 of cement pastes at these three times, which still correlated to its dosages.
Both changes of the main peak in T1 relaxometry and the total signal intensity of T1 revealed
interferences in evaporable water during cement hydration by the dispersion mechanisms
of PCEs. The time-dependent evolution of the weighted average T1 of cement pastes with
different PCEs between 10 min and 1210 min was found to be regular to the four-stage
hydration mechanism of tricalcium silicate [41].

Control of technical parameters obtained by ready-mixed concrete may be carried out
at different stages of the development of concrete properties, and by different participants
involved in the construction investment process [42]. According to the European Standard
EN 206 “Concrete—specification, performance, production and conformity”, mandatory
control of concrete conformity is conducted by the producer during production. As shown
by the subject literature, statistical criteria set out in the standard, including the method
for concrete quality assessment based on the concept of concrete family, continue to evoke
discussions and raise doubts. This justifies seeking alternative methods for concrete quality
assessment. This paper presents a novel approach to quality control and the classification
of concrete based on combining statistical and fuzzy theories as a means of representation
of two types of uncertainty: random uncertainty and information uncertainty. In concrete
production, a typical situation when fuzzy uncertainty can be taken into consideration is
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the conformity control of concrete compressive strength, which is conducted to confirm
the declared concrete class. The proposed procedure for quality assessment of a concrete
batch is based on defining the membership function for the considered concrete classes
and establishing the degree of belonging to the considered concrete class. It was found
that concrete classification set out by the standard includes too many concrete classes
of overlapping probability density distributions, and the proposed solution was to limit
the scope of compressive strength to every second class so as to ensure the efficacy of
conformity assessment conducted for concrete classes and concrete families. The proposed
procedures can lead to two types of decisions: non-fuzzy (crisp) or fuzzy, which point
to possible solutions and their corresponding preferences. The suggested procedure for
quality assessment allows researchers to classify a concrete batch in a fuzzy way with the
degree of certainty less than or equal to 1. The results obtained confirm the possibility
of employing the proposed method for quality assessment in the production process of
ready-mixed concrete [42].

In recent years, the application of fiber-reinforced plastics (FRPs) as structural mem-
bers has been promoted [43]. Metallic bolts and rivets are often used for the connection of
FRP structures, but there are some problems caused by corrosion and stress concentration
at the bearing position. Fiber-reinforced thermoplastics (FRTPs) have attracted attention
in composite material fields because they can be remolded by heating and manufactured
at excellent speed compared with thermosetting plastics. In this paper, we propose and
evaluate the connection method using rivets produced from FRTPs for FRP members. It
was confirmed through material tests that an FRTP rivet provides stable tensile, shear,
and bending strength. Then, it was clarified that a non-clearance connection could be
achieved by the proposed connection method, so initial sliding was not observed, and
connection strength linearly increased as the number of FRTP rivets increased through
the double-lapped tensile shear tests. Furthermore, the joint strength of the beam using
FRTP rivets could be calculated with high accuracy, using the method for bolt joints in steel
structures through a four-point beam bending test [43].

Polymer pipes are used in the construction of underground gas, water, and sewage
networks [44]. During exploitation, various external forces work on the pipeline which
cause its deformation. In this paper, numerical analysis and experimental investigations of
polyethylene pipe deformation at different external load values (500, 1000, 1500, and 2000 N)
were performed. The authors measured the strains of the lower and upper surfaces of the
pipe during its loading moment using resistance strain gauges, which were located on the
pipe at equal intervals. The results obtained from computer simulation and experimental
studies were comparable. An innovative element of the research presented in the article is
the recognition of the impact of the proposed values of the load of polyethylene pipe on
the change in its deformation [44].

The shear and particle-crushing characteristics of the failure plane (or shear surface)
in catastrophic mass movements are examined with a ring shear apparatus, which is
generally employed owing to its suitability for large deformations [45]. Based on the
results of previous experiments on waste materials from abandoned mine deposits, we
employed a simple numerical model based on ring shear testing using the particle flow code
(PFC2D). We examined drainage, normal stress, and the shear velocity-dependent shear
characteristics of landslide materials. For shear velocities of 0.1 and 100 mm/s and normal
stress (NS) of 25 kPa, the numerical results are in good agreement with those obtained from
experimental results. The difference between the experimental and numerical results of the
residual shear stress was approximately 0.4 kPa, for NS equal to 25 kPa and 0.9 kPa for NS
equal to 100 kPa, for both drained and undrained conditions. In addition, we examined
the particle-crushing effect during shearing using the frictional work concept in PFC. We
calculated the work done by friction at both peak and residual shear stresses, and then
used the results as crushing criteria in the numerical analysis. The frictional work at peak
and the residual shear stresses ranged from 303 kPa·s to 2579 kPa·s for the given drainage
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and normal stress conditions. These results showed that clump particles were partially
crushed at peak shear stress [45].

The main objective of the research presented in [46] was to develop a solution to
the global problem of using steel waste obtained during rubber recovery during tire
recycling. A detailed comparative analysis of the mechanical and physical features of
concrete composite with the addition of recycled steel fibers (RSF) in relation to the steel
fiber concrete commonly used for industrial floors was conducted. A study was carried out
using micro-computed tomography and the scanning electron microscope to determine the
fibers’ characteristics, including the EDS spectrum. In order to designate full performance
of the physical and mechanical features of the novel composite, a wide range of tests was
performed, with particular emphasis on the determination of the tensile strength of the
composite. This parameter, appointed by tensile strength testing for splitting, residual
tensile strength testing (3-point test), and a wedge splitting test (WST), demonstrated the
increase of tensile strength (vs. unmodified concrete) by 43%, 30%, and 70% respectively
to the method. The indication of the reinforced composite’s fracture characteristics using
the digital image correlation (DIC) method allowed the researchers to illustrate the map
of deformation of the samples during WST. The novel composite was tested in reference
to the circular economy concept and showed 31.3% lower energy consumption and 30.8%
lower CO2 emissions than a commonly used fiber concrete [46].

Existing buildings, especially historical buildings, require periodic or situational di-
agnostic tests [47]. If a building is in use, advanced non-destructive or semi-destructive
methods should be used. In the diagnosis of reinforced concrete structures, tests allowing
assessment of the condition of the reinforcement and concrete cover are particularly impor-
tant. The article presents the non-destructive and semi-destructive research methods that
are used for such tests, as well as the results of tests performed for selected elements of a
historic water tower structure. The assessment of the corrosion risk of the reinforcement
was carried out with the use of a semi-destructive galvanostatic pulse method. The protec-
tive properties of the concrete cover were checked by the carbonation test and the phase
analysis of the concrete, for which X-ray diffractometry and thermal analysis methods
were used. In order to determine the position of the reinforcement and to estimate the
concrete cover thickness distribution, a ferromagnetic detection system was used. The
comprehensive application of several test methods allowed mutual verification of the
results and the drawing of reliable conclusions. The results indicated a very poor state of
reinforcement, loss in the depth of cover, and sulfate corrosion [47].

The paper by [48] presents the possibility of using low-module polypropylene dis-
persed reinforcement (E = 4.9 GPa) to influence the load-deflection correlation of cement
composites. Problems have been indicated regarding the improvement of elastic range
when using that type of fiber as compared with a composite without reinforcement. It was
demonstrated that it was possible to increase the ability to carry stress in the Hooke’s law
proportionality range in the mortar and paste types of composites reinforced with low-
module fibers, i.e., Vf = 3% (in contrast to concrete composites). The possibility of having
good strengthening and deflection control in order to limit the catastrophic destruction
process was confirmed. This paper identifies the problem of deformation assessment in
composites with significant deformation capacity. Determining the effects of reinforce-
ment based on a comparison with a composite without fibers is suggested as a reasonable
approach, as it enables the comparison of results obtained by various universities under
different research conditions [48].

Arcan shear tests with digital image correlation were used to evaluate the shear
modulus and shear stress–strain diagrams in the plane defined by two principal axes of the
material orthotropy [49]. Two different orientations of the grain direction, as compared to
the direction of the shear force in specimens, were considered: perpendicular and parallel
shear. Two different ways were used to obtain the elastic properties based on the digital
image correlation (DIC) results from the full-field measurement and from the virtual strain
gauges with the linear strains: perpendicular to each other and directed at an angle of π/4
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to the shearing load. In addition, their own continuum structural model for the failure
analysis in the experimental tests was used. The constitutive relationships of the model
were established in the framework of the mathematical multi-surface elastoplasticity for the
plane stress state. The numerical simulations performed by the finite element program after
implementation of the model demonstrated the failure mechanisms from the experimental
tests [49].

After obtaining the value of shear wave velocity (VS) from the bender elements test
(BET), the shear modulus of soils at small strains (Gmax) can be estimated [50]. Shear wave
velocity is an important parameter in the design of geo-structures subjected to static and
dynamic loading. While bender elements are increasingly used in both academic and
commercial laboratory test systems, there remains a lack of agreement when interpreting
the shear wave travel time from these tests. Based on the test data of 12 Warsaw glacial
quartz samples of sand, two different approaches were primarily examined for determining
VS. They are both related to the observation of the source and received BE signal, namely,
the first time of arrival and the peak-to-peak method. These methods were performed
through visual analysis of BET data by the authors, so that subjective travel time estimates
were produced. Subsequently, automated analysis methods from the GDS Bender Element
Analysis Tool (BEAT) were applied. Here, three techniques in the time-domain (TD) were
selected, namely, the peak-to-peak, the zero-crossing, and the cross-correlation functions.
Additionally, a cross-power spectrum calculation of the signals was completed, viewed as
a frequency-domain (FD) method. Final comparisons between subjective observational
analyses and automated interpretations of BET results showed good agreement. There is
compatibility, especially between the two methods of the first time of arrival and cross-
correlation, which the authors considered the best interpreting techniques for their soils.
Moreover, the laboratory tests were performed on compact, medium, and well-grained
sand samples with different curvature coefficients and mean grain sizes [50].

The reduction in natural resources and aspects of environmental protection necessitate
alternative uses for waste materials in the area of construction [51]. Recycling is also ob-
served in road construction, where mineral–cement emulsion (MCE) mixtures are applied.
The MCE mix is a conglomerate that can be used to make the base layer in road pavement
structures. MCE mixes contain reclaimed asphalt from old, degraded road surfaces, aggre-
gate for improving the gradation, asphalt emulsion, and cement as a binder. The use of
these ingredients, especially cement, can cause shrinkage and cracks in road layers. The
article presents selected issues related to the problem of cracking in MCE mixtures. The
authors of the study focused on reducing the cracking phenomenon in MCE mixes by
using an innovative cement binder with recycled materials. The innovative cement binder,
based on dusty by-products from cement plants, also contributes to the optimization of the
recycling process in road surfaces. The research was carried out in the fields of stiffness,
fatigue life, crack resistance, and shrinkage analysis of mineral–cement emulsion mixes. It
was found that it was possible to reduce the stiffness and cracking in MCE mixes. The use
of innovative binders will positively affect the durability of road pavements [51].

The windblown sand-induced degradation of glass panels influences the serviceabil-
ity and safety of these panels. In this study, the degradation of glass panels subject to
windblown sand at different impact velocities and impact angles was studied based on
a sandblasting test simulating a sandstorm [52]. After the glass panels were degraded
by windblown sand, the surface morphology of the damaged glass panels was observed
using scanning electron microscopy, and three damage modes were found: a cutting mode,
smash mode, and plastic deformation mode. The mass loss, visible light transmittance, and
effective area ratio values of the glass samples were then measured to evaluate the effects
of the windblown sand on the panels. The results indicate that, at high abrasive feed rates,
the relative mass loss of the glass samples decreases initially and then remains steady with
increases in impact time, whereas it increases first and then decreases with an increase in
impact angle, such as that for ductile materials. Both the visible light transmittance and
effective area ratio decrease with increases in the impact time and velocities. There exists
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a positive linear relationship between the visible light transmittance and effective area
ratio [52].

Durability tests against fungal action for wood-plastic composites are carried out
in accordance with European standard ENV 12038, but the authors of the manuscript
try to prove that the assessment of the results performed according to these methods is
imprecise and suffers from a significant error [53]. Fungal exposure is always accompanied
by high humidity, so the result of tests made by such a method is always burdened with
the influence of moisture, which can lead to a wrong assessment of the negative effects
of the action of the fungus itself. The paper (Wiejak 2021) has shown a modification of
such a method that separates the destructive effect of fungi from moisture accompanying
the test’s destructive effect. The functional properties selected to prove the proposed
modification are changes in the mass and bending strength after subsequent environmental
exposure. It was found that the intensive action of moisture measured in the culture
chamber at about (70 ± 5)%, i.e., for 16 weeks, at (22 ± 2) ◦C, which was the fungi culture
in the accompanying period, led to changes in the mass of the wood-plastic composites,
amounting to 50% of the final result of the fungi resistance test, and changes in the bending
strength amounting to 30–46% of the final test result. As a result of this research, the
correction for assessing the durability of wood–polymer composites against biological
corrosion has been proposed. The laboratory tests were compared with the products’ test
results following three years of exposure to the natural environment [53].

Reduced maintenance costs of concrete structures can be ensured by efficient and
comprehensive condition assessment [54]. Ground-penetrating radar (GPR) has been
widely used in the condition assessment of reinforced concrete structures and it provides
completely non-destructive results in real-time. It is mainly used for locating reinforcement
and determining concrete cover thickness. More recently, research has focused on the
possibility of using GPR for reinforcement corrosion assessment. In this paper, an overview
of the application of GPR in the corrosion assessment of concrete is presented. A literature
search and study selection methodology were used to identify the relevant studies. First,
the laboratory studies are shown. After that, the studies for application on real structures
are presented. The results have shown that the laboratory studies have not fully illuminated
the influence of the corrosion process on the GPR signal. In addition, no clear relationship
was reported between the results of the laboratory studies and the on-site inspection.
Although GPR has a long history in the condition assessment of structures, it needs more
laboratory investigations to clarify the influence of the corrosion process on the GPR
signal [54].

The paper by [55] attempts to compare three methods of testing floor slip resistance
and the resulting classifications. Polished, flamed, brushed, and grained granite slabs
were tested. The acceptance angle values (αob) obtained through the shod ramp test,
slip resistance value (SRV), and sliding friction coefficient (μ) were compared in terms
of the correlation between the series, the precision of each method, and the classification
results assigned to each of the three obtained indices. It was found that the evaluation of a
product for slip resistance was strongly related to the test method used and the resulting
classification method. This influence was particularly pronounced for low-roughness slabs.
This would result in risks associated with inadequate assessments that could affect the safe
use of buildings and facilities [55].

Standard sensors for the measurement and monitoring of temperature in civil struc-
tures are liable to mechanical damage and electromagnetic interference [56]. A system of
purpose-designed fiber-optic FBG sensors offers a more suitable and reliable solution—the
sensors can be directly integrated with the load-bearing structure during construction,
and it is possible to create a network of fiber-optic sensors to ensure not only temperature
measurements but also measurements of strain and of the moisture content in the building
envelope. The paper describes the results of temperature measurements of a building’s
two-layer wall using optical fiber Bragg grating (FBG) sensors, and of a three-layer wall
using equivalent classical temperature sensors. The testing results can be transmitted
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remotely. In the first stage, the sensors were tested in a climatic test chamber to determine
their characteristics. The paper describes the test results of temperature measurements
carried out in the winter season for two multilayer external walls of a building, in relation
to the environmental conditions recorded at that time, i.e., outdoor temperature, relative
humidity, and wind speed. Cases are considered with the biggest difference in the level
of the relative humidity of air recorded in the observation period. It was found that there
is greater convergence between the theoretical and the real temperature distribution in
the wall for high levels (~84%) of the outdoor air’s relative humidity, whereas, at the
humidity level of ~49%, the difference between theoretical and real temperature histories
is substantial and totals up to 20%. A correction factor is proposed for the theoretical
temperature distribution [56].

The paper by [57] deals with a complex analysis of acoustic emission signals that
were recorded during freeze-thaw cycles in test specimens produced from air-entrained
concrete. An assessment of the resistance of concrete to the effects of freezing and thawing
was conducted on the basis of signal analysis. Since the experiment simulated the testing
of concrete in a structure, a concrete block with a height of 2.4 m and width of 1.8 m was
produced to represent a real structure. When the age of the concrete was two months,
samples were obtained from the block by core drilling and were subsequently used to
produce test specimens. Testing of the freeze-thaw resistance of concrete employed both
destructive and non-destructive methods including the measurement of acoustic emission,
which took place directly during the freeze-thaw cycles. The recorded acoustic emission
signals were then meticulously analyzed. The aim of the conducted experiments was to
verify whether measurement using the acoustic emission method during freeze-thaw (F-T)
cycles is more sensitive to the degree of damage of concrete than the more commonly
employed construction testing methods. The results clearly demonstrate that the acoustic
emission method can reveal changes (e.g., minor cracks) in the internal structure of concrete,
unlike other commonly used methods. The analysis of the acoustic emission signals using a
fast Fourier transform revealed a significant shift of the dominant frequency toward lower
values when the concrete was subjected to freeze-thaw cycling [57].

An original experimental method was used to investigate the influence of water
and road salt with an anti-caking agent on the material used in pavement construction
layers [58]. This method allowed the monitoring of material changes resulting from the
influence of water and road salt with an anti-caking agent over time. The experiment used
five different mineral road mixes, which were soaked separately in water and brine for two
time intervals (2 days and 21 days). Then, each sample of the mix was subjected to tests of
the complex module using the four-point bending (4PB-PR) method. The increase in mass
of the soaked samples and the change in value of the stiffness modulus were analyzed.
Exemplary tomographic (X-ray) imaging was performed to confirm the reaction of the road
salt and anti-caking agent (lead agent) with the material. Based on the measurements of
the stiffness modulus and absorption, the correlations of the mass change and the value of
the stiffness modulus were determined, which may be useful in estimating the sensitivity
of mixes to the use of winter maintenance agents, e.g., road salt with an anti-caking agent
(sodium chloride). It was found that the greatest changes occur with mixes intended for
base course layers (mineral cement mix with foamed asphalt (MCAS) and mineral-cement-
emulsion mixes (MCE)), and that the smallest changes occur for mixes containing highly
modified asphalt (HIMA) [58].

Cracking in non-load-bearing internal partition walls is a serious problem that fre-
quently occurs in new buildings in the short term after putting them into service, or even
before completion of construction [59]. Sometimes, it is so considerable that it cannot be
accepted by the occupiers. The article presents tests of cracking in ceramic walls with a
door opening connected in a rigid and flexible way along vertical edges. The first analyses
were conducted using the finite element method (FEM), and afterward, the measurements
of deformations and stresses in walls on deflecting floors were performed at full scale in
the actual building structure. The measurements enabled the authors to determine floor
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deformations leading to the cracking of walls and to establish a dependency between the
values of tensile stresses within the area of the door opening corners and their location
along the length of walls, and the type of vertical connection with the structure [59].

The paper by [60] discusses the problems connected with the long-term exploitation of
reinforced concrete post-tensioned girders. The scale of problems in the world related to the
number of cable post-tensioned concrete girders built in the 1950s and still in operation is
very large and possibly has very serious consequences. The paper presents an analysis and
evaluation of the results of measurements of the deflection and strength and homogeneity
of concrete in cable–concrete roof girders of selected industrial halls located in Poland,
exploited for over 50 years. On the basis of the results of displacement monitoring in the
years 2009 to 2020, the maximum increments of deflection of the analyzed girders were
determined. Non-destructive, destructive, and indirect evaluation methods were used
to determine the compressive strength of concrete. Within the framework of the indirect
method recommended in standard PN-EN 13791, a procedure was proposed by the authors
to modify the so-called base curve for determining compressive strength. Due to the age of
the analyzed structural elements, a correction factor for the age of the concrete was taken
into account in the strength assessment. The typical value of the characteristic compressive
strength was within the range of 20.3–28.4 MPa. As a result of the conducted tests, the
concrete class assumed in the design was not confirmed, and its classification depended on
the applied test method. The analyzed girders, despite their long-term exploitation, can
still be used for years, on the condition that regular periodical inspections of their technical
condition are carried out. The authors emphasize the necessity for a permanent and cyclic
diagnostic process and monitoring of the geometry of girders, as they are expected to
operate much longer than was assumed by their designers [60].

The paper by [61] presents an implementation of purpose-designed optical fiber Bragg
grating (FBG) sensors intended for the monitoring of real values of strain in reinforced
road structures in areas of mining activity. Two field test stations are described. The first
enables analysis of the geogrid on concrete and ground subgrades. The second models the
situation of subsoil deformation due to mining activity at different external loads. The paper
presents a system of optical fiber sensors registering strain and temperature dedicated to
the investigated concrete mattress. Laboratory tests were performed to determine the strain
characteristic of the FBG sensor–geogrid system with respect to standard load. As a result,
it was possible to establish the dependence of the geogrid strain on the forces occurring
within it. This may be the basis for an analysis of the mining activity effect on right-of-way
structures during precise strain measurements of a geogrid using FBG sensors embedded
within it. The analysis of the results of measurements in the aspect of forecasted and actual
static and dynamic effects of mining on the stability of a reinforced road structure is of key
importance for detailed management of road investment, and for the appropriate repair
and modernization management of the road structure [61].

Geopolymer concrete (GPC) offers a potential solution for sustainable construction
by utilizing waste materials [62]. However, the production and testing procedures for
GPC are quite cumbersome and expensive, which can slow down the development of
mix design and the implementation of GPC. The basic characteristics of GPC depend
on numerous factors such as the type of precursor material, type of alkali activators
and their concentration, and liquid to solid (precursor material) ratio. To optimize time
and cost, artificial neural networks (ANN) can be a lucrative technique for exploring
and predicting GPC characteristics. In this study, the compressive strength of fly-ash-
based GPC, with bottom ash as a replacement for fine aggregates, as well as fly ash, is
predicted using a machine learning-based ANN model. The data inputs are taken from
the literature as well as in-house lab scale testing of GPC. The specifications of GPC
specimens act as input features of the ANN model to predict compressive strength as the
output, while minimizing error. Fourteen ANN models are designed which differ in the
backpropagation training algorithm, the number of hidden layers, and the neurons in
each layer. The performance analysis and comparison of these models in terms of mean
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squared error (MSE) and coefficient of correlation (R) resulted in a Bayesian regularized
ANN (BRANN) model for the effective prediction of compressive strength of fly-ash and
bottom-ash based geopolymer concrete [62].

The paper by [63] analyzes the issue of reduction of load capacity in fiber cement board
during a fire. Fiber cement boards were put under the influence of fire by using a large-scale
facade model. Such a model is a reliable source of knowledge regarding the behavior of
facade cladding and the way fire spreads. One technical solution for external walls—a
ventilated facade—is gaining popularity and is used more and more often. However,
the problem of the destruction during a fire of a range of different materials used in
external facade cladding is insufficiently recognized. For this study, the authors used fiber
cement boards as the facade cladding. Fiber cement boards are fiber-reinforced composite
materials, mainly used for facade cladding, but are also used as roof cladding, drywall,
drywall ceilings and floorboards. This paper analyzes the effect of fire temperatures on
facade cladding using a large-scale facade model. Samples were taken from external
facade cladding materials that were mounted on the model at specific locations above the
combustion chamber. Subsequently, three-point bending flexural tests were performed,
and the effects of temperature and the integrals of temperature and time functions on the
samples were evaluated. The three-point bending flexural test was chosen because it is a
universal method for assessing fiber cement boards, as cited in Standard EN 12467. The
test also allows easy reference to results in other literature [63].

The paper by [64] presents the possibilities of determining the range of stresses
preceding the critical destruction process in cement composites, with the use of micro-
events identified by means of a sound spectrum. The presented test results refer to the
earlier papers in which micro-events (destruction processes) were identified, but without
determining the stress level of their occurrence. This paper indicates a correlation of
the stress level corresponding to the elastic range with the occurrence of micro-events
in traditional and quasi-brittle composites. Tests were carried out on beams (with and
without reinforcement) subjected to four-point bending. In summary, it is suggested that
the conclusions can be extended to other test cases (e.g., compression strength), which
should be confirmed by the appropriate tests. The paper also indicates a need for further
research to identify micro-events. The correct recognition of micro-events is important for
the safety and durability of traditional and quasi-brittle cement composites [64].

The paper by [65] contains the results of a newly developed residual-state creep test,
performed to determine the behavior of a selected geomaterial in the context of reactivated
landslides. Soil and rock creep is a time-dependent phenomenon in which deformation
occurs under constant stress. Based on the examination results, it was found that the tested
clayey material (from Kobe, Japan) shows tertiary creep behavior only under shear stress
higher than the residual strength condition, and primary and secondary creep behavior
under shear stress lower than or equal to the residual strength condition. Based on the
data, a model for predicting the critical or failure time is introduced. The time until the
occurrence of the conditions necessary for unlimited creep on the surface is estimated. As
long-term precipitation and infiltrating water in the area of the landslides are identified as
the key phenomena initiating collapse, the work focuses on the prediction of landslides,
with identified surfaces of potential damage as a result of changes in the saturation state.
The procedure outlined is applied to a case study, and considerations as to when the
necessary safety work should be carried out are presented [65].

The article by [66] is focused on the medium-term negative effect of groundwater on
the underground grout elements. This is the physical–mechanical effect of groundwater,
which is known as erosion. We conducted a laboratory verification of the erosional resis-
tance of grout mixtures. A new test apparatus was designed and developed, since there is
no standardized method for testing at present. An erosion stability test of grout mixtures
and the technical solutions of the apparatus for the test’s implementation are described.
This apparatus was subsequently used for the experimental evaluation of the erosional
stability of silicate grout mixtures. Grout mixtures with activated and non-activated ben-
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tonite are tested. The stabilizing effect of cellulose relative to erosion stability has also been
investigated. The specimens of grout mixtures were exposed to flowing water stress for
a set period of time. The erosional stabilities of the grout mixtures were assessed on the
basis of weight loss (WL) as a percentage of initial specimen weight. The lower the grout
mixture weight loss, the higher its erosional stability, and vice versa [66].

3. Conclusions

As mentioned at the beginning, this issue was proposed and organized as a means
of presenting recent developments in the field of non-destructive testing of materials in
civil engineering. For this reason, the articles highlighted in this issue relate to different
aspects of the testing of different materials in civil engineering, from building materials
and elements to building structures. Interesting results, with significance for the materials,
were obtained, and all of the papers have been precisely described.
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Abstract: The article is focused on the medium-term negative effect of groundwater on the under-
ground grout elements. This is the physical–mechanical effect of groundwater, which is known as
erosion. We conduct a laboratory verification of the erosional resistance of grout mixtures. A new
test apparatus was designed and developed, since there is no standardized method for testing at
present. An erosion stability test of grout mixtures and the technical solutions of the apparatus for
the test’s implementation are described. This apparatus was subsequently used for the experimental
evaluation of the erosional stability of silicate grout mixtures. Grout mixtures with activated and
non-activated bentonite are tested. The stabilizing effect of cellulose relative to erosion stability has
been also investigated. The specimens of grout mixtures are exposed to flowing water stress for a
certain period of time. The erosional stabilities of the grout mixtures are assessed on the basis of
weight loss (WL) as a percentage of initial specimen weight. The lower the grout mixture weight loss,
the higher its erosional stability and vice versa.

Keywords: erosional stability; laboratory testing; grout mixtures; groundwater; test apparatus

1. Introduction

The objective of grouting a soil and rock mass is to create an “underground grout
element” (UGE). This may have the function of reinforcement (support), sealing, or both.
Possible complications arise from this basic objective of grouting works during grouting
below the groundwater table. Simplifying somewhat, the results of grouting under the
groundwater level are:

• UGE may not even be able to form;
• UGE may be able to form, but only with limited functionality;
• UGE may form with good functionality, but due to the subsequent action of ground-

water, degrades gradually (to limited or zero functionality).

The reasons for the failed creation of an UGE (or insufficient functionality) can be
different: for example, inappropriately selected type or character of the grout mixture, due
to the porosity of soil, or inappropriately selected grouting procedure (e.g., low or high
grouting pressure). These reasons and the contexts are usually discussed in the literature
dealing with grouting, e.g., [1,2]. The implied reasons are usually also unambiguously
unrelated to the presence or activity of groundwater.

Focusing only on the problems arising from grouting under the groundwater level,
these problems logically result from the presence of underground water and its effect on the
formation of or already-formed UGE. The negative effects of groundwater can be divided
in terms of time to (this is a sub-division of the terms used by the authors of this article
within their research work):

• short-term effects;
• medium-term effects; and
• long-term effects.
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The short-term effects of groundwater (especially flow) on formed UGE are usually
physical–mechanical; the grout mixture has not solidified enough. Most commonly, it is
the segregation and/or flushing out grout mixtures from the UGE space. For example, this
impact (authors label it as dispersion) is included in the research of Baluch et al. [3]. In
this case, the dispersiveness of grout mixtures was tested by pouring grout mixture into a
water-filled beaker.

The medium-term effects of groundwater on UGE are usually physical–mechanical
as well; however, compared to the short-term effects, there is no grout mixture dilution
or flushing, but rather it is erosion. The formation of the UGE is mechanically disrupted
and its function is negated as a result of the erosion process. The described state can occur
by using grout mixture with a low erosional resistance (erosional stability) or by using
a grout mixture in which the final erosional resistance is achieved very slowly (i.e., slow
setting of the mixture). This process is in analogy with the internal erosion of soil by piping.
This phenomenon has been investigated by many authors who studied it on soil [4] or
soil treated by chemical stabilizers [5]. Research of silicate grout mixture erosion has not
been found.

In the course of short-term and medium-term effects of groundwater, chemical degra-
dation processes occur. In these cases, they are not of great significance as the grout mixture
has been flushed out or was already eroded.

The long-term activity of groundwater includes, once again, erosion. The possibility of
suffusion cannot be excluded either. However, chemical degradation processes, which are
commonly known as “corrosion”, may have the greatest importance. This is only applied
when water contains corrosive substances. Wang et al. [6] described the damage of adding
solids after seawater’s long-term corrosion, as well as analyses of its stress–strain curve
and the relationship between damage variables and grouting solids.

The line between the time span of the above-mentioned categories is not fixed, which
obviously arises from the above-mentioned facts. It depends, for example, on the speed of
the solidifying and hardening processes of the grout mixture, on the hydraulic gradient
or on the types and amounts of chemical substances present in the water. An order-of-
magnitude estimate of the time span is:

• short-term effect—from tens of minutes to a low number of hours after the application
of the grout mixture;

• medium-term effect—from a low number of hours to tens of hours after the application
of the grout mixture;

• long-term effect—more than hundreds or thousands of hours after the application of
the grout mixture.

For example, in the experiments described below, the line between the short-term and
medium-term effects can be estimated to be between 5 and 6 hours after the production
of the grout mixture. Within 5 h of its production, the grout mixture was flushed out as a
result of the effect of flowing water.

The danger arising from physical–mechanical processes is the largest for grouting
of highly permeable and water-bearing horizons. This is where a significant negative
underground grout element process of disruption by ground water may be expected. For
low permeability horizons (though water-bearing), the intensity of groundwater flow is,
from the given perspective, naturally insignificant.

Erosion is caused by the mechanical effects of the surrounding substance’s movement
(in this case flowing water); therefore, the erosional resistance of grout mixtures can be
deduced from their strengths. However, there is no general relation between strength and
erosional resistance. This is understandable, since there is no "standard" intensity of erosive
action, nor are there "standard" conditions. In addition to measuring the strength, there are
non-standard tests of erosional resistance that attempt to directly simulate the process of
erosion. However, these are single-purpose devices to a limited extent.

For laboratory testing of grout mixture resistances, it is possible to use both mentioned
principles. The first is to monitor the strength of grout mixtures. Applied shear strength
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measurements (e.g., the penetration method) are the best for the monitoring of relatively
low-strength "young" grout mixtures. The second method for determining the erosional
resistance is a test of erosional stability. This test measures the resistance of the grout
mixture (grouted element) to mechanical deterioration caused by flowing water.

The description of the erosional stability test, technical solutions and implementation
of test apparatus is the main subject of this article. This test was subsequently used for the
experimental evaluation of the erosional stability of silicate grout mixtures.

2. Overview of Laboratory Test Apparatus for Erosional Stability Testing of
Geomaterials

Studies on internal erosion originally focused on a mechanical principle, where particle
and opening sizes in the soil that allow particle movement were primarily investigated [7,8].

Over the years, a number of different laboratory methods have been developed in
order to test soils according to their susceptibility to erosion, e.g., the pinhole test, flume
tests, the jet erosion test and the rotation cylinder test. These tests have been summarized
by various authors, e.g., Wan and Fell [9,10].

The rotating cylinder test (RCT) was developed by Moore and Masch [11]. The RCT
uses a block of soil, suspended and submerged, inside a rotating cylindrical chamber, where
the rotation of the cylinder induces a flow around the specimen which causes erosion.
Torque is applied to the specimen and the erosion rates are measured. The results are used
to estimate applied stress and erodibility parameters.

Arulanandan et al. [12] extended previous research by performing erosion tests on
samples by circulating collected water on undisturbed samples inserted into a hydraulic
flume from the bottom. The flume test is used for modeling erosion mechanism, where
water is flowing parallel to the soil surface at a certain speed and depth. The erosion rate is
only visually observed and described in most cases, while hydraulic shear stress on the
soil surface is deduced from the flow velocity and water depth.

Lefebvre et al. [13] and Rohan et al. [14] developed the drill hole test (DHT). The
DHT is conducted by applying a flow rate-controlled pressure flow to a cylindrical clay
sample using a predrilled axial hole. The friction head loss along the specimen is mea-
sured to determine shear stress and the collected eroded material is used to calculate the
erosion rate.

A special type of flow-over-surface test is the erosion function apparatus (EFA) de-
veloped by Briaud et al. [15]. The EFA test uses site-specific soil samples acquired via
thin-walled tubes to generate an erosion rate and shear stress. During the EFA test, a data
acquisition system records the velocity and amount of soil eroded. These data are used to
calculate the erosion rate and shear stress.

The jet erosion test (JET) was developed at the Agricultural Research Service Hydraulic
Engineering Research Unit, Stillwater, Oklahoma [16]. This method is applicable to a wide
range of soils. JET can be performed in situ [17,18] or in a laboratory [19] using tube samples
or remolded samples in compaction molds. Testing has been successfully carried out on
specimens as small as 75 mm (3 inches) in diameter and uses a submerged hydraulic jet to
produce scour erosion. JET estimates the critical shear stress needed to initiate erosion.

The hole erosion test (HET) was developed by Wan and Fell [10] to measure the
erosional properties of soils. HET involves measuring an accelerating flow rate through
an eroding pre-formed hole in a test specimen. HET enables the estimation of the critical
shear stress and erosion rate coefficient. All test results of the hole erosion tests give an
interesting relationship between the critical stress and the erosion rate coefficient. A greater
critical stress implies a greater erosion rate index (i.e., slower erosion).

Sanchez et al. [20] were the first to develop an internal erosion test within a modified
triaxial apparatus to evaluate the erosion of core embankment materials. Recent exper-
iments by Bendahmane et al. [21] revealed the complex effects of confining pressure on
internal erosion. The triaxial erosion test was conducted by Bendahmane et al. [21,22] to
measure the effects of internal flows on sand/kaolin samples.
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Richards and Reddy [23] developed a true triaxial system to investigate the piping
potential of both cohesive and non-cohesive soils. A computer-controlled triaxial testing
apparatus was modified to allow the independent control of hydraulic gradient and stress
state for investigating the initiation and development of soil internal erosion, and the
stress–strain behavior of soil subjected to internal erosion.

One of the most recently presented pieces of experimental apparatus is the cross
erosion test (CET) [24,25], which is devoted to the measurement of the initiation of suffusion.
The test consists of a clear water injection into a first drill hole, and the recovery of washed-
out particles suspended in water in another drill hole. This technique can be portable, in
order to consider the in situ risks of internal erosion at dams and dikes.

All the mentioned methods, in most cases, include a circular cross-sectional shape of
the specimen. The position of the specimen during the test with regard to the direction of
water flow is mainly vertical, except for in the HET test, where it is horizontal. Monitoring
of piezometric height takes place using a piezometer or manometer.

The evaluation of erosional resistance is mainly based on quantifying the amount
of eroded material; specifically, the amount of washed-out material in the outflow and
hydraulic gradient. Internal erosion in an internally unstable soil will occur when the
hydraulic gradient exceeds a certain critical value.

As stated earlier, a summary of the findings from the literature indicates that quite
considerable attention has been devoted to experimental soil erosion modeling. However,
experimental modeling of erosion, especially of grout mixtures, is not often mentioned
in the literature. One method of laboratory testing of erosional resistance is the principle
described by Verfel [1]. The test principle is basically the same as that for determining soil
erosion, i.e., the grout mixture (partially stiffened) is exposed to water flow stress. Here, the
erosional resistance is tested on a specimen of grout mixture with a height of 70 mm, which
is cast into a cylindrical vessel (the test cell). A hole is formed in the specimen by inserting
a glass stick with a diameter of 8 mm during preparation of the specimen. The glass stick
is removed after 18 h and water is fed into the upper cell space (above the upper specimen
surface) under such a pressure as to form a gradient that causes water flow through the
coaxial hole in the specimen at a velocity of about 2 ms−1. The result of this laboratory test
is weight loss of the grout mixture, which is eroded by the water flowing through a hole in
the specimen for one hour.

The erosion tests are also mentioned in Austrian standard ÖNORM B 4452 [26]. The
laboratory testing process of the erosion test and schematic drawings and the dimensions
of the test cell (specimen) are described in the appendix of this standard. The principle
of the test is also based on investigation of hole erosion behaviors. A cylindrical hole is
formed in the axis of the cylindrical test specimen from the cut-off wall material. The hole’s
diameter in this case varies from 1–10 mm. The specimen is placed into a test cell, which is
connected to a water-pressure system during the test.

3. Experimental Verification of Erosional Stability of Grout Mixtures

The development of the research framework carried out at the Faculty of Civil En-
gineering, Brno University of Technology, included the method for testing the erosional
stability, according to Verfel [1]. We decided to design and develop our own apparatus,
since there is no standardized method for testing at present, and it was not possible to
purchase an appropriate laboratory apparatus.

3.1. Apparatus and Test Process

The test apparatus for determining erosion stability consists of several basic structural
units (Figure 1):

• storage (recycling) vessel;
• flow controller;
• test cell;
• filter;
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• pump; and
• supporting structure.

The storage vessel accumulates a test fluid (water) and enables its recycling. There is
a submersible pump placed in the vessel that is connected to the flow controller via a pipe.
The flow controller is used to maintain constant hydraulic conditions (i.e., constant volume
flow rate of 0.1 L/s at a water flow velocity of 2 ms−1) through the test cell. If needed, it is
possible to increase or decrease the volume flow rate using the control button, which is
on the flow controller. The solid particle filter is part of the test circuit. The filter captures
particles of the tested matter that erode during the test, and any other impurities that may
occur in the circuit.

Figure 1. Test apparatus for determining erosional stability: (a) test cell; (b) flow controller; (c) pump;
(d) storage/recycling vessel; (e) supporting structure; (f) filter; (g) supply pipe; (h) control button; (i)
cap of the filter; (j) opened filter view.

The test cell contains a specimen of the grout mixture. The cell has two parts. The
grout mixture specimen is placed in the lower part of the cell. There is an 8 mm round hole
in the bottom. The upper part is a pressure cap and both parts can be sealed together. The
cap is equipped with an inlet fitting, flow straightener and air vent. The diameter of the
test cell in the bottom is about 100 mm; the cell slightly widens upwards conically. A test
cell holder enables the cell position to be adjusted.

The test specimen is prepared by casting grout mixture into the test cell. A glass (or
plastic) stick with a diameter of 8 mm is inserted into the hole at the bottom of the test cell
(prior to casting). The specimen height in the cell should be about 70 mm at the time of
starting the test (Figure 2). The glass stick is removed before starting the test, and there is
an 8 mm round hole that remains in the bottom of the specimen. The hole in the bottom of
the test cell is temporarily sealed (glued) in the next step, and the upper space of the grout
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mixture is flooded with water. After the cell is closed, it is placed in the cell holder and
connected to the flow controller via a pipe. The flow controller must be adjusted so that
the water flow velocity through the non-eroded hole in the axis of the specimen is about
2 ms−1.

According to the standard procedure described in [1], tests should be initiated after
18 h of grout mixture production. However, within the demonstration examples shown
in Sections 3.2 and 4, during the erosional stability test in compliance with the prescribed
time delay (18 h) from the grout mixture preparation to the beginning of the test, there was
no specimen disruption caused by flowing water. Since this is a purely comparative test of
grout mixture, this step was necessary to change the conditions of the test to detect potential
differences between suspensions (i.e., to capture the potential improvement expected for
modified grout mixtures). It turned out that, technically, the easiest way was to change
the time delay. This was based on the fact that the age of a specimen must allow for the
creation of the desired hole in the specimen, and the measurement of the weight loss after
the test. After several experiments, the time delay was set to six hours. This kind of test can
only be taken as characteristic for properties of UGE if the grout mixture is appropriately
stable. A stability limit of 2% for increasing the grout mixture’s specific weight between its
casting and the beginning of the water flow was used (as recommended).

Figure 2. Specimen preparation: (a) empty test cell; (b) test cell with grout mixture; (c) specimen
ready for testing.

The water flows into the test cell (Figure 3) through the filter and the flow controller
from the storage/recycling vessel during the test. The velocity of water flowing during the
tests was kept constant at the value of 2 ms−1. Drinkable water from the Brno aqueduct
was used for these experiments.

The test cell is equipped with a flow straightener. This is a specially shaped inlet
that forces the inflowing water jet through a large number of small holes. Such a small
diameter of the outflowing water jet formed flooded stream and also ensured good venting.
Air bubbles can be purged through the air vent in the cap of the test cell. Undisturbed
water then flowed into the hole in the specimen. The water (with possible eroded particles
of the specimen) falls into the storage/recycling vessel. The height of the test cell above
the storage/recycling vessel was set to allow flow rate monitoring using the volumetric
method. If the erosional effect is negligible and therefore the water is clear, it can be reused.
Water reuse is permitted by a submersible pump in the storage/recycling vessel. This
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eliminates the use of tap water. The test was terminated after one hour of water flowing
through the specimen.

The erosional stability test was evaluated by recording/verifying the following: spec-
imen weight before and after the test, the water flow rate, and the elapsed time. The
erosional stability of the grout mixture was assessed on the basis of weight loss (WL) as a
percentage of the initial specimen weight. The lower the grout mixture weight loss (WL),
the higher its erosional stability (erosion resistance) and vice versa. A WL value equal
to 0, or very close to 0 (cases in which only the inlet edge of the hole in the specimen is
impacted), means that failure of the grout mixture in the allotted time did not happen.

Figure 3. Grout mixture specimen during testing: (a) effluent water; (b) specimen of grout mixture;
(c) test cell; (d) supply pipe.

3.2. Application of the Erosional Stability Test—Examples of Experiments

The test described in the previous section and the created laboratory apparatus were
used for subsequent tests. These activities were primarily focused on finding ways to reduce
the negative physical–mechanical effects of flowing groundwater on the underground
grout elements created by grouting. Here, further focus was only on the testing of selected
options, leading to an increased erosional stability of grout mixtures.

Grout mixtures based on silicate composites were the only subjects tested. From a
broader set of these grout mixtures, clay–cement sealing mixtures were selected. The
grout mixtures were prepared on the basis of Na+ ion-activated bentonite, commercially
designated as Bentovet K (Gemerská nerudná spoločnost’, Hnúšt’a, Slovakia) and also on
non-activated bentonite, commercially designated as Bentonit 75 (manufacturer: Keramost,
a.s., Most, Czech Republic).

For determination of the mineralogical compositions, bentonite samples were sub-
jected to X-ray diffraction analyses. The specimens were crushed prior to analysis in
isopropanol using the McCrone Micronising Mill with the addition of 20 wt.% of an inter-
nal standard (i.e., after addition: 80% of specimen + 20% of standard). The used standard
was fluorite (CaF2). The addition of the internal standard allowed the quantification of the
amorphous phase. X-ray diffraction (XRD) analyses were performed on a Rigaku Smartlab
apparatus with a Cu-anode (λKα = 0.15418 nm), 2D position-sensitive detector used in the
1D mode and fixed divergence screens in conventional Bragg-Brentano parafocusing Θ-Θ
reflection geometry. The measured angular area was 5–80 ◦2θ. The step size was 0.013◦
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2θ and the scan step time was 255 s. Total measurement time was 5769 s. The data were
processed using Panalytical HihgScore 3 plus software. Quantitative phase analyses were
performed using the Rietveld method. The structural patterns from the database of ICSD
2012 were used to refine the structural specification and for quantification. The results
of the quantitative phase analyses are listed in Table 1. The overall compositions of the
specimens, including the content of the amorphous phase, were quantified, as was the
composition of the isolated crystalline part. Diffractograms are shown in Figures 4 and 5.

Portland composite cement CEM II/BM (S-LL) 32.5 R (manufacturer: Českomoravský
cement, a.s., Mokrá, Czech Republic) was used for the laboratory preparation of the
grout mixtures.

The laboratory production of the grout mixture followed common preparation meth-
ods used in practice. A two-stage process, as well as a single-stage process, of grout
mixture preparation was used. The two-stage process of preparation was only used for
grout mixtures based on Bentovet K. The single-stage process of preparation was used for
the grout mixtures based on Bentovet K and for the grout mixtures based on Bentonit 75.
The two-stage process for grout mixture preparation was as follows:

• The water bentonite mixture (BM) was prepared, mixing time was 10 min.
• The BM was left to cure in a closed vessel for approximately 24 h at a temperature of

20 ± 2 ◦C.

• The grout mixture itself was prepared by adding cement to the cured BM while stirring
continuously. The stirring time was 5 min in this case.

The single-stage process of the grout mixture preparation was as follows:

• The water bentonite mixture was prepared—it was mixed for 10 min (grout mixtures
on the basis of Bentovet K) or for 5 min (grout mixtures on the basis of Bentonit 75).

• Cement was added gradually to the BM while mixing continuously. It was mixed for
5 min in this case.

Mixing of the grout (both two-stage process and single-stage process) was accom-
plished through the use of a laboratory stirrer (Heidolph RZR 2020). A dissolver stirrer
with a diameter of 100 mm and revolutions of 1300 min−1 was used.

After cellulose was added to the finished mixture, stirrer revolutions were reduced to
400 min−1 and the process of stirring took place for a further 1 min.

Table 1. Results of quantitative phase analysis.

Specimen Bentonit 75 Bentovet K

Mineral

Specimen
Composition

Including Amorphous
Phase [%]

Specimen
Composition of

Crystalline Part Only
[%]

Specimen Composition
Including Amorphous

Phase
[%]

Specimen
Composition of

Crystalline Part Only
[%]

Montmorillonite 50.8 63.5 51.1 67.1
Quartz 8.3 10.4 7.6 10.0

Illite 5.1 6.3 8.3 10.9
Kaolinite 1.2 1.5 - -
Calcite 0.2 0.2 - -
Siderite 10.6 13.2 - -
Anatase 4.0 4.9 - -

Feldspar (plagioclase) - - 1.3 1.7
Chabazite - - 1.3 1.7
Chlorite - - 6.5 8.6

Amorphous phase 19.8 - 23.9 -
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Figure 4. Diffractogram of Bentovet K.

 
Figure 5. Diffractogram of Bentonit 75.

In the first stage of the experimental work, the so-called “standard grout mixture”
was designed and tested. The composition of the grout mixture (1 m3) was as follows:
42.6 kg of activated bentonite (dry weight), 350 kg of cement, and water for the remainder.
This was a grout mixture recipe that was created at the Brno University of Technology
previously, having been actually utilized for sealing works by the BauGeo company. In the
next phase of the experimental work, design and testing of the modified grout mixtures
were carried out. The compositions of the modified grout mixtures were modified with the
aim of increasing erosional stability.

Some designed and subsequently tested modifications included, e.g., an increase in
bentonite content in the grout mixture, using a different type of bentonite in the grout
mixture, or the use of special additives to enhance grout mixture thixotrophy.

4. Results and Discussion

4.1. Increase in Bentonite Content in the Grout Mixture (Example One)

The standard dose of Bentovet K was 42.6 kg (dry) per 1 m3 of initial bentonite mixture
(i.e., the standard grout mixture with Bentovet K labeled as K1). In an effort to improve the
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grout mixture’s erosional stability, the Bentovet K dose was gradually increased to 50, 57.5
and 65 kg per 1 m3 of bentonite mixture. The dosages used during the two-stage process of
grout mixture preparation are shown in Table 2.

The used Bentovet K concentration range covered the entire useful range of this
grout mixture type. If the minimum concentration was used, an unstable grout mixture
is expected. If greater than the maximum concentration was used, the grout mixture
is difficult to pump and inject. The cement dosage in all tested mixtures was constant:
350 kg/m3 of grout mixture. The impact of these changes on the grouts’ erosional stability
was observed.

Table 2. Composition and WL of grout mixtures based on Bentovet K.

Indication

Bentonite Mixture (BM) * Grout Mixture *
Bentonite

Concentration
[% of the Grout
Mixture Weight]

Weight Loss
(WL)

Bentovet K
(Dry Weight) [kg]

Water [kg] BM [kg] Cement CEM II/B-M
(S-L)/32,5R [kg] [%]

K1 42.6 984.2 907.8

350.0

3.0 4.7
K2 50.0 981.5 910.7 3.5 11.4 +

K3 57.5 978.7 915.1 4.0 2.1
K4 65.0 975.9 919.6 4.5 5.0

* Bentonite (grout) mixture composition is specified per m3. + Arithmetical average from two tests (12.5% and 10.2%).

An example of erosional damage can be seen in Figure 6. This represents the inlet
side of the specimens before (a) and after the tests (b, c, d, e), and the confirmed percent
value of weight loss of the grout mixture (WL). The contour of the hole in the specimen
before (green highlighted) and after (red highlighted) the tests is marked in Figure 6. In
Figure 7, the specimen’s cross section after the test of K2 grout mixture with the lowest
erosional stability is presented. Again, the location of the hole contour in the specimen
and the inlet side before the test is highlighted in green. The edge of the failure area after
the test is highlighted in red. It is obvious from the figure that the decreasing erosional
stability of the grout mixtures causes significant distortion of the specimen’s inlet edges.
This phenomenon is accompanied by a widening of the hole in the specimen. It is clear
that the extent of the widening depends on the value of WL. The higher the WL value, the
wider the hole, and vice versa. Concurrently, the hole is widened along the full height of
the specimen and it can be noticeably asymmetric (with regard to the longitudinal axis of
the specimen), see Figure 7.

The erosional stabilities of these grouts appear to be uncorrelated with the used
bentonite dose (within the given range). This is not surprising, since in the case of erosional
stability, the most significant factor is the strength of solidified grout, which is in the
test time of 6 h, determined by the amount and type of cement, respectively, using the
water/cement ratio. These parameters were constant in a given series of grout mixtures
(cement dose), or changed insignificantly (water/cement ratio), see Table 2.
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Figure 6. Inlet side of specimens with Bentovet K: (a) standard grout mixture K1 before the test;
(b) grout mixture K1 after the test—WL = 4.7%; (c) grout mixture K2 after the test—WL = 11.4%;
(d) grout mixture K3 after the test—WL = 2.1%; (e) grout mixture K4 after the test—WL = 5.0% (the
edge of the failure area in red, the initial hole in green).

Figure 7. Specimen cross section A–A’ after the test (see Figure 6c)—grout mixture K2 based on
Bentovet K (the edge of the failure area in red, the initial hole and inlet side in green).

4.2. Use of Different Bentonite Type in the Grout Mixture (Example Two)

Chemically activated (natrificated) bentonites are commonly used in grout mixtures
(Bentovet K was used in this study—see example one). This means that the natural Ca form
of the main bentonite mineral, montmorillonite, is artificially converted to the Na form
during the natrification process. This form has significantly improved solvating ability. If
the suspension of natrificated bentonite is mixed with cement, the hydration of cement
releases Ca-ions that, in turn, convert the suspended Na-bentonite (montmorillonite) back
to the Ca form. The stabilizing ability of bentonite, therefore, decreases over time. However,
simultaneously, the gel phase and later the crystalline phase of Al, Ca and Fe hydrosilicates
from the cement are formed. Therefore, the mixture gradually solidifies and hardens. An
ordinary well-designed grout mixture maintains its fluidity for a relatively long time period
before strengthening processes gradually take over.

The aforementioned processing scheme is not suitable for most mixtures with in-
creased erosional stability. If we replace the natrified bentonite in the grout mixture with
Ca-bentonite, the dose must be, given its lower solvating capacity, significantly higher (see
Tables 2 and 3). Generally, depending on the parameters of both forms of bentonite, the
dose may increase by a factor of three to five. The advantage for such a suspension is that
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the Na and Ca ions are not reversely interchanged, e.g., the strengthening processes start
significantly faster. The disadvantage is the higher price of the total doses of Ca-bentonite
in grout mixtures.

Table 3. Composition * and WL of grout mixtures based on Bentonit 75.

Indication
Bentonit 75

(Dry Weight) [kg]
Cement

CEM II/B-M (S-L)/32,5R [kg]
Water [kg]

Bentonite Concentration [% of
the Grout Mixture Weight]

Weight Loss
(WL) [%]

B1 130.0
350.0

824.9 10.0 1.4
B5 200.0 793.5 14.9 0.2

* Composition is specified per m3.

The two variants of grout mixtures based on chemically non-activated (i.e., in the Ca-
form) bentonite (Bentonit 75) were prepared and tested. The used bentonite concentration
range was again chosen to cover the entire useful range of this type of grout mixture
(from instability to difficult pumping and injection). Due to the bentonite characteristics,
considerably higher doses of bentonite were used. The particular dosages used during a
single-stage preparation process are shown in Table 3.

The erosional stability in the case of a grout mixture based on non-activated bentonite
(see Table 3 and Figure 8) appears to be significantly higher (i.e., the WL is lower) than
that of a grout mixture based on activated bentonite. Using non-activated bentonite or
increasing its concentration in the grout mixture is a simple solution that can be easily
implemented in practical applications.

The inlet side of the specimens before (a) and after the test (b and c) are shown in
Figure 8. The vertical cross section of the grout mixture B5 specimen after the test is shown
in Figure 9. The contour of the hole before and after the test is marked as in the case of the
grout mixture based on Bentovet K. It is apparent that erosion only occurs at the inlet edge
of the hole of the specimen. However, in the case of grout mixtures based on activated
bentonite (see, e.g., Figure 7), there is a significant distortion of the hole along the entire
specimen length.

Figure 8. Inlet side of specimens with Bentonit 75: (a) grout mixture B1 before the test; (b) grout
mixture B1 after the test—WL = 1.4%; (c) grout mixture B5 after the test—WL = 0.2% (the edge of the
failure area in red, the initial hole in green).
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This can be explained by the fact that the suspension has significantly higher strength
after six hours. This is due to the significantly lower water/cement ratio compared to the
grout mixtures with activated bentonite (e.g., 2.35 for grout mixture B1 or 2.48 for grout
mixtures K3; see also composition of grout mixtures in Tables 2 and 3).

Figure 9. Specimen cross section B–B’ after the test (see Figure 8c)—grout mixture B5 based on
Bentonit 75 (the edge of the failure area in red, the initial hole and inlet side in green).

4.3. Use of Additives to Enhance Grout Mixtures’ Thixotropy (Example Three)

To increase the yield stress and thixotropy of the grouts, cellulose derivatives can be
used. In addition to the formerly obligatory carboxy-methyl-cellulose (CMC), a number
of modified derivatives are available today that have improved dispersibility and solu-
bility in water, with varying efficiencies. We used Culminal C9133 cellulose, which is
a methyl-hydroxy-propylene cellulose with a viscosity of the standard (2%) solution in
water of 4500–6500 mPa.s. It is suitable for application in systems with a large number of
dispersed substances.

Several variants of grout mixtures based on Bentovet K and Bentonit 75 were prepared
with different concentrations of cellulose in the grout mixture (0.5% and 0.75% of the
cement weight). The cement dosage in all tested grout mixtures was constant; again,
350 kg/m3 of the grout mixture.

When cellulose is added to the grout mixture, there is an expected increase in the yield
stress and thixotropy. It has a positive effect on the erosional stability of the grout mixture
as it increases substantially (Figures 10 and 11). Concerning grout mixture on the basis of
activated bentonite, there was a verified increase by a factor of 1.7 in the erosional stability
after 0.5% of cellulose was added (a decrease in the WL value from 4.7% to 2.7% for the K1
grout mixture) and an increase by a factor of 2.1 in the erosional stability (a decrease in the
WL value from 7.1% to 3.4%) for the K2 grout mixture (single-stage process of the grout
mixture preparation, designated as Kb in Figure 10).

Regarding grout mixtures on the basis of non-activated bentonite, there is no such
increase in erosional stability as that in grout mixtures based on activated bentonite. There
was an increase by a factor of 1.3 in the erosional stability of the grout mixture after 0.5%
cellulose was added to the B1 grout mixture. It corresponded to a decrease in the WL value
from 1.4% to 1.1%.

There was an increase by a factor of 2.0 in the erosional stability of the grout mixture
after 0.75% cellulose was added to the B1 grout mixture. This corresponded to the decrease
in the WL value from 1.4% to 0.7%.

The stabilizing effect of these molecular chains is temporary; therefore, these measures
should be combined with those ensuring rapid solidification of grout mixtures (e.g., the
use of non-activated instead of activated bentonite).
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Figure 10. Weight loss of grout mixture (WL) vs. bentonite concentration: grout mixtures based on
Bentovet K (K—two-stage process of grout mixture preparation, Kb—single-stage process of grout
mixture preparation).

Figure 11. Grout mixture based on Bentonit 75: weight loss of grout mixture (WL) vs. bentonite
concentration.

5. Conclusions

The erosional stability test is one way to allow for the evaluation of medium-term
resistance of a grout mixture to the mechanical influence of flowing water. The authors are
not aware of any published papers and results on erosion tests of silicate grout mixtures.
From this point of view, we can consider these experimental works as the first of their kind.

A new laboratory apparatus for performing the test was presented here. The apparatus
was designed for the purpose of comparatively evaluating grouts’ erosional resistances:

• The principal and subsequent evaluation of the erosional resistance was based on the
study of Verfel (1992);

• Erosional stability was quantified by the relative weight loss of a grout (WL) during
the test. Grout mixture, which is resistant to erosion, has a WL value equal to 0. This
is a condition for real practical use;

• The apparatus is useful for practical use in ordinary laboratory conditions due to its
operational and structural simplicity;

• This also allows a visual assessment of the extent of the erosional impact on a specimen.
For example, only the inlet edge of the hole in the specimen is impacted, etc.;

• The enhanced apparatus design allows, if necessary, for erosion stability determination
for different boundary conditions than those specified by Verfel (1992), or those that
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selected during the performed tests. In particular, there is the possibility of water flow
control and an option to choose the grout mixture specimen height in the test cell.
Alternatively, a simple irreversible modification (enlargement) of the hole in the test
cell (grout specimen) is possible.

In addition, the use of this apparatus was demonstrated in some tests. The erosional
stabilities of the grout mixtures were evaluated 6 h after production. It was confirmed
that the choice of bentonite type, adjusting a bigger dose of non-activated bentonite, or the
use of cellulose in the grout mixture may lead to a change in the grout mixture erosional
stability. Based on the results presented in the paper, it can be stated that:

• A substantial increase in the erosional stability of grout mixture was reached by
replacing activated bentonite with non-activated bentonite. It appeared that there was
a decrease in WL value even to 0.2, i.e., the value was very close to 0;

• By increasing the dose of non-activated bentonite in the grout mixture, the erosional
resistance of the grout mixture was increased. A 54% increase in the bentonite dose
led to decrease of WL of seven times. Using non-activated bentonite (alternatively an
increase of its concentration in the grout mixture) is a measure, which does not lead to
a more complex composition of the grout mixture (or it does not require more complex
preparation process of the grout mixture). Such a solution can be easily implemented
in practical applications;

• Concerning the grout mixture on the basis of activated bentonite, the erosional stability
seems not to correlate with the bentonite dose used (within the tested range). The
value gains were in the range between 2.1 and 11.4;

• The addition of cellulose to the prepared grout mixture results in a positive effect on
the erosional stability, i.e., there was a decrease in WL. The 0.5% cellulose concentration
in the grout mixture led to a decrease of WL of 2.1 times. However, the stabilizing
effect of cellulose was temporary; therefore, these measures should be combined with
those ensuring rapid solidification of grout mixtures.
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Abstract: This paper contains the results of a newly developed residual-state creep test performed to
determine the behavior of a selected geomaterial in the context of reactivated landslides. Soil and
rock creep is a time-dependent phenomenon in which a deformation occurs under constant stress.
Based on the examination results, it was found that the tested clayey material (from Kobe, Japan)
shows tertiary creep behavior only under shear stress higher than the residual strength condition
and primary and secondary creep behavior under shear stress lower or equal to the residual strength
condition. Based on the data, a model for predicting the critical or failure time is introduced. The
study traces the development of the limit state based on the contact model corresponding to Blair’s
body. The time to occurrence of the conditions necessary for unlimited creep on the surface is
estimated. As long-term precipitation and infiltrating water in the area of the landslides are identified
as the key phenomena initiating collapse, the work focuses on the prediction of landslides with
identified surfaces of potential damage as a result of changes in the saturation state. The procedure
outlined is applied to a case study and considerations as to when the necessary safety work should
be carried out are presented.

Keywords: residual-state creep; saturation front; landslides

1. Introduction

Landslide processes pose a real threat to engineering structures. Reasonably accurate
prediction of failure allows the application of protective actions, thus avoiding human
casualties and reduction in property damage. Many methods have been developed for
spatial analysis of the phenomenon from a mechanical point of view, supported by a
regional reliability approach [1–3]. The transfer of risk management to the level of geo-
graphic information system (GIS) tools has been accompanied by methods of building risk
maps, supporting the assessment and management of spatial phenomena [4,5]. A different
direction of research focused on describing the dependence of slope stability over time.
In such a case, the mechanical properties of the substrate or contact layer were related to
the time of action of forces causing slippage [6] or environmental factors, especially, for
example, rainfall [7]. The selected aspect of rainfall action and stable infiltration conditions
in previously partially saturated soil and its influence on landslide initiation have been
analyzed by many authors [8–10]. The regional general scale of the issue based on the
Italian experience is analyzed in Ref. [11]. A comprehensive review of different methods
for predicting landslide failure time can be found in Ref. [12]. The connection of physical
phenomena with prediction of stability changes and possible threat gives a chance to create
early warning systems for rapture damage occurrence [13,14]. The methodology used in
warning systems includes echoes of acoustic waves, statistical observations and spatial and
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temporal variability of regional landslides, as well as changes in pore pressure measured
by sensors.

In issues of slope stability, the creep of geomaterials is especially important [15]. In
general, landslides are created more or less rapidly depending on the conditions. Creep is
one of various types of landslides, characterized by an imperceptibly slow, steady, down-
ward movement and is found mainly in clayey soils. Soil creep as a physical phenomenon is
a time-dependent effect in a which deformation occurs under constant stress. Theoretically,
an ideal creep curve consists of three stages that have different deformation properties
according to the shape of the strain–time curve. Primary creep, the so-called transient or
fading phase, can be defined as a creep deformation during which the strain rate decreases
continuously with time (i.e., decreasing strain rate). Secondary creep, the secondary phase,
consists of deformations at a constant rate (i.e., constant strain rate), which is sometimes
also called the non-fading phase. With tertiary creep, the deformation is continuously
increasing and leads to creep failure (i.e., increasing and accelerating strain rate). A widely
acknowledged concept of creep distinguishing between the different phases of creep move-
ment was discussed in Refs. [16,17]. In the primary and secondary stages of creep, soil
materials are in a stable condition, but they may collapse when reaching the tertiary stage
of creep. Many extensive laboratory investigations have been conducted with triaxial
apparatus and oedometers to examine the creep behavior of various kinds of soils [18–20],
but almost all of them focus only on the pre-peak-state creep behavior of soil materials.
Numerous theories, equations and models have been proposed to account for the creep
behavior of clayey soils [21–23] and various geotechnical issues [24,25]. However, they
have also focused on the pre-peak state of shear stress. Nevertheless, since the long-term
strength of the shear zone soil of a reactivated slow-moving landslide is nearly equivalent
to its residual strength [26], a creep test should be conducted at the residual state of shear
stress for understanding the actual creep characteristics of clay soil materials.

The issue of slope stability can be analyzed in both ultimate and serviceability
states [27]. In the case of a material with rheological features and the existence of a
clear yield point, correct description of the phenomena requires spatial recognition of the
variability of soil features. Many researchers have been interested in predicting creep fail-
ure. However, capturing the extremely slow movement of large-scale landslides through
instrumentation is very difficult. Moreover, if a small number of field monitoring data are
available, the actual trend of the movement variation with time will not be clear. On the
other hand, standard laboratory tests are not feasible for representing long-term behavior,
and long-term tests are not easy to perform. An estimation of damage time based on a
clay creep study was introduced in Ref. [28]. Afterwards, it was extended in Ref. [29] to
all subsequent areas of material work in the creep regime. The first successful attempts
to describe the phenomena of tertiary creep in stability applications were introduced in
Refs. [30,31] and later developed in Ref. [32]. There have been also attempts to perform
a spatial description of creep phenomena affecting landslides by means of numerical
models [33,34].

The main objective of this study was to deal with the above mentioned issues by
means of an extended residual-state creep test. Based on this, an attempt to develop a
method of predicting landslide displacement was made. The work focuses on the problem
of landslides with identified surfaces of potential damage. Long-term precipitation and
infiltrating water in the vicinity of the landslide area are identified as the key initiating
phenomena for the considered type of landslides (creep). Based on the residual-state
creep test results of typical clayey soils, prediction curves were proposed, and the time to
occurrence of the conditions necessary for unlimited creep on this surface was estimated.
In the description of the material, the fractional derivative theory has been used [35–37].
It is a form of a well-functioning fit to test results involving a two-layered model based
on Blair-type elements. It gives good fitting results for a small amount of experimental
data, while reducing the number of initial assumptions. Numerous articles describing
fractional derivatives [38,39] and a wider interest in their possibilities in mechanics [40–43]
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have been introduced. The presented concept of the critical time related to the extended
laboratory tests is not deterministic. The approach allows for estimating the stability of a
rock or soil block with the defined slip surface, taking into account the expected time of its
operation and the change in the indicator with the climate’s influence. Loss of equilibrium
was connected with changes in the movement of the saturation front (negative pressure in
the profile).

2. Materials and Methods

2.1. Creep Tests—Creep Test Apparatus and Test Methods

The standard ring shear machine allows for continuous shearing of soil samples up
to very large shear deformations in one direction without a change in the geometry of the
specimens [44,45]. It is used mainly to investigate the residual strength of soils [46–48].
However, it is not suitable for creep tests at the residual state of shear. In order to identify
creep behavior, it is necessary to modify the standard version of the apparatus that was
introduced by Bhat et al. [49–51]. The modification is mainly based on the transitional
change of strain-controlled shear into creep load shearing without completely releasing the
applied shear stress, as shown in Figure 1. In other words, the machine has been modified
in such way that it can shear clayey soil material in strain-controlled as well as stress-
controlled patterns under drained conditions. In the beginning, the material is sheared
under a strain-controlled pattern, and after the specimen reaches its residual state of shear,
different sets of constant creep loads are applied until it fails repeatedly. The modified ring
shear machine enables measurement of the shear deformation (i.e., displacement) with
respect to time under the applied constant creep stress [52,53].

Figure 1. Structural features of creep test apparatus.

In the residual-state creep test, there are two main steps: (1) the ring shear test and
(2) the residual-state creep test. The test scheme is shown in Figure 2. The ring shear test
is performed to obtain the residual state of shear of fully saturated specimens. This state
is confirmed when constant values of readings for the load cell and displacement sensors
after a large displacement are achieved. The details of the ring shear test that is related
to this study have been discussed by Bhat et al. [54,55]. Next, in the residual-state creep
test, the creep stress is initially applied at a certain value of the residual creep stress ratio
(RCSR). The value of RCSR is the ratio of the applied constant creep stress to the residual
strength of soil. The specimen is maintained for several hours in the same condition to
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determine whether the effect of the creep behaviors is significant or not. Similarly, the creep
load is applied accordingly to the subsequent load factor values until the specimen fails.

Figure 2. Overall experimental flow of the residual-state creep test.

2.2. Creep Test on Clayey Soils

In this study, a clayey soil sample collected from the Toyooka-kita landslide area is
considered. This is one of the major reactivated landslides, which is located at Yokawa-cho of
the city Miki in Hyogo Prefecture, Japan. The details of the study area, such as the topographic
map, the geological map, location sampling points, etc., are presented in Ref. [55]. A series of
laboratory tests were performed to estimate the physical properties and mechanical properties
according to the Laboratory Testing Standards of Geomaterials [56–59]. The specific gravity
of the tested soil was 2.67 g/cm3. A plastic limit of 47%, liquid of 81% and, consequently,
a plasticity index of 34% were obtained. The specimen consisted of a 21.3% clay fraction
(<2 μm), 52.8% silt fraction (2–75 μm) and 25.9% sand fraction (75−425 μm). X-ray diffraction
tests confirmed the presence of clay minerals in the tested samples and revealed that smectite
is a major clay mineral.

The samples formed in the laboratory were used in examinations, and the precise pro-
cedure is described in Ref. [52]. Specimens were tested in accordance with the methodology
described in Section 2.1. First, the ring shear test was performed to obtain the residual-state
of shear. In each case, it was achieved after 10 cm of shear displacement. For certainty,
the ring shear tests were conducted up to 15 cm of shear displacement. The value of the
effective stress was fixed at a constant (i.e., 98.10 kPa) for both the ring shear test and the
creep tests. With this load, the soil was in an over-consolidated state with an overconsoli-
dation ratio (OCR) value of 2. The residual shear strength of the tested soil was 8.86 kPa.
After achieving residual strength, the constant creep stresses were applied step by step
until the specimen reached failure. In this work, the sequence of RCSR values from 0.9000
to 1.0300 was used. The concept and overall experimental procedure for one complete test
pattern (Test I) are presented in Figure 3, and the results are summarized in Table 1. In
this study, different stages of creep were defined based on the change in displacements.
In the primary stage of creep, the change in displacement decreases. When the change in
the displacement remains constant, it is called the secondary stage of creep. In the tertiary
stage of creep, the change in displacement is suddenly increased, which leads to failure.
In Table 1, the value t1 represents the total time at the end of the primary stage of creep
(i.e., beginning of secondary creep) and δ1 is the corresponding displacement. Similarly,
the values tf and δc represent the total time at the end of secondary creep (i.e., beginning
of tertiary creep) and the total displacement, respectively (as shown in Figure 3c). These
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are also called the failure time and the critical displacement. A “failure” indicates that the
specimen has reached tertiary creep, and “no failure” represents secondary creep. In the
case of Test I, the sample reached failure at RCSR 1.0025. In subsequent tests, the sample
was subjected to subsequent loads up to failure. A compilation of the procedures for Tests
II-X is shown in Figure 4. A summary of the creep test of a clay soil is presented in Figure 5.
The test results confirmed that the tested soils exhibit the secondary stage of creep when
RCSR ≤ 1.0 and the tertiary stage of creep for RCSR > 1.0 (Figure 5).

Figure 3. Overall experimental procedure for Test I: (a) application of constant creep load for residual-
state creep stress ratio (RCSR) values from 0.9000 to 1.0025; (b) automatically recorded data from the
creep test; (c) analysis results for the interpretation of different creep stages.

Table 1. Residual state creep tests summary for Test I.

Test No. RCSR t1 (s) δ1 (mm) tf (s) δc (mm) Remarks

I (1) 0.9000 3526 2.3672 25,692 2.3045 No failure
I (2) 0.9500 6872 2.8793 26,570 2.8840 No failure
I (3) 1.0000 8338 3.2688 28,844 3.3599 No failure
I (4) 1.0025 18,184 3.7340 54,308 3.8970 Failure
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Figure 4. Overall experimental procedure for Tests II-X: (a) application of constant creep load for
RCSR values from 1.0050 to 1.0300; (b) automatically recorded data from the creep tests; (c) analysis
results for the interpretation of different creep stages.

Figure 5. Summary of creep tests for RCSR up to 1.0150: (a) complete time range of 0–30,000 s; (b) initial time of experiment
of 0–300 s.

2.3. Fractional Integrals and Derivatives

To describe the creep clay behavior, a rheological model based on fractional derivatives
was used. The model contains three material parameters. A brief introduction to the
fractional derivative account was limited to the definition of Caputo for the sake of clarity.
The necessary prerequisite is the gamma function:

Γ(z) =
∫ ∞

0
e−ttz−1dt, (1)
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where the variable z belongs to real numbers. Selected values of this function are as follows
(where n is a natural):

Γ
(

1
2

)
=

√
π, Γ

(
1
2
+ n

)
=

(2n)!
√

π

4nn!
. (2)

Another important dependence is the Laplace representation of a function derivative:

L
{

dny(t)
dtn , t, s

}
= snY(s)− ∑n

k=1 sn−ky(k−1). (3)

The fractional derivative Caputo function y(t) : [0, T] → R for the physical case in [t1, t2, t3]
when α1 ∈ [0, 1] and nc = ceil(α1) has the following form:

CDa
α1 y(t)=

1
Γ(nc − α1)

∫ t

a
(t − τ)nc−α1−1ync(τ)dτ, (4)

In the case of fractional derivatives (also called differintegral), integration and differentia-
tion are inverse operations:

C
α1

D∝1 y(t)= α1
In−∝1 y(n)(t) (5)

Solving the differential equation of the model with the operator method (Laplace transform
L{·}), it is necessary to determine the fractional derivative transform:

L
{

CDa
∝1 y(t), t, s

}
= sα1Y(s)− ∑nc

κ=1 sα1−κyκ−1(0). (6)

The classical approach to modeling real bodies is based on using the basic elements
as for a perfectly elastic body (Hooke’s law), where the relationship between strains and
stresses is described by the following:

σ(t) = E ∈ (t), (7)

and for Newtonian liquid by the following:

σ(t) = ηd ∈ (t), (8)

where E and η are material constants. The physical body is characterized by both elastic
and viscosity features. The combination of these can be modeled by means of basic element
systems, e.g., as commonly used Maxwell’s fluid, Voight’s body and standard models. A
number of variants have been developed and described in the literature. The proposed
model has an element that mixes both relations of pure elasticity with viscosity. The
introduced concept of fractional derivatives allows for simple description of a combination
of these two features in the basic Blair element as follows:

σ(t) = Xα1
·CDα1 ∈ (t), (9)

where cDα1 is a fractional derivative of Caputo for a = 0. The value of Xα1 is the constant
coefficient accounting for the dimensional relationship between the material constant X
and the order of the derivative α1. Equation (9) gives a perfectly elastic body for α1 = 0:

σ(t) = Xα1
·CD0 ∈ (t), (10)

where Xα1 = E; and a Newtonian liquid for α1 = 1:

σ(t) = Xα1
· CD1 ∈ (t), (11)
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where Xα1 = η. For α1 ∈
(

0, 1
2

)
, the body has predominantly elastic properties, and when

α1 ∈
[

1
2 , 1

)
, it has viscous properties. Hence, the relaxation module for the single time step

based on springpot body has the following form:

G(t) =
E

Γ(1 − α1)

(
t
τ

)−α1

, (12)

where τ = η
E , and the creep module is its reverse:

J(t) = G(t)−1. (13)

The adjustment of creep function parameters to experimental data involves determin-
ing the mechanical parameters E and η and the fractional derivative value α1 with the least
square method.

2.4. Filtering and Fitting Calculation Results

In order to establish the time to reach the third stage of creep, the data from the experi-
ment were analyzed using the signal filtering method. When evaluating the measurements
in the second creep phase, discrete values of displacement readings were found as noise
around local average values. The reason is the limited resolution of the AC/DC sensor. In
order to normalize the data and to eliminate reading errors, a number of filtering tests were
carried out. For further calculations, the Wiener filter was used. The results obtained are
presented in the following figures. Figure 6 shows datasets (RCSR = 1.000, 0.9500, 0.9000)
with mean, median and variance values and filtered values. Figure 7 compares the raw
data with the filtered ones, and Figure 8 presents a compilation of these values with the
model. As can be seen, the approach presented is adequate for describing the residual-state
creep test results presented in the article.

The maximum displacement depends on RCSR, where for RCSR > 1, the value xlim
means the appearance of a sudden non-linear displacement increase. The formula was
fitted in a nonlinear procedure, resulting in the following forms:

xlim = −0.1079 + 0.1079 e3.4996 RCSR RCSR ≤ 1, (14a)

xlim = −11.59 + 15.38 RCSR RCSR > 1. (14b)

Hence, the time to reach the state of tertiary stage is presented in the form of an
exponential function:

tc = 101.768 + 0.0001088 e−1144.32(−1.02+RCSR) (15)

which is presented together with the laboratory results in Figure 9.
The results obtained led to the description of the creep phenomenon for the investi-

gated soil. A representation of the material as a contour map of the creep zones is shown in
Figure 10, where the zones are separated from each other by colors. Zone III was classified
as a prohibited area due to the very short duration to material rupture.
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Figure 6. Effect comparison of filters, prepared for (a) RCSR = 1.0000, (b) RCSR = 0.9500 and
(c) RCSR = 0.9000.

Figure 7. Wiener’s filter based on raw data for RCSR = {0.9000, 0.9500, 1.0000}.
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Figure 8. Comparison between the fitted Blair model and filtered data for RCSR = {0.9000, 0.9500, 1.0000}.

Figure 9. The dependency of RCSR vs. time.

Figure 10. The contour map of creep phenomenon areas.

2.5. Water Flow in Unsaturated Substrate

The outcomes from the previous sections were used to estimate the time needed for
the landslide to lose stability as a result of changes in the water content of the identified
layer, e.g., due to long-term precipitation. As the water content increases, the cohesion of
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the partially saturated material decreases exponentially, following the concept of Matsushi
and Matsukury [60]. In the paper, an abrupt loss of cohesion was assumed with the contact
surface reaching full saturation θs. In this case, the strength parameters are reduced to the
minimum values, corresponding to the saturation state as in the experimental procedure
described in the previous subsections.

The work adopts the description of water flow in unsaturated soil according to the
Buckingham Darcy law, implemented in Richard’s equation:

∂θ

∂t
=

∂

∂z

[
k
(

∂h
∂z

+ 1
)]

, (16)

where h is the pressure expressed in meters of water height, θ is the actual water content,
t is time and z is a vertical coordinate corresponding to the influence of potential energy.
In Equation (16), k describes the permeability of soil under conditions of variable pore
saturation with water:

k = kskr, (17)

where kr is a dimensionless coefficient, with values from the range (0, 1] modifying the
full saturation water permeability ks. Richard’s Equation (16) describes the flow in a
porous material with a number of simplifying assumptions. It does not take into account
the full balance of masses, including gas phase, and the influence of temperature and
takes into account only the flow of liquid phase in open pores. There are many variants
of solving this one-dimensional flow problem in unsaturated soils, starting from many
approximate analytical solutions describing the time of saturation movement and direct
empirical solutions via the Talbot–Ogden method or percolation to numerical methods.
These latter methods can be applied in the classical version, represented by, e.g., FlexPDE,
or taking into account the specificity of the nonlinearity of the problem and optimizing for
solution stability and time, executed by Hydrus-1D solution [61–63], where the kr value is
described with Van Genuchten’s [64] model:

θ = θr +
θs − θr(

1 + |α2h|n1
)m , h > 0, (18a)

θ = θs, h ≤ 0, (18b)

kr = Θ
1
2

[
1 −

(
1 − Θ

1
m

)m]2
, (19)

Θ =
θ − θr

θs − θr
, (20)

where m = 1 − 1
n1

, n1 for the Mualem model; n1 is the exponent in the soil water retention
function; Θ is effective saturation; θs is the saturated soil water content and θr is the residual
soil water content. The typical soil water characteristic curve [65,66] was described using
the parameters collected in Table 2 for different types of soils.

Table 2. Hydraulic properties of various soils.

Soil n1 (-) α2 (m−1) ks (m/s)

sand 4–8.5 1–5 10−2–10−5

silt 2–4 0.1–1 10−6–10−9

clay 1.1–2.5 0.01–0.1 10−9–10−13

2.6. Application of the Proposed Model—Case Study

The solution presented can be applied in specific geotechnical cases. In the paper, a
slip over the identified surface within a potential landslide as a result of precipitation and
change in the saturation state of the layer is considered. The scheme of the task is presented in
Figure 11. A one-way downward flow forced by a constant value of pore overpressure as
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the upper boundary condition and free drainage as the downward boundary condition were
assumed. Calculations were made with use of the Hydrus-1D program for all combinations
of variables: h (m) = {2.00, 3.00, . . . , 6.00}; α2 (cm−1) = {0.0100, 0.0133, . . . , 0.0200}; and ks
(cm/h)= {0.100, 0.150, . . . , 0.300}. The complete set of assumptions for the issue was defined
as follows:

Figure 11. The task scheme (GTW—ground water table).

• Duration of the experiment: 1000 h;
• Minimum value of time increment: 0.01 h;
• The maximum value of time increment: 1.0 h;
• Maximum of 200 iterations;
• Soil water characteristic curve (SWCC) without hysteresis;
• Upper bound condition (along z axis) constant pressure head;
• Lower bound condition (along z axis) free drainage;
• Initial condition as pressure heads.

3. Results and Discussion

Different times of water flow in the pores cause different times for the front to mois-
turize the discontinuity area—the condition for layer slippage. In order to illustrate the
concepts presented, calculations of the time to achieve failure in the identified surface were
made. In the case study, a layer of homogeneous intact material with a set of variables,
{h, α2 = 0.0100, ks}, was assumed. All variables were treated as deterministic, and the
wavefront velocity vF was an interpolating function. The results of saturation front velocity
are presented in Figure 12, where a wide range of ks and h values are considered for four
different values of α2.

Critical failure time tcft is equal to the sum of Equation (15) and the time of wave
transmission through a layer with thickness h:

tc f t =
3600·24·h

vF
+ tc (21)

The magnitude of tcft is important for planning the management of a landslide-prone
slope. The result of the time is illustrated in Figure 13, where four RCSR variants are shown
for a fixed α2 value equal to 0.010. A general assumption of a constant value of the RCSR
load factor is made for illustration.
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Figure 12. The velocity of the wetting head vF for four cases of the soil water retention function
parameter: (a) α2 = 0.0100 cm−1; (b) α2 = 0.0133 cm−1; (c) α2 = 0.0166 cm−1; (d) α2 = 0.0200 cm−1.

In the approach, a method for combining tertiary rheological effects with the concept
of filtration in partially saturated soils is presented. The effect of wetting the material
layer while it is subjected to shear forces at the contact surface leads to destruction. The
main research problem was to estimate the time from the onset of surface wetting (rain,
suspended or standing water) to the loss of slope stability tcft. With the initial identification
of the surface location of the existing potential failure and the determination of the tcft,
an important aspect is also the determination of methods and treatments to increase the
critical failure time—especially for the purpose of evacuation or protection works. The
obtained results presented in Figure 14 allow for comparing the influence of a change in
thickness and a change in water permeability coefficient. For RCSR 1.0000, the change in
thickness from 2 to 3 m resulted in a tcft change within the range of 5–10% (for the range
of ks {0.10–0.25 cm/s}, the change in ks from 0.10 to 0.20 cm/s results in a time change
of 105% (for constant thickness 2 m)). This indicates that it is essential to determine the
permeability of soils in the area of the projected landslide. It also highlights potential
methods to improve stability and increase critical failure time.
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Figure 13. The differences (as in Equations (15) and (21)) in time to reach the limit tcft state for
the four load factor RCSR values: (a) RCSR = 1.0000; (b) RCSR = 1.0050; (c) RCSR = 1.0100;
(d) RCSR = 1.0150 (time is in 24 h).

Figure 14. Values of tcft at selected RCSR values and profiles (a) for RCSR = 1.0150 and (b) RCSR = 1.0000.

4. Conclusions

Situations resulting in the loss of slope stability are characterized by a pattern in which
significant roles are played by terrain, pre-existing landslides and environmental factors,
such as continuous precipitation. A method for determining the critical time required
to initiate the landslide process as a consequence of moisture change is presented. The
contact feature observed and examined in the modified ring shear apparatus, also taking
into account the overburden factor, is relevant here. Clayey soil samples were subjected to
residual-state creep tests. The objective was to obtain the results for the contact surface in
the state of full soil saturation. The values from the laboratory investigations were filtered
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in order to remove measurement errors and noise. A Wiener-type denoising model was
selected. To describe the rheological side of the phenomenon, a rheological model based
on fractional derivatives was used. This model, requiring only few parameters, allowed
to obtain correct matches to the results of the experiment. In the article, the complex
model was introduced to assess the stability of the joint in originally unsaturated material
subjected to hydraulic load. The initiated filtration process resulted in a front passage
through the layer. The change in the contact parameters to fully saturated led to the start
of the destruction process. The overload parameter has been introduced as part of the
estimation of the survival time of objects in a hazardous state, associated with changes
leading to an increase in saturation, such as sudden rainfall, flooding or failure of the
drainage system. A calculation example is presented to illustrate the methodology for
dealing with the post-continuous states. The main conclusion is the demonstration of the
influence of the permeability and thickness of the layer on critical time in the selected case.
The application of the above methodology to specific geotechnical cases can significantly
improve the estimation of the time at which action should be taken. Additionally, it
indicates potential directions for the development of methods to increase this interval. A
future direction for the development of the approach given is the use of reliability analysis,
which would allow the formulation of a comprehensive operating system.
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Abstract: This paper presents the possibilities of determining the range of stresses preceding the
critical destruction process in cement composites with the use of micro-events identified by means
of a sound spectrum. The presented test results refer to the earlier papers in which micro-events
(destruction processes) were identified but without determining the stress level of their occurrence.
This paper indicates a correlation of 2/3 of the stress level corresponding to the elastic range with
the occurrence of micro-events in traditional and quasi-brittle composites. Tests were carried out on
beams (with and without reinforcement) subjected to four-point bending. In summary, it is suggested
that the conclusions can be extended to other test cases (e.g., compression strength), which should be
confirmed by the appropriate tests. The paper also indicates a need for further research to identify
micro-events. The correct recognition of micro-events is important for the safety and durability of
traditional and quasi-brittle cement composites.

Keywords: AE acoustic emission; micro-events; sound spectrum; traditional and quasi-brittle ce-
ment composites

1. Introduction

Acoustic Emission (AE) is a well-researched method for testing building materials and
structures, which has been used for a very long time in civil engineering [1–6]. As a review
of the literature shows, papers concentrate on determining the destruction process of
materials. AE has been used in monitoring early-age and early hydration acoustic emission
of cement paste [7,8]. This method was used to determine the Hooke’s law range and
identify the destruction process in cement composites in various cases of loading [9–12].
AE (events sum AE) has been applied to determine the first crack [13–15], micro- and
macro-cracks and their propagation in the fracture process in traditional and quasi-brittle
cement composites with and without reinforcement [16–23]. Previous tests show the
possibility of using AE in various materials, including traditional and high-strength [24–27]
cement composites. The effectiveness of the acoustic emission measurements has been
used to monitor structures [28–30]. Diagnostics and structure monitoring are still being
modified with this method [31–33].The majority of papers concerning the destruction
process identification are based on the measurement of the AE and AE sum as well as on
the spectrograms of the AE signals. Research papers have also demonstrated the possibility
of recording the destruction stages with the use of spectrogram images [4].

Various methods of stress determination are still being improved in the process of
identification of failure processes in different materials and structures [34–39], but the
correlation of the stress level with AE in terms of Hooke’s law has not been applied.
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Previous research work focused on the correlation between AE and the failure pro-
cesses of each of the composite components based on the sound spectrum [40–45]. It
has been found that, for the accurate recognition of composite failure processes, the AE
recording should be expanded to include the analysis of each sound separately (as well as
a single signal in a very small range of frequencies) and the analysis of the range of sounds
corresponding to a given mechanical effect with the use of an acoustic spectrum. It was
noticed that the 2D and 3D acoustic spectra should be correlated with the load–deflection
curve and with other acoustic effects, which enables the identification of the failure process.

Previous papers [46,47] have focused on the possibility of identifying AE micro-events
in the area preceding the occurrence of a critical crack initiating the destruction process
in cement composites. It has been indicated that there is a possibility of predicting the
occurrence of the fcr (first crack) based on an analysis of the 2D and 3D sound spectra
corresponding to the occurring groups of micro-events that precede the end of the load–
deflection approximate proportionality area. Tests were conducted on a small-size (40 mm
× 40 mm × 160 mm) specimen of a paste with dispersed reinforcement.

This paper indicates the occurrence of micro-events in a wide range of large cement
composite beams (paste, mortar and concrete) with traditional and dispersed reinforcement.
Before a decision was made on including examples of specimens in this paper, a wide
range of composites were analysed and extremely different specimens were selected.
The identification of micro-events was carried out by recording the AE on beams with
a dimension of 150 mm × 150 mm × 600 mm. Conclusions were drawn based on the
analysis of the sound spectrum and the corresponding amplitudes. The repeatability of
the results indicates the possibility of considering the conclusions presented in this paper
as more generally applicable. The main goal of this paper is the assessment of the level
of stress at which micro-events appear that precede the occurrence of the critical crack fcr
(LOP—the limit of proportionality) and the flexural strength at bending fmax (MOR—the
modulus of rupture).

The originality of the presented paper relates to the determination of the stress level
(2/3 of the elastic range) for which there occurs the grouping of micro-events in the
frequency range and the increase in relative amplitudes of the sound spectrum that precede
the destruction process of cement composites. The paper does not identify the types and
causes of the micro-events, indicating the need for such research in the future.

2. Materials and Methods

The AE tests were carried out on the specimens that were presented in previous papers.
The specimens were selected in a manner ensuring that they differ significantly in terms
of reinforcement and deformation capacity [43–49]. Acoustic measurements concentrated
on the recording of micro-events. The micro-events were recognized by the space sound
spectrum in the range of 0.2–20 kHz.

2.1. Materials Used for Tests

Materials for the preparation of the cement composites: c—Portland cement CEM I
(class 42.5R) produced by “Górażdże” cement plant in Górażdże (Poland), silica fume (10%
of cement mass), fly ash (20% of cement mass), sand of 0–2 mm, superplasticizer (SP) and
tap water (w), with the w/b = 0.35 (b = cement + fly ash + silica fume).

Composites:

(1) Mortar without reinforcement—cement:sand (volume) = 1:4.5.
(2) The paste composite was reinforced with dispersed synthetic structural polypropy-

lene fibres (compliance with ASTM C-1116)—specific weight 0.91 kg/dm3, flexural
strength ft = 620–758 MPa, E = 4.9 GPa, l = 54 mm, equivalent diameter 0.48 mm,
l/d = 113 and Vf = 6%.

(3) The concrete composite was reinforced with traditional continuous ST500-b rein-
forcing bars (ArcelorMittal, Warsaw, Poland) with a diameter (d) = 10 mm. Four
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continuous structural bars in the corners of the beam were placed with stirrups of
d = 6 mm, positioned every 150 mm.

2.2. Preparation of Specimens for Tests

The ingredients were mixed in the concrete mixer and then used to cast the samples.
Beams (150 mm × 150 mm × 600 mm) were cast in slabs and then cured in water at
20 ± 2 ◦C. After 180 days of ageing, the beams were prepared for the bending tests.

The concrete specimens with traditional reinforcement were not notched. The paste
and mortar samples were notched. These beams were turned 90◦ and cut to the depth of
30 mm. The width of the cut was 3 mm.

2.3. Description of the Test Stand

Four-point bending tests were carried out in the testing machine with closed-loop
servo control displacement, see Figure 1. The load–deflection curves were obtained accord-
ing to ASTM C 1018 but the tests were based on the measurement of the continuous and
constant displacement of crosshead and the rate was 1 mm/min. The following data were
obtained:

- the flexural strength at bending fmax (MOR—the modulus of rupture), and the flexural
strength at the first crack fcr (LOP—the limit of proportionality);

- the characteristic points on the load–deflection curve, fx (Fx-load; εx-deflection; Wx-
energy);

- energy (work) as proportional to the area under the load–deflection curve up to the
characteristic point.

(a) (b) 

Figure 1. Four-point bending test: the specimen before the test in the test machine: (a) diagram of the test [44], (b) the
specimen before test.

Acoustic emission effects (AE) were registered and recorded in order to monitor the
progress of the cracking process during the monitoring of the load–deflection curve. A
seismic head HY919 was used to record the acoustic emission effects in the range from
0.2 to 20 kHz. The sampling rate of the recorded waveforms was 44.1 kHz. The head was
placed on the side in the central part of the loaded beams.

The mechanical effects of the composites were correlated with the recorded acoustic
spectrum effects. The 3D and 2D sound spectra were measured with the use of the Spectra
PLUS-SC program (Pioneer Hill Software LLC, Sequim, WA, USA). The measured AE
effects were presented as 3D and 2D acoustic spectra.

The load–deflection curves of quasi-brittle cement composites with the corresponding
acoustic effects (including sound spectra) are presented. Based on the results included in
this paper (and [44]), Figure 2 has been modified by adding micro-events. The spectrum
of micro-events was placed directly above the background noise spectrum and below the
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spectrum corresponding to the micro-crack. The 2D spectra (Figure 2c—amplitude and
corresponding frequencies) were determined in relation to an established test duration
point correlated with the destruction process, see Figure 2a. The determination of 2D
spectra in the time range of the occurrence of the same destruction phenomena increases
the range of amplitudes and should not be compared with the spectrum referred to the
established test duration point. Infrasound, low- and very high-frequency sounds were
not measured; this frequency range is also intended to be recorded in future tests, but it
requires heads with a different measurement range.

Figure 2. The quasi-brittle composite: (a) load–deflection curve; (b) AE—acoustic emission effects; (c) 2D acoustic spectrum
(amplitude depending on sound intensity and frequency).

The ESD reinforcement effect (Eng. elastic range, strengthening control and deflection
control) is presented by characteristic points fx (load Fx; deflection εx; absorbed energy
Wx). The absorbed energy is determined as the area under the load–deflection curve. The
following symbols are used: AE, WE (the area and absorbed energy corresponding to the
elastic range); AS, WS (the area and absorbed energy corresponding to the strengthening
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control); AD, WD (the area and absorbed energy corresponding to the deflection control);
and AP, WP (the area and absorbed energy corresponding to the propagation). Deformation
ability was determined as dx = load/deflection.

3. Results

Figure 3 presents the examples of the tested specimens in the bending test. A specimen
of mortar without reinforcement demonstrates the characteristic catastrophic brittle de-
struction process after achieving fcr = fmax. At the critical point fx (load; deflection; energy),
the following results were obtained: fcr = fmax(13.0 kN; 0.71 mm; 4.658 J). The deformation
ability is tgα = 18.2 kN/mm.

Figure 3. Load–deflection curves of the specimens during the bending test with the analysed sound spectrum time intervals.

A cement paste specimen with the maximum possible volume of polypropylene fibres
Vf = 6% shows a significant improvement in the ability to carry stress in the Hooke’s law
range, i.e., fcr(42.3 kN; 2.078 mm; 42.147 J), and tgα = 20.4 kN/mm. It is a typical ESD
composite with a significant strengthening control range As. The multicracking effects occur
in that area. At point fmax, the following results were obtained: fmax(64.1 kN; 5.394 mm;
226.452 J), and tgα = 20.4 kN/mm. After that point, further destruction processes based on
the sound spectrum in the deflection control area AD and the destruction propagation area
AP were not been analysed in this paper.

A concrete specimen with traditional continuous reinforcement demonstrates a strong
ability to carry stress in the elastic range AE. After critical stress at the characteristic point
fcr = fmax, a macrocrack occurs with fmax(142.99 kN; 4.17 mm; 299 J) and tgα = 34.3 KN/mm.
A significant drop in force is visible after exceeding fmax by ca. 16%, but a further destruction
process is limited by the continuous reinforcement’s ability to carry stress to the deflection
of 6.7 mm. Another deformation results in the catastrophic destruction process.

The results of the acoustic emission measurement for all specimens are presented
in the same manner (in the same amplitude and frequency range), see Figures 4–6. The
measurement range of the head limits the AE measurement to the range of 0.2–20 kHz. The
lower diagrams present the 3D sound spectrum. Below the 3D spectrum, the 2D spectrum
amplitude in the range from −10 to −130 dB was placed. Due to the lack of possibility of
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presenting all the results from the entire destruction process, only the most characteristic
ranges of the sound spectrum are presented, mainly those connected with micro-events
preceding fcr and fmax. The load-deflection test and the AE measurement (mortar and
concrete) did not begin at the same time. The time ranges for mortar and concrete precede
the occurrence of fcr.

Figure 4. Mortar without reinforcement: bending test—AE; sound spectrum 3D and 2D: (a) background noise; (b) micro-
events; (c) micro-events and macrocrack fcr = fmax.
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Figure 5. Cement paste with Vf = 6% in the bending test and the AE, with 3D and 2D sound spectra: (a) background noise;
(b) micro-events; (c) fcr and micro-events concentration.
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Figure 6. Concrete with traditional continuous reinforcement during the bending test and the AE, with 3D and 2D sound
spectra: (a) background noise; (b) micro-events; (c) micro-events and macrocrack fcr = fmax.

Figure 4 presents a 3D and 2D sound spectrum of a mortar specimen without rein-
forcement (AE measurement during the four-point bending test). The background noise
spectrum is presented at the top of Figure 4a. Figure 4b shows micro-events (increase in
relative amplitudes before fcr). The spectrum corresponding to the critical crack (macro-
crack; fcr = fmax) is shown in Figure 4c. The brittle composite has been destroyed by a
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macrocrack after reaching the critical point fcr = fmax. Based on the amplitudes and the fre-
quency range of 0.2–20 kHz of the 2D spectrum, a detailed description can be given of each
spectrum corresponding to the elastic range, strengthening control and deflection control.
The load-deflection test and the AE measurement (mortar) did not begin at the same time.
The duration of the load–deflection test was circa 40 s (Figure 3). The sound spectrum time
range was shorter and equalled 24.4 s; this time range preceded the occurrence of fcr. The
sound spectrum time range was marked on the left-side part of Figure 4c, 3D. Figure 4a
presents the 3D sound spectrum in the range from 0 to 11.1 s, which corresponds to the
background noise. As is shown in Figure 4b,c, the micro-events begin to concentrate circa
9 s before fcr = fmax and then they increase up to fcr = fmax; this 9-s period of time is within
the range between 2/3 of fcr and fcr = fmax (load), see Figure 3.

Figure 5 presents the 2D and 3D sound spectra for a beam made of cement paste
with dispersed reinforcement Vf = 6%. As is shown by the load–deflection correlation in
Figure 3, the specimen is a typical ESD composite. The load–deflection test and the AE
measurement (cement paste) began at the same time and lasted 138 s (Figure 3). Figure 5a
presents the 3D sound spectrum of the background noise whose time range equals 10 s.
Micro-events start to appear circa 27 s before fcr, then they concentrate circa 8 s before fcr
and increase up to fcr = fmax, see Figure 5b,c; this 27-s period of time (from the moment the
micro-events start to appear to fcr ) is within the range of 2/3 of fcr and fcr = fmax (load), see
Figure 3.

Figure 6 presents the AE results for a concrete specimen reinforced with traditional
continuous reinforcement; this specimen is characterised by the largest elastic range. The
background noise spectrum is presented in Figure 6a. Figure 6b shows the spectrum of
micro-events preceding fcr = fmax, and Figure 6c presents the spectrum of the macrocrack
fcr = fmax and the spectrum of micro-events preceding fcr. The load–deflection test and
the AE measurement (concrete) did not begin at the same time. The duration of the load–
deflection test was circa 290 s (Figure 3). The sound spectrum time range was shorter and
equalled 91 s; this time range preceded the occurrence of fcr. The time was marked on the
left-side part of Figure 6c, 3D. Figure 6a presents the 3D sound spectrum of the background
noise whose time range equals 10 s. As is shown by Figure 6c, the micro-events begin to
concentrate circa 9–10 s before the fcr = fmax point; this 9–10-s period of time is within the
range of 2/3 of fcr and fcr = fmax (load), see Figure 3.

4. Discussion

It has been confirmed that the load–deflection curve enables the identification of the
proportionality, strengthening, deflection control and crack propagation areas, see Figure 3.
The rapid decreases in the ability to carry stress that were recorded on the load–deflection
curve indicate the appearance of macrocrack and fibre breaking, see Figures 3–6.

The recognition of the range of micro-events (using sound spectrum) preceding the
critical crack at point fcr = fmax is the main focus of research in this paper. In cement
composites (with or without reinforcement), which are characterised by a significant
decrease in stress after exceeding fcr, the recording of micro-events is relatively easy to
recognise. The recording of micro-events begins at the point corresponding to circa 2/3 of
fcr = fmax of the stress in the elastic range, see Figure 4. The concentration of micro-events
and the corresponding amplitude range increase as point fcr = fmax is being approached.
The above observations are illustrated in the form of a diagram in Figure 7. The analysis
regarding the range of micro-events occurrence was carried out based on Figures 4–6 and
the presented data.

In the case of ESD composites without the decrease in stress after exceeding fcr (e.g.,
owing to multicracking in the cement paste with Vf = 6%, see Figures 3 and 5), micro-
events in the elastic range (the same as in composites fcr = fmax) can be recorded. However,
it should be noted that the recognition of the sound spectrum corresponding to fcr as
well as the spectra of micro-events preceding fcr is more difficult. This results from the
fact that microcracks at point fcr generate smaller acoustic effects than at point fcr = fmax
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(composites characterised by a decrease in stress at the critical point). At the same time,
the concentration of events and increase in amplitudes before fmax in the tested composite
were also recorded. The diversified range of the strengthening control area resulting from
the diversified destruction range makes it difficult to estimate the range of occurrence of
micro-events before fmax.

Figure 7. The range of micro-events in cement composites (fcr = fmax) identified by means of a space
sound spectrum.

An analysis of the time range of micro-event occurrence recorded in other papers with
respect to fcr and fmax is similar [46,47]. Micro-events were observed in all other tested
specimens, small- and large-size ones, with and without cuts, and with various types of
reinforcement. It seems that the conclusions drawn in this respect could be extended to the
majority of cement composites.

It should be noted that the speed of crosshead displacement in the process of recognis-
ing micro-events in future tests should be significantly reduced. In addition, heads used
to record AE should be located in places of applied forces and supports. It has also been
noted that the frequency range should be expanded by adding low and high frequency
and infrasound spectra, which will probably provide additional information, facilitating
the identification of the destruction process.

Micro-events relate to changes at the microstructure level; this destruction process is
not visible and requires identification in the future by means of scanning or a microscope.
The occurrence of micro-events may be attributed to microcracks connected with the
redistribution of stress. They may concentrate in areas subjected to tension or in places
where the load is applied. The concentration of stress also occurs at the point of contact
between a specimen and the supports on which the beams were placed. The confirmation
or refutation of the above suggestions requires additional tests that are planned to be
carried out in the near future.

The correct identification of micro-events with the corresponding range of stresses
in the elastic range may reduce the level of stresses in the calculations (especially with
the cyclical application of dynamic load) in order to increase the durability of structural
elements, which so far has not been the focus of interest.

There are lots of variables (location of the sensor, type and geometry of the sensor
and sample and background noise) that make it difficult to compare this study with other
similar experiments. The identification of micro-events should be expanded for a larger
number of specimens with varied geometry, which will serve as the basis for the statistical
processing of the results. An attempt to use the presented method conducted under a
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load–deflection test to monitor building structures based on cement composites is not
practical but an effort to record and identify the micro-events (before the occurrence of fcr)
correlated with the stress level seems to be worth making.

5. Conclusions

It has been confirmed that there is a possibility of predicting the occurrence of micro-
events in cement composites, which occur at the end of the Hooke’s law range fcr = fmax.

It has been found that, in cement composites, for which fcr = fmax, micro-events occur
after exceeding 2/3 of the stress elastic range, and the concentration and amplitude of the
sound spectrum increase before the critical crack occurs.

Recording micro-events in quasi-brittle cement composites (in which there is no rapid
decrease in stress after exceeding critical points fcr and fmax) is also possible, but the range
of occurrence of micro-events and the correlated spectrum amplitudes are smaller, which
make it more difficult to locate and recognize them.

The micro-events process is not visible and requires identification in the future by
means of scanning or a microscope. This phenomenon may be connected with micro-cracks
or regrouping of stresses in the structure of the material or with effects occurring at the
place of the applied load, which should be confirmed in future tests.

The correct identification of micro-events with the corresponding range of stresses in
the Hooke’s law area may reduce the level of stresses adopted for the calculation (especially
with the cyclical dynamic load), in order to increase the durability of the structural elements.
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50-370 Wrocław, Poland; krzysztof.schabowicz@pwr.edu.pl

2 Building Research Institute (Instytut Techniki Budowlanej), Filtrowa 1, 00-611 Warszawa, Poland;
p.sulik@itb.pl

* Correspondence: lukasz.zawislak@pwr.edu.pl

Abstract: The paper analyzes the issue of the reduction of load capacity in fiber cement board
during a fire. Fiber cement boards were put under the influence of fire by using a large-scale facade
model. Such a model is a reliable source of knowledge about the behavior of facade cladding and
the way fire spreads. One technical solution for external walls—a ventilated facade—is gaining
popularity and is used more and more often. However, the problem of the destruction during a fire
of a range of different materials used in external facade cladding is insufficiently recognized. For
this study, the authors used fiber cement boards as the facade cladding. Fiber cement boards are
fiber-reinforced composite materials, mainly used for facade cladding, but also used as roof cladding,
drywall, drywall ceiling and floorboards. This paper analyzes the effect of fire temperatures on
facade cladding using a large-scale facade model. Samples were taken from external facade cladding
materials that were mounted on the model at specific locations above the combustion chamber.
Subsequently, three-point bending flexural tests were performed and the effects of temperature and
the integrals of temperature and time functions on the samples were evaluated. The three-point
bending flexural test was chosen because it is a universal method for assessing fiber cement boards,
cited in Standard EN 12467. It also allows easy reference to results in other literature.

Keywords: ventilated facades; fire safety; fiber cement board; flexural strength; cladding

1. Introduction

A ventilated facade is a modern technical solution for the exterior part of a multilayer
wall. It consists of an external facade cladding that is mechanically or adhesively attached
to a subframe. The subframe is mechanically attached to the exterior structural wall of
the building. External facade cladding can be made of a variety of materials, e.g., fiber
cement boards, concrete slabs, steel elements, ceramic and other composite elements.
Facade cladding is usually installed in accordance with the individual technical design
of the facade and the requirements set out by the product manufacturer. They are non-
load-bearing elements, bearing only their own weight and environmental impacts such as
snow, wind and temperature. External facade cladding does not ensure the airtightness
of the building, but only to a certain extent ensures the protection of the external surface
of the supporting wall to which the facade is fixed. A ventilated facade is a complete
set of individual components that make up a system solution. The standard that sets
requirements for a complete ventilated facade system is ETAG 034-1 [1], and the individual
components of the whole system must additionally meet national requirements.

The most important element of a ventilated facade is the air gap between the external
cladding facade and the insulation layer (mineral wool or stone wool), or the supporting
wall if no insulation layer is used. The air gap, also called the ventilation air space, should
be at least 20 mm according to ETAG 034-1 [1]; the literature also provides information
that the ventilation air space should be in the range of 20 mm to 50 mm [2,3]. It may
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be reduced locally to 5–10 mm, depending on the cladding and substructure, provided
that the performance function of the complete system is not affected. The most important
parameter, independent of the dimension of the ventilation air space, is an appropriate
possibility of airflow through the air gap. This is ensured not only by the dimension of the
ventilation space but also by an appropriate number of ventilation gaps, allowing air to
enter this space. Ventilation slots supply air to the ventilation air space, and should be at
least 50 cm2/1 m facade [1], assuming they are at least at the base point and at the edge of
the roof.

Ventilated facades allow the facade cladding to be made with different materials,
structures, textures, or colors. Due to good aesthetics and durability, a ventilated facade
is increasingly used as a technical solution for the external multilayer walls of newly con-
structed buildings, but it also performs well in the case of buildings undergoing renovation.
External facade claddings can be made of very large elements, e.g., the standard size for
fiber cement boards is 1.25 × 3.10 mm2 [2], and for HPL (high-pressure laminate) boards,
1.85 × 4.10 mm2 [2].

This paper analyzes a ventilated facade with external facade cladding made of fiber
cement boards, which are classified as fiber-reinforced composites. These composites are
characterized by two phases [4,5]. The first phase is a cement matrix, based on Portland
cement. The second phase of these composites is the dispersed phase, which is charac-
terized by the distribution of fibers in a discontinuous and randomly oriented manner.
In the case of fiber-reinforced composites, they offer many of the benefits of using fibers
under normal conditions [6,7]. In fiber cement board mainly cellulose fibers, polyvinyl
alcohol (PVA) synthetic fibers and polypropylene (PP) fibers are used. Unfortunately, in
the case of fire conditions, there are few such studies, which is due to the complexity of
the tests and their costly nature. The individual fibers have the following melting points:
PVA (polyvinyl alcohol) synthetic fibers, about 200–220 ◦C [8,9]; PP (polypropylene) fibers,
about 160–175 ◦C [8,10]; cellulose fibers, 260–270 ◦C [11].

Fiber cement boards have not been extensively studied in terms of fire temperatures
and their behavior on the facade in case of fire. Szymkow’s research [12] showed that
the fibers in fiber cement boards are destroyed at 230 ◦C after about 3 h of exposure. In
ref. [13], a decrease of about 10% in the compressive strength of concrete and fiber concrete
was seen at temperatures up to 300 ◦C. In contrast, for fiber-reinforced cement composites,
the flexural strength increases with increasing temperatures, up to about 300 ◦C [14]. In
the case of compressive strength in fiber concrete and fiber cement, this temperature rise
does not reduce the compressive strength; on the contrary, it increases the strength by
evaporating water from the pores (this is confirmed by tests [8] in which high temperatures
acted upon the fiber concrete sample for about 100 min). Temperatures in the range of
about 300 ◦C, as shown in the above tests, are dangerous only for the fibers because their
melting point is exceeded. Temperatures higher than 400 ◦C, as presented in the research
by Szymkow [12], only strengthen the cement matrix over a short period of time (usually
in the range of 2.5–7.5 min, depending on the sample). During this time, water evaporates
from the pores, which increases the bending capacity, but after this period the fibers begin
to melt and then the strength drops drastically.

Unfortunately, the temperatures of a fire affecting external facade claddings may
locally reach values even exceeding 800 ◦C. The external curve reflecting a developed
facade fire, as presented in the standard [15], represents values that limit the temperature
to about 660 ◦C. Nevertheless, higher temperatures may be expected in the vicinity of
the window lintel. Unfortunately, experimental studies are not available for fiber cement
boards. Looking at the above analogies of other fiber materials, interesting conclusions
are reached in ref. [13], where tests were performed for concrete and fiber-reinforced
concrete. The compressive strength of concrete and fiber-reinforced concrete of class
C30/37 in temperatures of 800 ◦C reduces by more than 90%. At 500 ◦C and 600 ◦C,
the samples without fiber addition were destroyed during their annealing, while those
with polypropylene fiber additions retained residual flexural strength [14]. In ref. [16]
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the positive effect of using fibers to increase the flexural strength of beams subjected to a
normative fire temperature curve is demonstrated. Research shows that, despite the fact
that the fibers are subject to destruction at fire temperatures, the voids thus formed allow
the material to withstand higher temperatures afterward. The emergency situation of a fire
is shown in Figure 1.

 

Figure 1. View of flames escaping from a room involved in a fully developed standard fire, during a
field test. (Author: E. Kotwica).

Ventilated facades, compared to ETICS (External Thermal Insulation Composite Sys-
tem) facade, in terms of the problems of falling facade elements during a fire, show much
worse parameters [17–19]. The emergency units, which are responsible for evacuating
people inside the building in the event of a fire, are particularly at risk. This problem is
well known in the scientific community, and the work of the European Commission is also
based on solving this problem [20,21].

There are several methods for testing the response of fiber cement boards to high
temperatures. One of them was presented by Szymkow in ref. [12]—by annealing the
samples in a furnace, specially prepared for this test. A similar way of affecting fiber cement
board samples was adopted in ref. [22]. It is also possible to prepare a large-scale facade
model. As far as this form of testing is concerned, there are many standards in the world for
testing such models [20,23–25]. In most cases, they assume a fire spreads from an opening
towards the facade, and simulate the window openings of a room. A hearth (fire source),
defined by a temperature action standard curve, is located in a recess. Flames escape from
the opening, affecting the facade and other wall elements. The standards differ in details,
i.e., the type of hearth (wood cribs [20,23,24] or gas [25]), the opening dimensions, the
test time, and the large-scale facade model and its dimensions. A comparison of different
standards for testing life-sized facade models for fire safety is summarized in ref. [26].

2. Materials and Methods of Ventilated Facades

By analyzing the literature, deficiencies were noted in the response and destruction of
fiber cement boards when exposed to high temperatures through fire. The authors decided
to verify how the high temperatures from the action of fire affect the reduction of flexural
strength of fiber cement board on the facade.

To perform the study, the authors prepared a model of the facade. For this purpose,
they used a large-scale facade model. The facade to be analyzed was attached to a test
platform made of autoclaved cellular concrete blocks, traditional masonry and poured
reinforced concrete lintels.

The facade was made of 8 mm-thick fiber cement boards of natural color—not pig-
mented. The cladding was fastened using mechanical connections to a galvanized steel
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substructure. The substructure was mechanically attached to the platform through consoles.
The division of the facade into facade cladding is shown in Figure 2.

 

Figure 2. Division of boards on the facade—front and side view.

The full view of the large-scale facade model, as it was conducted, is shown in
Figure 3a. In addition, the sand burner and the combustion chamber can be seen, through
which the fire scenario is implemented. The facade cladding in the left and right part
is fixed in a different way, which causes the left part to protrude beyond the face of the
plane—this can be seen in Figure 3b. The technical solution for filling and maintaining the
stone wool and ventilation space is shown in Figure 3c.

The impact of high temperatures on the facade was tested by means of fire and fire
gases escaping from the combustion chamber—the scenario of fire in the room and fire
escaping through the window opening onto the facade was carried out. The combustion
chamber on the back wall contained a blower, which allowed us to reproduce the real
conditions of a fire. The fire source was a sand burner that used gas as fuel—appropriately
metered through a mass flow meter. The sand burner used liquid propane of 95% purity
(PGNiG Polska) as fuel, with a release rate scaled in such a way that it corresponded to
the fire development in accordance with the external curve, which is characteristic for
facade fires as cited in EN 13501-2 [27]. International fire curves show the temperature
course over time at the source location. The international fire curves, including the external
curve, are shown in Figure 4. Laminar air inflow from the side of the room was provided
by honeycomb.

The large-scale facade model was equipped with a set of thermocouples (named
TE1-TE9) to verify and identify the damage to the exterior cladding. They were placed
in accordance with the expected development and impact of flames and hot fire gases.
Thermocouples were placed on the surface of the board cladding—in 3 rows at heights
of 800 mm, 1600 mm and 2500 mm above the combustion chamber. These places were
selected due to the expected shape of the flame coming out of the combustion chamber.
The exact arrangement of thermocouples and their names are shown in Figure 5.
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(b) 

 

(a) (c) 

Figure 3. Selected details of the large-scale facade model: (a) actual elevation model view; (b) eaves problem and solution;
(c) insulation.
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Figure 4. Summary of fire dependencies.
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Figure 5. Location of thermocouples on the large-scale facade model—front view.

3. The Test and Results

The test scenario of heating with the sand burner corresponded to the intensity of
a fire equivalent to that which would be experienced if a real fire occurred in the room
located directly behind the facade (inside the building), with flames escaping from the
window and affecting the facade.

The test was conducted at an ambient temperature of 22.3 ◦C and a relative humidity of
52%. The test began by setting up the burner and properly calibrating the supplied gas. The
beginning of the test is shown in Figure 6a—uniform distribution of flames leaning against
the splay is noticeable. Such a view is characteristic of the beginning of the test, where the
model is not exposed to external winds and the facade cladding is not yet degraded in the
initial phase. The first 6-min period of the fire brought smoke/charring of the external
facade cladding, and cracks appeared on the upper splays, which are most exposed to
high temperatures. Facade cladding mounted on the splays fell off first, after a time range
of 9 min to 14 min. During this period, the destruction of the external facade cladding
progressed, as shown in Figure 6b, where the continuing degree of destruction is shown
on the already targeted facade cladding, within 600 mm of the bottom. In Figure 6c,d, the
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progression of facade cladding deterioration under the effect of fire temperatures can be
seen; in the minutes that followed, the external facade cladding elements fell off. The side
splay boards fell off at about minute 17.

  
(a) (b) 

  
(c) (d)  

Figure 6. View of the large-scale facade model in successive minutes of the test: (a) start of the test; (b) approximately 11’00”—
visible degradations; (c) approximately 17’00”—splay piece falling off; (d) approximately 20’30”—progress of destruction.

At the end of the test, the load-bearing capacity of the fiber cement boards on the
higher elements was progressively exhausted as more and more elements fell off—this is
shown in Figure 7a,b. Figure 7c shows the appearance of the cladding after the 60-min test.
Significant deterioration of the cladding on the right side of the test model is evident.
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(a) (b)  

 
(c) 

Figure 7. View of the large-scale facade model in the subsequent minutes of the test: (a) approximately 40’00”—high
cladding degradation; (b) approximately 55’00”—more elements are falling off; (c) view of facade cladding after testing.

As shown in Figure 5, the thermocouples recorded the temperature continuously
during the test. The results of these tests are shown in Figure 8. It can be observed that
the temperatures for TE1 and TE5 thermocouples, and TE6 and TE8 thermocouples, are
similar, operating in the low-temperature range—below 100 ◦C. Such temperatures have no
destructive effect on fibers in fiber cement boards. The whole material did not show major
signs of wear at these temperatures, either. In the case of TE2, TE3, and TE4 thermocouples
a disproportion is visible, i.e., much higher temperatures prevail on the right side of the
large-scale facade model—this is due to a smaller protrusion of the cladding beyond the
face. Although this difference is minimal (20 mm), it directs all the flames to the right side
where the TE4 thermocouple is located. It is also noticeable that the flame source has a
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much greater effect on thermocouples located in a non-central position, such as TE2 and
TE4, than on thermocouples located centrally but higher up, such as TE7.
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Figure 8. Temperature measurement results for thermocouples on the large-scale facade model.

4. Materials and Methods

In order to investigate the scientific issue, which was to verify the reduction in flexural
strength of the fiber cement boards during fire impact, samples were taken from the model.
Samples were taken directly from the large-scale facade model or from cladding elements
that fell off. Samples were taken from 3 locations, shown in Figure 9, and compared to
reference samples.

 

Figure 9. Sampling location.
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The method in which the samples were taken and how long they were exposed to the
fire is presented below:

Sample D5—fell off in approx. 13’30” of the test;
Sample D4—fell off in approx. 17’15” of the test;
Sample D3—fell off in approx. 34’00” of the test.

Modulus of rupture (MOR) assessment was performed according to PN-EN 12467 [28].
The dimensions of the reference samples were taken as 250 × 250 mm2. For the other tested
samples, the dimensions recommended by the standard [28] could not be achieved due to
the recovery of the samples from the elevation model after the test and the extensive damage
to these elements. The three-point bending flexural test stand is shown in Figure 10.

 

Figure 10. Three-point bending flexural testing machine.

The results of MOR for the reference samples are shown in Figure 11—the significant
difference between the courses of the individual graphs for different samples is evident.
The direction in which the samples were bent in the test (whether they were cut parallel or
perpendicular to the pressing direction) was important for the test results. In the case of
bending in the direction perpendicular to the pressing direction of the boards (the samples
“001-D.ref” and “002-D.ref” show a much higher flexural strength), the destructive force
is higher. In the case of bending in the direction parallel to the pressing direction of the
boards, samples “003-D.ref” and “004-D.ref” have lower flexural strength.

 

0.000

5.000

10.000

15.000

20.000

25.000

30.000

35.000

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50

St
re

ss
 

m
(M

Pa
)

Displacement (mm)

001 - D.ref

002 - D.ref

003 - D.ref

004 - D.ref
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A total of 5 samples were taken from the large-scale facade model, and all the results
of the strength test course are shown in Figure 12. All the samples are characterized by
a significant reduction in strength under the three-point flexural test. In addition, they
are characterized by a very rapid and sharp reduction in flexural strength after passing
through the point representing the destructive forces.
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The flexural strength was calculated—MOR (fmax)—according to the formula in
the standard [28]:

MOR =
3Fls
2b e2 (1)

where:

MOR—modulus of rupture (MPa);
F—the load (force) (N);
ls—the length of the support span (mm);
b—sample width (mm);
e—sample thickness (mm).

The modulus of elasticity was determined based on the load of proportionality (LOP),
which is the limit of applicability of Hooke’s law, determined using the graphical method
presented in ref. [22]. The bending modulus of elasticity was determined from the Equation:

ED =
Fl3

s
4 f be3 (2)

where:

ED—Young’s modulus (GPa);
F—the load (force) (N);
ls—the length of the support span (mm);
f —flexion (mm);
b—sample width (mm);
e—sample thickness (mm).

Table 1 shows the previously calculated strength parameters, and their mean values
were calculated.
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Table 1. MOR and modulus of elasticity for individual samples.

Sample
Identification

MOR (MPa)
Modulus of

Elasticity (GPa)
Mean Value
MOR (MPa)

Mean Value
Modulus (GPa)

D.ref. 31.13 22.49

26.06 18.91
D.ref. 22.13 19.39
D.ref. 22.13 16.61
D.ref. 28.88 17.17

D5 1.45 0.52 1.45 0.52

D4 10.26 2.70
3.53 2.16D4 3.86 1.61

D3 9,45 7.88
3.91 6.18D3 6,20 4.48 *

* Secondary the flexural strength when the sample is supported at all edges.

5. Discussion

D4 samples taken from a height of approximately 700 mm above the top splay above
the combustion chamber show better flexural strength than the previous sample. The
destruction occurs very rapidly in the testing machine, as shown in Figure 12. Unfor-
tunately, as with the above sample, these materials do not resemble the non-degraded
material. For the two samples taken, there is a significant difference between their strengths,
being 10.26 MPa and 3.86 MPa, respectively. For the elasticity moduli, these values are
similar. These samples were taken from a height of about 700 mm above the top splay,
which roughly corresponds to the TE3 thermocouple and the temperatures shown on it
(see Figure 7).

Temperatures as high as 600 ◦C result in the complete destruction of the sample.
Cladding components in this area fall off after about 17’15”, which corresponds to an
integral of the time-temperature function of about 3.8 × 105 (s·◦C). The moment at which
the D4 samples fall off along with the integral is shown in Figure 13.

Figure 13. Temperature measurement results for TE3, TE7, and TE9 thermocouples, and the increas-
ing integral for the temperature–time function, along with the determination of the falling-off time of
individual elements.
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D3 samples are from an area approximately 1200 mm above the top splay above the
combustion chamber. Samples were also taken from elements that fell off the large-scale
facade model. These persisted for approximately 34’ until they fell off. D3 samples show
greater strength stability than those taken at locations D4 and D5. The results are shown
graphically in Figure 14—despite the increase in modulus of elasticity and MOR, they still
show reduced load capacities compared to the reference samples. In order to evaluate
which integral of temperature and time function acted on it, the integral of function and
time was interpolated between TE3 and TE7 thermocouples—it corresponds to the value
of approx. 6.7 × 105 (s·◦C). The results are presented in Table 2.
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Figure 14. Reduction in MOR of the fiber cement boards depending on the localization above the upper splay.

Table 2. Characteristic data of falling samples.

Sample
Identification

Time of Fall of the
Sample (s)

Area of Integrate
(s·◦C)

Temperature’
Thermocouples in Time of

Fall of the Sample (◦C)

D5 810 >2.9 × 105 >437

D4
1035 3.8 × 105 403D4

D3
2040 6.7 × 105 328D3

Temperature graphs for TE3, TE7 and TE9 thermocouples with their corresponding
time and temperature function integrals (s·◦C) are shown in Figure 13; the timeline also
shows how long it takes for the individual facade elements sampled to fall off.
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The results presented in Table 1 were carefully analyzed. As shown in Figure 14,
samples subjected to fire, even 1200 mm above the upper splay, do not show sufficient
strength, and their modulus of elasticity shows reduced values. A tendency can be noticed
that the integral of the temperature and time functions, despite a significantly greater
impact on D3 samples, does not show a lower elasticity modulus, and only the flexural
strength is reduced. It can therefore be assumed that with such a large impact on this
function, the samples remain on the facade only because of their internal predispositions,
e.g., the proximity of mechanical fasteners (rivets). The samples taken at a height of approx.
200 mm or approx. 1200 mm above the splay show low flexural strength parameters.

6. Conclusions

The large-scale facade model is a great source of knowledge regarding the behavior
of facade cladding during a fire and the way the fire spreads. The problem of facade
cladding destruction during a fire in terms of different materials is insufficiently recog-
nized. The authors used fiber cement boards, i.e., fiber-reinforced composite materials, as
facade cladding.

In the analysis of the reduction in the load capacity of fiber cement boards, two key
elements must be distinguished: the time for the element to fall off the facade cladding, and
the degree of degradation. In the case of fire-induced detachment of degraded elements,
temperature and exposure time are crucial, with the result that lower portions fall off
first—even though the fiber melting point is exceeded over a larger area of the facade. In
addition to temperature, the time at which the elements fall off is also influenced by the
extent to which the cladding protrudes beyond the face of the entire facade. There is a
noticeable tendency for the fire to spread in the direction where the cladding is closer to the
supporting wall structure. The first few minutes consist of charring and destruction of the
cladding in the model. The first pieces of significant size fall off the facade at minute 17.

The elements that fell off and that were taken for testing show insufficient flexural
strength for their further use. It is also noticeable that the fragments of facade cladding
that fall off from higher parts are less degraded, even though the integral responsible for
temperature and time function is significantly larger. A higher temperature (in the fire
range) has a more destructive effect than a temperature of about 200 ◦C or lower, over a
much longer time period, where the integral of the time–temperature function is about
44% greater.

In terms of flexural strength, the effects of higher fire temperatures are also more
significant than duration. Samples from lower parts of the model had lower values of
modulus of elasticity and flexural strength.

All samples taken up to a height of about 1300 mm above the level of the combustion
chamber are not suitable for reuse. Their further use in such a state would pose a significant
risk to people moving beneath such an elevation.

The tests carried out showed the distribution of reduced flexural strength of fiber
cement board cladding, fixed in different parts of the tested model, under the influence
of fire.

The authors plan further research using large-scale facade models. Potential possible
studies include an analysis of the time it takes for the fibers to degrade inside the cement
matrix, and further, more global research on the behavior and depletion of load capacity.
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atury. Ph.D. Thesis, Wydział Budownictwa Lądowego i Wodnego, Politechnika Wrocławska, Poland, 2018. Raport Serii PRE
nr 9/2018.

13. Bednarek, Z.; Drzymała, T. Wpływ temperatur występujących podczas pożaru na wytrzymałość na ściskanie fibrobetonu.
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Abstract: Geopolymer concrete (GPC) offers a potential solution for sustainable construction by
utilizing waste materials. However, the production and testing procedures for GPC are quite cumber-
some and expensive, which can slow down the development of mix design and the implementation
of GPC. The basic characteristics of GPC depend on numerous factors such as type of precursor
material, type of alkali activators and their concentration, and liquid to solid (precursor material)
ratio. To optimize time and cost, Artificial Neural Network (ANN) can be a lucrative technique
for exploring and predicting GPC characteristics. In this study, the compressive strength of fly-ash
based GPC with bottom ash as a replacement of fine aggregates, as well as fly ash, is predicted using
a machine learning-based ANN model. The data inputs are taken from the literature as well as
in-house lab scale testing of GPC. The specifications of GPC specimens act as input features of the
ANN model to predict compressive strength as the output, while minimizing error. Fourteen ANN
models are designed which differ in backpropagation training algorithm, number of hidden layers,
and neurons in each layer. The performance analysis and comparison of these models in terms of
mean squared error (MSE) and coefficient of correlation (R) resulted in a Bayesian regularized ANN
(BRANN) model for effective prediction of compressive strength of fly-ash and bottom-ash based
geopolymer concrete.

Keywords: geopolymer concrete; fly-ash; bottom-ash; neural network; sustainability; industrial
waste management

1. Introduction

With a focus on decarbonization, different ways of reducing greenhouse gas emis-
sions are being constantly explored [1]. The construction industry typically requires a
huge amount of energy for its products and services and, therefore, is tagged as a carbon-
intensive sector. Hence, it significantly challenges sustainable growth. In the entire spec-
trum of the construction industry, the production of cement alone produces the largest
amount of carbon dioxide and is the second largest source of CO2 emission worldwide. In
this regard, geopolymer concrete offers a potential solution to completely overtake the role
of cement in the construction industry.

The term ‘geopolymer’ was first used in Davidovits’ work relating to the formation
of polymeric Si-O-Al bonds from a chemical reaction of alkali silicates with aluminosili-
cate precursors. As per Duxson’s model [1], the process of geo-polymerization involves
three steps: (1) the dissolution of aluminosilicate materials and the release of silicate and
aluminate monomers (Si(OH)4)- and (Al(OH)4); (2) initial gels (mono cross-linked sys-
tems) produced by co-sharing of oxygen atoms from the reactive silicate and aluminate
monomers, a process known as condensation; (3) the initial gels are converted into geopoly-
mer gels in the last stage, a process known as polycondensation. Just like ordinary concrete,
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geopolymer concrete can be developed by adding aggregates, and prepared with waste
materials such as fly ash, glass granulated blast slag, rice husk ash to form geopolymers. By
using different industrial waste materials, two problems, viz, (1) high demand for cement,
(2) industrial waste management, can easily be solved.

There is a major difference between the hydration process of cement and the polymer-
ization process in geopolymers. This is primarily due to the usage of different precursor
materials. Different industrial waste materials such as glass granulated blast furnace slag
(GGBFS) [2–8], Fly Ash (FA) [9–13], and metakaolin (MT) [14–23] have been used as source
materials for developing geopolymer concrete, as reported by the researcher community.
Geopolymer concretes are usually less workable, so much so that a nominal 90 mm slump
is considered as necessary [24]. With the addition of slag in geopolymer concrete, the
workability of the mix gets reduced [25]. Further, it accelerates the geo-polymerization, sig-
nificantly reducing the initial and final setting times. This could be due to the formation of
additional C-S-H gel during geo-polymerization [3]. The mechanical properties of GGBFS
based geopolymer concrete cured under ambient conditions is greater than that of normal
concrete [6]. Metakaolin based geopolymer greatly accelerates the geo-polymerization due
to its high reactivity and, hence, reduced initial and final setting times are achieved [14,17].
The fine particle size of metakaolin fills pores in the matrix and significantly reduces poros-
ity, resulting in a densified microstructure [17–19]. On the other hand, surface cracks are
developed at elevated temperatures due to the movement of water from the matrix to
the surface, resulting in increased water absorption [23]. The characteristics of FA based
geopolymer primarily depend on the purity of raw materials and the concentration of
alkali solutions, the physiochemical properties of fly ash, alkali activators, and curing con-
ditions [10,13]. Different gels can be formed by varying the Si/Al ratio and alkali solutions,
influencing the final geopolymer structure and controlling the ionic transport. Further,
the hydrolyzation of fly ash depends on the alkali solution and hence the porosity of the
geopolymer structure. This further impacts the movement of moisture and alkali from the
geopolymer into ion solution, enhancing its mechanical strength and durability. FA based
geopolymer exhibits promising resistance to chloride, sulphate and acid solutions [12]. It
exhibits good efflorescence and freeze-thaw resistance as well [11].

The mechanical characteristics of any geopolymer concrete depend on multiple vari-
ables such as precursor ingredients, type of silicates, concentration, type of material as
cement replacement and its quantity, amount of superplasticizers, type of curing conditions,
time of curing, etc. Multi-variability of inputs complicates the process of optimization in
determining proper mixture proportion while synthesizing geopolymers. Therefore, the
expected results can only be obtained by properly choosing the combination of materi-
als and correctly selecting the mix proportions. This is normally a cumbersome process
involving large-scale laboratory-based experiments, a large number of materials, time,
labour, and high cost [26]. This is reflected in some of the published works [27–30] wherein
numerous mixes were made to find a suitable proportion for GPC of the desired charac-
teristics, while others developed a multi-step methodology [31] to achieve high 28-day
compressive strength.

Compressive strength is one of the main design parameters as mentioned in design
codes and standards that indicates the ability of concrete to withstand loads. Hence,
numerous empirical relationships have been reported and published for predicting the
compressive strength of different types of geopolymer concrete. Traditional statistical mod-
els are ineffective in considering the actual scenarios of concrete with different constituents
and the results cease to be accurate when new data differing from the original data is used.
This is primarily because conventional statistical models are built with fixed equations
based on limited inputs. Recently, artificial neural networks (ANN) have gained popularity
in various civil engineering problems such as drying shrinkage, concrete durability, and
workability of different concretes [32–37]. The ability to draw relevant inferences makes
ANN a very effective prediction method. Many researchers have used ANN to predict
the compressive strength of different types of geopolymer concrete with significant suc-
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cess [32,38–40]. However, the use of ANN for GPC and the influence of bottom ash (BA)
as a replacement for cement and sand in fly ash-based geopolymer concrete has rarely
been reported.

This study aims to investigate the influence of industrial waste materials such as BA
on the characteristics of alkali-activated geopolymer concrete. The numerical prediction
modelling for compressive strength of geopolymer concrete has been implemented with
ANN. For that purpose, three algorithms, namely Levenberg Marquardt backpropagation,
Bayesian Regularisation backpropagation and Scaled conjugate gradient backpropaga-
tion, have been utilized. The efficacy of each algorithm for prediction analysis has also
been evaluated.

2. Artificial Neural Network Architecture

ANN is a machine learning prediction model that can predict the expected output
when trained with a data-set of inputs and output. An artificial neuron is the computational
unit in ANN and therefore is also known as a “computational neuron”. A schematic of a
computational neuron in an ANN model with three inputs and one output is shown in Figure
1. The basic operation in an ANN model involves the multiplication of input features i1, i2,
. . . , in with weights w1, w2, . . . , wn to calculate a sum of weighted inputs i1 w1 + i2 w2 + . . . +
inxn. The sum of weighted inputs is compared with a certain threshold value also known as
‘bias’ and an output o is generated. If the weighted sum of inputs is greater than or equal to
the bias, an output signal is transmitted further in the network, otherwise not.
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Figure 1. A computational neuron in the artificial neural network (ANN) model.

A feedforward network is an ANN with a forward flow of information from an input
layer to an output layer through one or more computational layers known as hidden
layers. Figure 2 shows the system model of a multilayer feedforward neural network. The
input layer comprises nodes that represent the input parameters or features in the data
fed into a network model. The hidden layer has numerous neurons that operate on the
weighted inputs using an activation function. The output layer comprises one or more
output nodes that utilize an activation function to give the estimated output y. The neurons
in consecutive layers are connected. The term multilayer signifies the number of layers
with an activation function. A feedforward network is said to be a single-layer network if
its input layer is directly connected to the output layer. A feedforward network is said to be
a two- or three-layer network if its input layer is connected to the output layer through one
or two hidden layers, respectively. The input features in data are represented by i1, i2, . . . ,
in where n is the number of input features. Hidden layers are represented by h1, h2, . . . , hl
where l is the number of hidden layers. Each hidden layer can have multiple neurons as
their elementary unit, as represented by shaded circles. The output layer is represented by
a single functional unit that estimates the actual output or target t in experimental data.
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Figure 2. System model of multilayer feedforward neural network.

A backpropagation algorithm can be effectively used to train feedforward neural net-
works to predict an expected output that closely matches the target. The network training
using backpropagation is an iterative process where each forward flow of information is
followed by a backward pass that adjusts weights and biases. In each forward pass of
information, the cost function which is a function of error between output and target is
calculated. Gradients are obtained by differentiating the cost function for independent
weights. In each iteration, gradients are calculated as a result of a chain rule and adaptive
weights and biases are fed to the network to be used by the next forward flow of informa-
tion. The backpropagation algorithm is aimed at reducing this cost function by finding a
local minimum. This process is continued until error is minimized for efficient training
and hence a better prediction model [41].

In this study, a multilayer feedforward neural network is designed and trained with
Levenberg-Marquardt (LM), Bayesian Regularization (BR), and scaled conjugate gradient
(SCG) backpropagation algorithms separately to identify an efficient model that can predict
the compressive strength of geopolymer concrete. The multilayer feedforward neural
network in this research uses the sigmoid activation function in the hidden layers and
linear activation function in the output layer. Network training with LM and BR backpropa-
gation algorithms involves Jacobian calculations while training with SCG backpropagation
algorithm involves gradient calculations. LM backpropagation is the least time-consuming
algorithm for training moderate-sized neural networks but consumes maximum memory.
Training is stopped when the network’s performance is not improving, or the network is
not generalizing well. BR backpropagation consumes most of the time but can be applied
to small or noisy datasets. Training is continued to the point when optimum weights
are found. SCG backpropagation consumes the least memory and can be applied to any
network. Training is stopped when the network’s generalization is not improving further.

The BR backpropagation algorithm avoids both overfitting and overtraining as the
network trains on effective network parameters or weights and does not consider the
irrelevant parameters. Equation (1) provides the training objective function F(ω) used by
BR, where Sω is the sum of squared network weights and Se is the sum of network errors.
A combination of squared errors and weights is minimized until the optimum combination
is achieved for which the network generalizes well. At that point, training is stopped [42].

F(ω) = αSω + βSe (1)

The input and output parameters of geopolymer concrete specimens used to design
a multilayer feedforward neural network-based prediction model in Matrix Laboratory
(MATLAB) are given in Table 1. The specifications of geopolymer concrete represented
by i1, i2, . . . , i11 are considered as eleven input features in the input layer of the network.
Even though the features are quite commonly used in the context of geopolymer concrete,
further details about what these features mean is reported in the literature [43,44]. This is
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not described here in order to maintain brevity. The output layer comprises a single neuron
that predicts the expected compressive strength y, known as output, that is mapped to the
actual compressive strength of geopolymer concrete known as target t. Table 1 also shows
the minimum and maximum values of input and output data considered in this study.

Table 1. Input and output parameters used for prediction of geopolymer concrete (GPC) compres-
sive strength.

Variables Representation Range

Super plasticizer (wt.%) i1 0–1.5
Alkaline activator/fly-ash ratio i2 0.4–0.6

NaOH concentration (M) i3 10–16
Na2SiO3/NaOH i4 1–3

NaOH (wt. in gms) i5 41–127
Na2SiO3 (wt. in gms) i6 93–241
Fly Ash (wt. in gms) i7 0–450

Bottom Ash (wt. in gms) i8 0–400
Coarse Aggregates (wt. in gms) i9 0–1400

Fine Aggregates (wt. in gms) i10 0–700
Curing Time (in Days) i11 0–28

Compressive Strength (in MPa) t 9–65

3. Data Preparation

To develop an effective ANN model, the data was collected as input parameters
as well as output parameters from previous research works published on fly ash and
bottom ash-based geopolymer [9,45–57]. Further, some mixes were also developed in the
laboratory to collect data. It is to be noted that compressive strengths of 7 days, 14 days,
and 28 days were considered for developing the ANN model.

3.1. Data from Literature Sources

A total of 46 sets of experimental data from 15 research papers (details provided
below) was collected as input to develop the ANN strength model. For this work, a
total of 11 input parameters were included. These include coarse aggregates (CA), fine
aggregates (FA), fly ash (FAH), bottom ash (BAH), sodium silicates (SS), sodium hydroxides
(SH), sodium silicate and sodium hydroxide ratio (SS/SH), precursor powder and liquid
ratio (L/S), curing time (CT) and amount of superplasticizer (S). The basic premise behind
selecting these parameters is due to to their direct influence on the matrix, and consequently
mechanical properties, of GPC (mainly its compressive strength). Table 2 gives the sources
of data used in the study.

Table 2. Details of data and their sources.

No. FAH BAH CA FA SH SS
SS/SH
Ratio

SS Concen-
tration

L/S
Ratio

S CT CS Source

1 310 0 1204 649 68 102 2.5 10 0.225 6.2 0–28 43 [9]
2 404–408 0 1190–1202 640–647 41 103 2.5 14–16 0.35 6 0–28 42–45 [45]
1 417 0 927 698 92 241 2.5 15 0.4 5 0–28 43 [46]
1 400 0 1293 554 45 113 2.5 14 0.4 4 0–28 44 [47]
3 408 0 1201 647 62–68 93–103 1.5 14 0.4 4 0–28 32–48 [48]
5 408 0 1168 660 68 103 1.5 10–16 0.35 4 0–28 32–49 [49]
20 298–450 0 1100–1377 500–659 29.4–108 96–162 1.5–2.5 8–14 0.5 2–4 0–28 25.6–41 [50]
1 450 0 1150 500 108 162 1.5 12 0.6 2 0–28 35.2 [51]

2 400 0 1209–1218 651–
655.9 40–45.7 100–

114.3 2.5 10–14 .35 4 0–28 25.6–32.5 [52]

1 310 0 1204 649 66 108 2.5 10 0.35 4 0–28 41 [53]
1 409 0 1256 591 41 102 2.5 8 0.35 6 0–28 39 [54]
1 410 0 1100 590 40 100 2.5 14 0.55 6 0–28 38 [55]
6 414 0 1091 588 60–80 104–138 1–2 10–20 0.5 - 0–28 39–46 [56]
1 0 400 1216.1 540 66.7 133.3 2 8 0.5 8 0–28 49.3 [57]

(FAH: Fly ash, BAH: Bottom Ash, CA: Coarse aggregates, FA: Fine aggregates, SS: sodium silicate, SH: sodium hydroxide, SS/SH:
Sodium Silicate and Sodium hydroxide ratio, L/S: Precursor powder and Liquid ratio, CT: Curing time, S: Superplasticizer, CS: Compres-
sive Strength).
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3.2. Data from Experiments

From the literature review, it can be seen that not many data sources are available
for modelling the FA and BA based GPC. Furthermore, it can be seen that there is a wide
variation in the values reported in the literature. Using such information for further mix
optimization would not be straightforward. Considering experimental data as the key
for validation of numerical models, extensive experimentation was carried out in the
laboratory. The experiments involved three different kinds of mixes: (1) fly ash-based
geopolymer mix; (2) fly ash-based geopolymer mix with bottom ash fine aggregates; (3) fly
ash based geopolymer with bottom ash as a replacement for fly ash itself.

For the production of GPC, class F fly ash as a pozzolanic material obtained from
Bathinda coal power plant in India was used. The physical properties of fly ash were:
specific gravity: 2.4, bulk density (kg/m3): 700, surface area (kg/m2):19,000. The chemical
composition of fly ash is given in Table 3. Bottom-ash used in this study was also obtained
from the above noted thermal power plant. The specific gravity and water absorption of
bottom ash was 1.39 and 31.48%. The chemical properties of bottom ash are also given in
Table 3.

Table 3. Chemical composition of by-products (source: Bathinda coal power plant).

Compounds SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 Mn2O3

Fly Ash (%) 58.11 27.21 5.23 2.14 0.72 NA 0.5 0.5 N/A N/A N/A
Bottom Ash (%) 56.44 29.24 8.44 0.75 0.40 0.10 0.09 1.29 2.89 0.2 0.14

NaOH (SH) and Na2SiO3 (SS) were used for activation of the precursor material.
Anhydrous SH powder was dissolved in water to produce SH solutions with varying
molarities (10 M, 12 M, 14 M). The solution was prepared 24 h before its usage. Later, SS
solutions were mixed with SH solutions at different mass ratios (1.5, 2, 2,5).

Fine aggregates and coarse aggregates obtained from local sources in Jalandhar (Pun-
jab, India) had a relative dry density of 2.671 and 2.713, respectively, and a water absorption
ratio of 0.79% and 0.69%, respectively. The coarse aggregates with a maximum size of
12.5 mm were used for preparing GPC and ordinary Portland cement concrete (OPC). The
fine aggregates used in both OPC and GPC were medium-coarse sand which was suitable
for multipurpose use including concrete mixtures.

The solid constituents of GPC, i.e., the aggregates, fly-ash, and bottom-ash, were
first mixed in the dry condition in a rotary drum mixer for about 1 min. Next, the alkali
solution was added to the solids and mixed for about 3 min, followed by 3 min rest period,
then followed by 2 min of final mixing. The mixture was placed into moulds of size
150 × 150 × 150 mm and vibrated using a table vibrator for 30 s to discharge air bubbles
to the surface. Then, the moulds were covered with a plastic sheet in a lab environment
(approximate relative humidity range of 45–70% and approximate temperature range
of 5 ◦C to 15 ◦C) and demoulded after 24 h A total of 55 mixes were prepared and the
compressive strength after 7, 14, and 28 days was evaluated. The various mix designs and
the experimentally evaluated compressive strength values are given below in Table 4. It
should be noted that other experimental results will be reported by authors in upcoming
manuscripts. The experimental results indicate that the increased concentration of sodium
hydroxide (SH) from 12 to 16 improved the compressive strength for all the mix design
samples [58,59]. Similarly, the increasing ratio of the sodium silicate to sodium hydroxide
exhibited increased compressive strength of specimens of all mix designs. It should be
noted that the ratio of alkaline to that of fly-ash was fixed at 0.4 for the entire study as
it exhibited the best results in the pilot studies [60]. From the mix design, it can be seen
that bottom ash was replaced with cement for GPC-1, GPC-2, and GPC-3 by 0%, 20%, and
40%. The results indicate that GPC-1 with precursor as fly ash alone exhibits the highest
compressive strength which further increases with SS/SH ratio and the SH concentration.
The replacement of fly-ash as a precursor with 20% and 40% reduced the compressive
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strength by 25% and 35% [60]. This reduction in compressive strength may be attributed
to lesser polymerization of bottom ash particles in comparison to fly ash particles [61,62].
However, the replacement of fine aggregates with bottom ash for mix designs GPC-4,
GPC-5, and GPC-6 by 20%, 40%, and 50% exhibited better compressive strength values
than before. All the samples with 20% replacement of bottom ash with fine aggregates
exhibited higher compressive strength values than the GPC-1. The results from GPC-4
samples with SH concentration of 16 exhibited 23% higher values of compressive strength
than the GPC-1. All other samples from GPC-5 and GPC-6 exhibited far lesser values of
compressive strength. This may be attributed to the large and porous structure of bottom
ash particles inducing internal voids and cracking under loading.

Table 4. Mix proportions for Fly ash-based geopolymer concrete with bottom ash as replacement of fly ash & fine aggregates.

Mix
Number

S SS+SH/FAH SH(M/L) SS/SH SH SS FAH BAH CA FA CS (MPa)

GPC-1 (100%
FAH)

0.5 0.4 12 1.5, 2, 2.5 85.16 125.74 388 0 1170 630 35.5, 37.1, 39.9
0.5 0.4 14 1.5, 2, 2.5 66.2 141.1 388 0 1170 630 36.2, 39.2, 41.4
0.5 0.4 16 1.5, 2, 2.5 55.4 150.3 388 0 1170 630 36.2, 38.3, 47.1

GPC-2 (80%
FAH + 20%

BAH)

0.7 0.4 12 1.5, 2, 2.5 85.16 125.74 310 78 1170 630 27.7, 27.9, 29.1
0.7 0.4 14 1.5, 2, 2.5 66.2 141.1 310 78 1170 630 31, 31.1, 31.1
0.7 0.4 16 1.5, 2, 2.5 55.4 150.3 310 78 1170 630 33, 30, 29

GPC-3 (60%
FAH + 40%

BAH)

0.9 0.4 12 1.5, 2, 2.5 85.16 125.74 232 156 1170 630 23.5, 25.8, 25.2
0.9 0.4 14 1.5, 2, 2.5 66.2 141.1 232 156 1170 630 28.7, 26.9, 25.3
0.9 0.4 16 1.5, 2, 2.5 55.4 150.3 232 156 1170 630 28.4, 29.3, 29.6

GPC-4 (100%
FAH + 20%

BAH)

0.7 0.4 12 1.5, 2, 2.5 85.16 125.74 388 126 1170 504 36, 35.8, 33.2
0.7 0.4 14 1.5, 2, 2.5 66.2 141.1 388 126 1170 504 42.3, 47.2, 49.8
0.7 0.4 16 1.5, 2, 2.5 55.4 150.3 388 126 1170 504 45.4, 49.6,55.4

GPC-5 (100%
FAH + 40%

BAH)

0.7 0.4 12 1.5, 2, 2.5 85.16 125.74 388 230 1170 378 34.1, 35.4, 34.3
0.7 0.4 14 1.5, 2, 2.5 66.2 141.1 388 230 1170 378 36.2, 36.5, 37
0.7 0.4 16 1.5, 2, 2.5 55.4 150.3 388 230 1170 378 31, 31,37.2

GPC-6 (100%
FAH + 50%

BAH)

1 0.4 12 1.5, 2, 2.5 85.16 125.74 388 315 1170 315 26.2, 28.1, 29.1
1 0.4 14 1.5, 2, 2.5 66.2 141.1 388 315 1170 315 25.5, 28, 25.1
1 0.4 16 1.5, 2, 2.5 55.4 150.3 388 315 1170 315 25.5,29.6, 31.2

(FAH: Fly ash, BAH: Bottom Ash, CA: Coarse aggregates, FA: Fine aggregates, SS: sodium silicate, SH: sodium hydroxide, SS/SH: Sodium
Silicate and Sodium hydroxide ratio, L/S: Precursor powder and Liquid ratio, CT: Curing time, S: Superplasticizer).

4. Results and Discussions

The research methodology for identifying a suitable ANN model to predict the com-
pressive strength of geopolymer concrete is shown in Figure 3. The data of geopolymer
concrete specimens, as reported in Table 1, is normalized and sampled as 70% for training,
15% for validation, and 15% for testing. The training data is presented to the network in
order to predict output compressive strength closer to target compressive strength, valida-
tion data measured network generalization to keep a check on training, and testing data
measured network’s performance during and after training. The network optimization is
aimed at obtaining a hypothesis function that predicts the compressive strength of geopoly-
mer concrete with a minimum difference between output and target. This involves various
trials and rigorous network training by varying the number of hidden layers between the
input and output layer and neurons in each hidden layer.

The network’s performance is analysed by training with different backpropagation
algorithms such as LM backpropagation, BR backpropagation, and SCG backpropagation.
The model is trained by reducing mean squared error (MSE) and as a result, increasing
coefficient of correlation (R). MSE is calculated by averaging the squares of the difference
between output and target. An MSE of zero signifies no error i.e., perfect condition. R
represents regression values and measures the relationship between output and target. A
close relationship has R = 1 in a perfect scenario. An extensive search was carried out in our
study to find the optimum hidden layers, hidden neurons, and backpropagation algorithm
in an endeavour to build a reliable ANN model for the prediction of compressive strength.
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Different models of ANN are presented in the following discussion which is applied to
geopolymer concrete data to determine an optimum model that predicts compressive
strength with the lowest MSE and highest correlation between output and target.

Figure 3. Step-by-step procedure to predict the compressive strength of geopolymer concrete.
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4.1. Prediction Evaluation of Compressive Strength

Firstly, a two-layer feedforward neural network comprising an input layer, a hidden
layer, and an output layer and trained with BR backpropagation algorithm is programmed.
The network’s performance is analysed by checking its ability to predict the compressive
strength of geopolymer concrete with low MSE. Figure 4 shows the effect of hidden neurons
on the performance of the BR trained network. It was observed that MSE decreases with an
increase in the number of hidden neurons till 10, after which there is no significant decrease.
This implies that the estimated compressive strength predicted by the network model can
be improved by optimizing the hidden neurons. For instance, the compressive strength of
geopolymer concrete can be predicted with an MSE of 1.8809 considering 5 hidden neurons,
and with an MSE of 1.2098 considering 10 hidden neurons.

Figure 4. Effect of increasing hidden neurons on the network’s performance to predict the compres-
sive strength.

To achieve a better prediction of compressive strength, various ANN models are
designed in this study by considering different backpropagation algorithms and varying
the number of hidden layers and hidden neurons. Table 5 enlists ANN-I to ANN-XIV
models based on two, three- and four-layer feedforward neural networks trained with BR,
LM, and SCG backpropagation algorithms. ANN-I to ANN-VI are two-layer feedforward
network models with a single hidden layer between the input and output layer. ANN-VII
to ANN-X are three-layer feedforward network models with two hidden layers between
the input and output layer. ANN-XI to ANN-XIV are four-layer feedforward network
models with three hidden layers between the input and output layer.

The compressive strength prediction ability of the ANN-I to ANN-XIV network
models is evaluated by analysing both MSE and R. Figures 5 and 6 show the MSE and
R performance of these network models. Considering two-layer feedforward network
models ANN-I to ANN-VI, it is observed that MSEBR < MSELM < MSESCG and RBR > RLM
> RSCG. This implies that network models trained with BR backpropagation are effective in
predicting compressive strength. The network models trained with SCG backpropagation
failed to provide a good prediction. Considering three-layer feedforward network models
ANN-VII to ANN-X, it is observed that MSE decreases significantly on increasing the
hidden layers, resulting in a better prediction. Further, the network models trained with BR
and LM algorithms show a similar coefficient of correlation i.e., RBR ≈ RLM, but BR trained
networks have a better prediction of compressive strength than LM trained networks by
reducing MSE, i.e., MSEBR < MSELM. Considering four-layer feedforward network models
ANN-XI to ANN-XIV, a slight reduction in MSE of LM trained networks is observed due
to the addition of another hidden layer but there is no improvement in MSE of BR trained
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networks indicating no need for increasing hidden layers beyond 3. Again, BR trained
networks outperform LM trained networks by predicting compressive strength with lesser
MSE, i.e., MSEBR < MSELM, and a comparable coefficient of correlation, i.e., RBR ≈ RLM.

Table 5. Multilayer feedforward neural network models for the prediction of Compressive Strength
of geopolymer concrete.

Designation Algorithm
Number of Hidden

Layers
Neurons in the Hidden

Layer

ANN-I Bayesian
Regularization (BR) 1 5

ANN-II BR 1 10

ANN-III
Levenberg-
Marquardt

(LM)
1 5

ANN-IV LM 1 10

ANN-V Scaled Conjugate
Gradient (SCG) 1 5

ANN-VI SCG 1 10
ANN-VII BR 2 h1 = 10, h2 = 5
ANN-VIII BR 2 h1 = 10, h2 = 10
ANN-IX LM 2 h1 = 10, h2 = 5
ANN-X LM 2 h1 = 10, h2 = 10
ANN-XI BR 3 h1 = 10, h2 = 10, h3 = 5
ANN-XII BR 3 h1 = 10, h2 = 10, h3 = 10
ANN-XIII LM 3 h1 = 10, h2 = 10, h3 = 5
ANN-XIV LM 3 h1 = 10, h2 = 10, h3 = 10

Figure 5. Mean squared error (MSE) performance comparison of two, three- and four-layer feedforward network models.
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Figure 6. Correlation coefficient comparison of two, three- and four-layer feedforward network models.

During network training, LM and SCG backpropagation algorithms experience repeti-
tive validation failures and training is stopped after six validation failures. On the contrary,
a network trained with BR backpropagation can perform well on the validation data set,
indicating the flexibility of prediction for unknown data. A comparison of all network
models establishes the conclusion that the ANN-VIII model which is a three-layer Bayesian
regularized artificial neural network (BRANN) with 10 neurons in each hidden layer is
effective in predicting compressive strength of geopolymer concrete with the least MSE
(1.017) and the highest R of 0.99. However, it should be noted that this performance
exhibited by BRANN is at the cost of more epochs (a measure of the number of times the
algorithm uses training vectors to give a hypothesis for prediction), which should not be
a problem in the current era of robust and efficient hardware. This implies that the BR
backpropagation algorithm improves the training of feedforward neural networks when
the number of hidden layers and neurons in each hidden layer is optimized.

4.2. Performance Analysis of BRANN Prediction

The performance of three-layer BRANN to predict the compressive strength of geopoly-
mer concrete in the ANN-VIII model is verified by checking the balance between training
and non-training testing patterns. It should be noted here that non-training validation data
is not recommended for performance analysis as it gives a biased estimate of prediction by
stopping the network’s training when performance starts to deteriorate. The intention is
to get an unbiased estimate of the prediction ability of a network model built for training
data by applying the same model to testing data of geopolymer concrete specimens. A
network model that can predict well on testing data can predict the unknown compressive
strength for any other input specifications of geopolymer concrete. However, the reliability
of predicted compressive strength is dependent on the type of experimental data used for
network training.

Figure 7 shows the error histogram obtained after training and testing the network
model. The error on the x-axis specifies how predicted compressive strength (output)
differs from the actual compressive strength of geopolymer concrete (target). Instances
on the y-axis specify the number of geopolymer concrete specimens in the training or
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testing dataset with a specific error. Most of the errors after training and testing with
three-layer BRANN lie in the range of −1.081 to 1.247. Further, three-layer BRANN can
predict compressive strength for the majority of geopolymer concrete specimens with an
error between −0.3051 to 0.4712, which is closer to the zero error line.

Figure 7. Error Histogram of three-layer Bayesian regularized ANN (BRANN) for GPC compressive
strength prediction.

Figure 8 shows the pattern of the MSE performance of three-layer BRANN for epochs
during the training and testing phase. The results indicate that, as the epochs are increased,
BRANN can predict GPC compressive strength with a very low MSE due to efficient
training. The prediction ability of BRANN improves to 250 epochs and remains constant
afterward. The best training performance in terms of lowest MSE is highlighted with a
circle corresponding to prediction with MSE of 0.92263 at epoch 330. BRANN is also able to
predict the compressive strength on the testing dataset with a comparable MSE, verifying
the effectiveness of GPC in the network model.

Figure 8. Mean squared error performance of three-layer BRANN for GPC compressive strength
prediction.
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Figure 9 displays the correlation curves obtained after applying three-layer BRANN on
training, testing, and complete data of GPC specimens. A perfect fitting in an ideal scenario
is represented by a dashed line at an angle of 45 degrees where output compressive strength
matches the target compressive strength, i.e., coefficient of correlation R = 1. The blue, green,
and red lines represent the fitting for training, testing, and entire data of GPC specimens
respectively. A close relationship between output and target compressive strength with
the coefficient of correlation R = 0.992, 0.979, and 0.99 for training, testing, and entire
data respectively is obtained, which indicates good data fitting. This indicates the efficacy
of three-layer BRANN in predicting compressive strength for any other specifications
of geopolymer concrete. BRANN acts as a black-box that generates output compressive
strength from input GPC specifications without defining the relationship.

Figure 9. Correlation between predicted and actual GPC compressive strength for three-layer
BRANN. (a) Training Data; (b) Testing Data; (c) All Data.

The trained BRANN model was further used with various input parameters. The
eleven input parameters were set to minima, maxima, and median values of their respective
ranges. The combination of input parameters resulted in more than seven hundred possible
mixes. Based on the data produced, the mix predicting the maximum compressive strength
was found as given in Table 6. High molarity of SH (16) leads to high compressive strength.
This is a well-established relationship. However, it should be noted that high compressive
strength can also be obtained by incorporating bottom ash. This indicates the efficacy of
the produced BRANN model as optimized mixes can be identified by considering the
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interdependence of all 11 input features. The various mix designs with their predicted
compressive strength lay the perfect foundation for experimental work.

Table 6. Predicted GPC compressive strength for a new set of input parameters.

CT S L/S SH SS/SH
SH

Concentration
SS

Concentration
FAH BA CA FA Predicted CS

28 0.5 0.4 16 3 51.73 155.2 388 124 1170 504 61.4347889

5. Conclusions

In this work, different models of multilayer feedforward neural network trained with
Levenberg-Marquardt, Bayesian Regularization, and Scaled Conjugate Gradient backpropa-
gation algorithms are used for predicting the compressive strength of geopolymer concrete
with fly-ash and bottom-ash. These models are trained by optimizing mean squared error
and coefficient of correlation. The proposed BRANN model is based on the experimental
data collected from the literature and laboratory experiments. From the study, the following
conclusions can be drawn:

1. Artificial neural network-based machine learning models are capable of predicting
the strength characteristics of geopolymer concrete with fly-ash and bottom-ash.

2. MSE decreases as the number of neurons in the hidden layer increases in the feed-
forward neural network for estimation of compressive strength. MSE can be fur-
ther reduced by increasing the number of hidden layers between the input and
output layers.

3. The performance analysis for a two-layer feedforward neural network shows that
MSEBR < MSELM < MSESCG and RBR > RLM > RSCG. In this case, it should be noted
that BR backpropagation outperforms LM and SCG backpropagation algorithms for
the prediction of GPC compressive strength.

4. The performance analysis for a three-layer feedforward neural network indicates that
both BR and LM backpropagation algorithms show a similar coefficient of correla-
tion, i.e., RBR ≈ RLM, but the BR algorithm shows better performance than the LM
algorithm by reducing MSE i.e., MSEBR < MSELM, leading to better prediction of GPC
compressive strength.

5. The performance analysis for a four-layer feedforward neural network implies a
slight reduction in MSE of LM trained networks due to the addition of another hidden
layer, but there is no improvement in MSE of BR trained networks. Again, BR trained
networks outperform LM trained networks by predicting compressive strength with
lesser MSE and greater coefficient of correlation i.e., MSEBR < MSELM and RBR > RLM.

6. The study suggests that the three-layer BRANN model with 10 neurons in each layer
is the suitable model for predicting GPC compressive strength with MSE of 1.017 and
R = 0.99.

This work is limited to the investigation and analysis of artificial neural networks
trained with backpropagation algorithms for the prediction of GPC compressive strength.
The effect of temperature during curing is not considered while training the ANN model.
Therefore, a possible direction for future research could be the investigation of other
machine learning techniques followed by a comparative analysis of prediction performance.
Furthermore, the effect of temperature on GPC compressive strength can be studied in
conjunction with other input parameters.
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Abstract: This paper presents implementation of purpose-designed optical fibre Bragg grating (FBG)
sensors intended for the monitoring of real values of strain in reinforced road structures in areas
of mining activity. Two field test stations are described. The first enables analysis of the geogrid
on concrete and ground subgrades. The second models the situation of subsoil deformation due to
mining activity at different external loads. The paper presents a system of optical fibre sensors of
strain and temperature dedicated for the investigated mattress. Laboratory tests were performed to
determine the strain characteristic of the FBG sensor-geogrid system with respect to standard load.
As a result, it was possible to establish the dependence of the geogrid strain on the forces occurring
in it. This may be the basis for the analysis of the mining activity effect on right-of-way structures
during precise strain measurements of a geogrid using FBG sensors embedded in it. The analysis
of the results of measurements in the aspect of forecasted and actual static and dynamic effects of
mining on the stability of a reinforced road structure is of key importance for detailed management of
the road investment and for appropriate repair and modernization management of the road structure.

Keywords: monitoring fibre Bragg grating; mining areas; strain/stress distribution

1. Introduction

The analysis of the use of systems for long-term monitoring of the state of a road
structure attracts a lot of attention, especially if the construction investment is located in
an area of III geotechnical category with impacts on mining activity. By providing precise
real-time information on the structure and its surroundings, it is possible to evaluate the
state of the structure using diagnostic and prognostic tools based on the available data.
The separation of intrinsic features from comprehensive monitoring data would be the key
task in the assessment of the structure state and, consequently, an effective verification of
the assumed unfavourable effects of mining activity compared to real impacts. The reasons
for the use of components with optical fibres as sensor elements in the monitoring of the
state of structures in use are well known.

The ever-growing demand for new linear investments usually involves improvement
to land with difficult geotechnical conditions. Such land is often described as low-bearing
soils, including the herein analysed soils in areas affected by mining impacts [1,2]. The basic
mechanisms determining the engineering methods of computational analysis of subsidence
are connected with phenomena such as compaction, consolidation, changes in water
conditions, or disturbances to the balance of soil massif. The road structure monitoring
investigated in the paper is essential during the use of a construction investment to reduce
factors generating investment risk.

Structures located in mining areas are subject to additional impacts due to surface
deformation or subgrade/subsoil vibration. These impacts are transferred from the subsoil
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to the structure, which results in the occurrence of strains and internal forces in the structure.
The monitoring of the strains provides current insight into the structure operation and
creates the possibility of current checks on individual limit states of the structure.

In the case of an earthen structure, the strain-related impact of mining affects a sig-
nificant portion of its area. In the zone of tensile strains, the subsoil and the embankment
are loosened, and large limit-state areas are created. This leads to uneven settlement of
the embankment crown, local subsidence, and horizontal displacement of the road pave-
ment, as well as to local slides of slopes and pavement damage posing a hazard to safety.
The presented monitoring system for a selected road structure scheme offers completely
new possibilities for the use and protection, as well as renovation and modernization of
road structures. In areas with mining impacts, the road structure subgrade is reinforced to
increase the load-bearing capacity, reduce the subsidence of structures, prevent the loss
of stability in the form of slips or landslides, and prevent the subgrade from liquefaction.
Stabilization of the subgrade structure and mitigation of the effects of mining-related
deformation were observed during numerous tests.

While choosing the method of subgrade reinforcement, the land development features
should also be taken into account because the application of some methods, e.g., dynamic
consolidation, may have a negative impact on existing building structures (resulting
in damage to buildings due to transmission of vibrations from the subsoil or changes
in hydrogeological conditions)—this is another thing that confirms the necessity and
usefulness of monitoring in this field.

The data collected from the conducted analyses of selected models of the reinforcement
of subgrades affected by the impact of mining activity additionally create the approach to
the use of anthropogenic ground as a material for the proposed geosynthetic mattresses.
This type of ground has already been tested in terms of its physical and strength parameters,
as well as in the environmental aspect–utilization of materials from postmining waste
dumps [3]. A database is being created for the environmental analysis of the issue.

Monitoring is an interdisciplinary issue. Due to its usefulness, it has a wide range
of applications in the analysis of direct and indirect variables affecting variables related
to the indicated aspects: securing the interests of the investor and the contractor of a
construction investment, investment risk, especially in areas with the impact of mining
activity, optimal assurance of the safety of investment implementation and use, and current
assessment of the technical condition of a linear structure during its operation, as well
as control and the possibility of getting an early warning of deformation of engineering
structures in areas with an adverse mining impact. The presented empirical approaches to
the monitoring of the interaction between the subsoil and the road structure provide a great
deal of data that can be properly managed in a modern approach to the structure repair
and modernization management. The monitoring data can generate appropriate models of
the support of the decision-making process with methods suitable for the above-specified
description of differentiating factors from the perspective of the researcher and analyst.
The monitoring type and methodology and the range of the obtained data continuity for
the time variable generate whole sections of statistics which can be used to find the answer
to a given design-, strength-, or usability-related question, as well as economic, operating,
or environmental problems. In this publication, the obtained data are analysed in the
aspect of the road structure protection against the mining impact using a geomattress [4,5].
For the set of data divided into main structural, protection, and reinforcement elements
and monitoring measurement locations, a data-mining analysis was conducted to explore
large data resources in search of systematic correlations between variables and then to
evaluate the results by applying the detected patterns to new subsets of data.

The final goal of the data mining operations on the data coming from the created
monitoring system is to predict the behaviour of the road structure and provide timely
feedback to prevent the possibility of increasing the probability of the road structure
damage. Predictive data mining gives direct economic benefits in the management of road
use and renovation. The data from individual monitoring models can be used to build a
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model for specific patterns, together with evaluation and verification to obtain predicted
values or classifications.

Many various monitoring technologies have been developed, including the sensor
based on the optical fibre Bragg grating (FBG). This solution is now being investigated in
terms of its possible application for road structures, herein for example in the area affected
by mining activity. In 1966, the use of optical fibres for digital transmission of data was
proposed by Kao, who later won the Nobel Prize for Physics in 2009.

This paper presents the results of testing the use of FBG sensors for the monitoring
of the reinforced surface of a road structure affected by unfavourable static and dynamic
impacts due to mining activity. The aim of the investigated monitoring system is to develop
guidelines for the analysed variable that affect the comprehensive manner of utilization,
operation, and management of a road structure in areas affected by tremors and subsidence
due to mining.

This type of monitoring was recently investigated in [6–11] and [12]; proposals for
the use of the results of already tested monitoring systems to analyse the mining activity
impact on residential and commercial buildings and road structures are signalled in [13,14]
or [15]. The strain measurement method based on the change in the wavelength on the
Bragg grating is described in [2,8,16–19].

As it is known, the Bragg grating is defined as periodic disturbance of the effective
absorption coefficient and/or the optical fibre refractive index. Based on that, quasi-
distributed systems are created for the detection of structural hazards. Herein, it concerns
a road structure. The operation of mines, both past and present as well as future, generates
imbalance of the rock mass. On the surface of the area, this results in direct effects, both
continuous and discontinuous, indirect effects, and dynamic effects. All these effects have
an unfavourable impact on buildings and road structures.

The main aim of the work is to use innovative FBG sensors to determine real values of
strains and forces occurring in the geomattress depending on different service loads.

2. Presentation of the Problem for the Monitoring System

The aim of the testing and analyses presented herein is to demonstrate an original
approach to the monitoring of changes in the stress-and-strain state of the mining subsoil
for the reinforcement subsoil layer directly interacting with the construction of the road
in areas with mining impact. The development of the civil engineering sector is directly
linked to the development of the technology generating new solutions for the phases of
design, realization, and operation of a construction investment.

The scope of innovations for the monitoring system creates new data and new schemes
of analysis, e.g., for the investment risk calculation in the management of a road structure in
an area affected by mining damage. Due to a continuous measurement of specific physical
quantities, it is possible to control the behaviour of a civil engineering structure [4,5,15,20,21].
The authors point to the capabilities of a system that:

(i) identifies the actual behaviour of the subsoil under designed constant and variable
loads as well as under the forecasted and unpredictable impact of mining activity;

(ii) provides data for online description of the subsoil–reinforcement element–road struc-
ture interaction for the analysed period of utilization and operation of a civil engi-
neering structure;

(iii) is an important variable in the optimization of schedules of the structure repair and
modernization and in the checking of the investment risk value depending on the
variable related to the mining activity effect.

The guidelines for road design and construction binding in the EU require that earthen
structures as well as surfaces should be designed and constructed so that any potential
impacts and influences occurring during construction and use, including the effects of
mining activity, should be carried appropriately. In these specific conditions, the structures
should display adequate durability, taking account of the predicted service life, and should
not succumb to destruction to an extent disproportionate to the cause. Meeting these
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requirements is equivalent to the need to ensure conditions in which load or usability
limits are not exceeded not only in each individual element but also in the entire earthen
structure together with the road surface.

The nature of damage to the road infrastructure in mining areas and of the mobiliza-
tion of limit states of load capacity is of a completely different origin compared to other
areas [1,4,22–24] and is the effect mainly of the susceptibility of earthen structures and
surfaces to horizontal unit strain with a loosening character (ε (mm/m)). This problem is
illustrated comprehensively in the diagram in Table 1 and Figures 1–3.

Table 1. Classification of mining areas in the area of continuous deformation indicators of land deformation.

Mining Area Category
Slope

T (mm/m)
Curvature Radius

R (km)
Horizontal Strain

ε (mm/m)

0 T ≤ 0.5 |R| ≥ 40 |ε| ≤ 0.3
I 0.5 < T ≤ 2.5 40 > |R| ≥ 20 0.3 < |ε| ≤ 1.5
II 2.5 < T ≤ 5.0 20 > |R| ≥ 12 1.5 < |ε| ≤ 3.0
III 5.0 < T ≤ 10 12 > |R| ≥ 6 3.0 < |ε| ≤ 6.0
IV 10 < T ≤ 15 6 > |R| ≥ 4 6.0 < |ε|≤ 9.0
V 15 < T 4 > |R| 9.0 < |ε|

Figure 1. Scheme for the road structure monitoring process for the implementation of the safe operation process with the
assumed investment risk.

At present, the majority of right-of-way structures in the road infrastructure still
do not demonstrate sufficient structural resistance to such destructive impacts, which
is the main cause of their damage. As stipulated by the regulations now in force, areas
affected by mining activity should be protected according to the category of the mining
area. The current classification of mining areas is presented, taking account of continuous
and discontinuous deformation, paraseismic impacts and postmining areas. The measure
of the hazard posed in a mining area by dynamic impacts both to newly erected and already
existing structures is the assignment of a specific seismic zone to the area [25,26] and [27,28].
The seismic zone is described by parameters of the maximum ground vibrations that can
occur in the area: acceleration and speed, as well as the subsoil design acceleration, all of
which have to be taken into account in the design of civil structures in the area.
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Figure 2. Deformation of the surface of the analysed land properties by factors affecting the characteristic of the range of
mining impacts. Fixed mining trough in a plane deformation state: β—value of the main influence range angle; wmax—
maximum lowering of the mining trough (m); g—thickness of the selected layer (m); a—service factor for wmax = a · g

Figure 3. Cause-and-effect relationship describing the impact of indicators of the mining area continuous deformation on
functional and strength parameters of the road infrastructure.
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The indirect impacts affecting structures and related to the drainage of tertiary layers
in the form of a large-size drainage basin are described using a single parameter: the mining
area subsidence due to drainage. In areas where the impacts are not related to ground
subsidence caused by mining, they do not result in mining damage to the development of
the land or mining damage of a hydrogeological nature that is attributed in particular to
changes in the stress-and-strain state of the ground. The definition of the mining area is
directly connected to the range of the road structure interaction with the subsoil subjected
to strain. According to ref. [29], this is the mass rock layer close to the surface, which
is usually built of different soils, where the impact of the structure on the stresses and
strains arising in the layer are considered as essential. The analysis of the results presented
herein is based on the method of the Budryk-Knothe geometric-integral theory used in
the majority of geomechanics in Silesia for prognostic analyses. It is the basic method of
identification of kinematic limit states of investigated structures.

The analysed issues concern mining areas with subsoils reinforced with a geomattress
to protect the right-of-way structure against deformation due to mining activity. The mea-
sure of the hazard posed to a mining area by impacts causing deformation is the mining
area category. The category is described by indications of deformation. It is a variable that
substantially affects the risk factor of the safe use of the structure. The basic indicators
are subsidence—w, horizontal strain—ε (mm/m), land slope—T (mm/m), and curvature
radius—R (km).

3. Experimental Setup

3.1. Test Stand Modelling

Two test stands were designed and made to achieve the research goals. The stands
are equipped with optical FBG sensors of strain and displacement enabling a continuous
measurement of strain in selected points of the geogrid. Test stand 1 is composed of the
following layers: a 15 cm sand bed and the load-bearing mattress made of a geosynthetic
grid filled with 16–32 mm aggregate with the thickness of 50 cm, compacted in layers every
25 cm. It is based partially on subsoil and partially on a reinforced concrete slab, which
allows a comparison of strains in the two parts. Each subgrade has a separate FBG strain
sensor embedded in the geogrid. The diagram of the test stand is shown in Figure 4.

Figure 4. Diagram of test stand 1 (cm).

Test stand 2 enables an analysis of the case when there is no subgrade under the
geogrid in two strips. It is composed of the following layers: geotextile, 800 × 1200 wooden
pallets, and a load-bearing mattress filled with 31.5–63 mm aggregate with FBG sensors
and 31.5–63 mm aggregate. The diagram of the test stand is shown in Figure 5.
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Figure 5. Diagram of test stand 2 (cm).

Two types of FBG sensors are applied: the strain sensor and the displacement sensor.
Due to high values of the mattress deflection angles, the strain sensor proved useless and
was no longer used in further stages of the research. On a single measuring line, the strain
sensor may have 10 sensors with the wavelength difference of 5 nm with temperature
compensation. A special technology of gluing the sensor into the geogrid in the middle of
its span was developed. The sensor and its parameters are presented in Figure 6.

Figure 6. Scheme of fibre Bragg grating (FBG) sensor (mm).

The strain of the optical fibre sensor is the function of the wavelength (1) measured by
the optical FBG-800 interrogator enabling dynamic measurements. The sampling frequency
is 2000 Hz,

Δε =

λact,strain −λ0, inst,strain
λ0, inst,strain

− B × (Tact − T0, inst)

A
(1)

where A and B are constant Table 2.

Table 2. The strain of the optical fibre sensor is the function by the optical FBG-800 interrogator enabling dynamic
measurements A and B.

Measurand Description A (με−1) B (◦C−1)

Δε (με) Strain shift

7.7584 × 10−07 5.8929 × 10−06
λ0,inst,strain (nm) Initial strain wavelength

T0.inst (◦C) Initial temperature
Tact (◦C) Actual temperature

λact,strain (nm) Actual strain wavelength
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3.2. Plan of Investigated Experiments

The testing was divided into two main parts: the laboratory stage and in situ testing.
The laboratory stage included the process of calibration of the geogrid strains with the
forces occurring in the grid. The in situ testing was carried out both during the construction
of the test stand and during the load tests. The test stand preparation was divided into
individual stages, which had a considerable impact on the geogrid strains Table 3.

Table 3. Stages of the preparation of the test stands for the monitoring of the assumed road structure
with a reinforcement element in the form of a geosynthetic mattress.

Stage
Scope of Works Leading to the Construction

of the Test Stand

I laying out the geogrid—no load
II commencement of backfilling
III mattress formation—first aggregate layer
IV mattress formation—wrapping up the geogrid
V mattress formation—second aggregate layer
VI completion of the test stand construction
VII tampering

The results of the geogrid strain-state testing during the construction of test stand 2
are presented in Figure 7. The first stage of laying out the geogrid produced strains at the
level of about 135 μstrain. The jump in the graph at 14:04:47 h to the value of 600 μstrain
proves that the geogrid backfilling process began. Backfilling was performed by hand
using shovels. It lasted about 15 min, which can be seen in the graph to 14:19:00 h. The next
stage was the geogrid forming and wrapping up to shape the geomattress. During that
time, the geogrid strains were constant and totalled about 750 μstrain. The final stage of the
test stand preparation was filling the geogrid mattress with aggregate, which can be seen
in the graph between 14:32 and 14:43 h. The works were finished at 14:44 h, which can be
observed in the graph in the form of a stop to the increase in strains. Strain values then stay
at the level of 1050 μstrain. This is the reference level for further load tests. In the initial
stage an analysis was also conducted of strains arising during the aggregate compaction
with a compactor. The aggregate was compacted separately over each type of subgrade
(subsoil, concrete slab).

Figure 7. Scheme geogrid strains—stage zero of the monitoring: x (s); y (μstrain).

Distinct jumps in strains can be observed in Figure 8 when the compactor was directly
over the sensor. After the compactor moved beyond the sensor, the strain value decreased
at once. The graph also indicates that the geogrid mean strain rose cyclically. Characteristic
steps (red line) appeared due to subsequent stages of the stand compaction, from 12 to 21
μstrain. Compaction of the aggregate over the part located on the natural soil resulted in
different values of the geogrid strains. Distinct jumps in strains can be seen in Figure 9
when the compactor was directly over the sensor.
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Figure 8. Scheme strains in the geogrid based on a concrete slab: x (s); y (μstrain).

Figure 9. Scheme geogrid strains arising due to the interaction between the subsoil and the aggregate compaction process:
x (s); y (μstrain).

After the compactor moved to other places, the strain value in the tested location
decreased considerably. After each compaction cycle, the geogrid suffered no plastic
strain, which is illustrated by the red line. The natural soil thus plays the role of an elastic
subgrade.

4. Results

The following results were obtained for individual stages of the testing for the de-
signed monitoring technology. The technology was suited to the initial data of the inves-
tigated issue concerning the analysis of un-forecasted mining activity impacts on right-
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of-way road structures—roads with appropriate reinforcement of the subgrade using a
geosynthetic mattress.

4.1. In Situ Testing Results

In situ tests were performed including: (a) static loading of the area under the FBG
monitoring, (b) dynamic loading of the tested structure, (c) loading due to the use of con-
struction equipment–88kN ascent of an excavator, and (d) putting the excavator supports
on the area of the FBG monitoring. The second experiment performed on the test stand
was a static test consisting in loading the structure with concrete slabs. Standard 50 × 50
× 7 cm paving slabs, each producing a 350 N load, were used for this purpose. The load
was applied in layers with four slabs each. The weight of each of the layers produced a
1.4 kN load. The load was applied in places where the FBG sensor was installed. Moreover,
in places under which there was a layer of pallets, an additional load was applied to
additionally ballast the pallets to make the forces from the proper load to be taken over
by the geogrid mainly. This additional load was not included in the weight of the layers
producing the proper load. The experiment was carried out in stages by laying subsequent
layers of slabs onto the stand. In the final stage of the testing, there were five layers of slabs
on the stand. The total weight of the load was then 7.0 kN. The testing results are presented
in Figure 10.

Figure 10. Geogrid strain depending on static load.

For one layer of slabs—the weight equal to 1.4 kN—the strain values totalled about
70 μstrain. After the second layer was laid, when the weight rose to 2.8 kN, the strain level
in the geogrid increased to 130 μstrain. The next layer of slabs caused a further rise in
strain to the value of 240 μstrain. After the fourth layer of slabs was laid, the load totalled
5.6 kN, and the strain level rose to 380 μstrain. Lastly, the fifth layer of slabs resulted in
another rise in strain to the value of 450 μstrain. The next experiment carried out on the
field test stand was the free-fall test of concrete slabs simulating a dynamic load of the type
of the Heaviside step function. Next, 50 × 50 × 7 cm concrete slabs were dropped from
different heights of 30, 60, 90, and 120 cm, respectively. The idea of the testing is presented
in Figure 11, and the testing results are shown in Figure 12.
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Figure 11. Idea of the testing—Heaviside step function (cm).

Figure 12. Dynamic test results: x (s); y (μstrain).

The free fall of the slabs from different heights caused jump changes in the strain value.
At a free fall from the height of 30 and 60 cm, the slab caused a strain jump to the value of
600 and 1000 μstrain, respectively. The slab free fall from 90 and 120 cm caused a jump in
the geogrid strain value to 1400 and 2050 μstrain, respectively. This means that the impact
of falling slabs caused a jump change in the values of the geogrid strains. The geogrid
then returned to the initial state. In the graph it can also be noticed that after the slab free
fall from 90 cm the geogrid plastic strain occurred and the strain level being the result of
the next impact totalled 100 μstrain. In addition, in this experiment with impulse loads,
the FBG sensors performed very well. They made it possible to analyse the geomattress
strain state and provided an answer to the question whether or not the mattress had been
damaged and whether or not the loads had produced plastic strain values. The next
experiment performed on the field test stand for the geogrid monitoring was the run of the
CASE Super R backhoe loader. The machine mass totals 8850 kg. The backhoe loader ran
onto and left the stand three times. The loader run was controlled to ensure that its rear
wheel was directly over the sensor. The loader ran onto the stand to cause maximum strain
of the geogrid. Figure 13 shows the geogrid strain testing results during the loader run
onto the test stand.

During the first run of the loader the maximum strain value totalled 1200 μstrain.
It then dropped to the level of −200 μstrain to reach during the next run the maximum
value of about 1380 μstrain. During the break between the loader second and last run onto
the test stand, strains fell to the value of −300 μstrain. The last run produced a jump in
strain to the value of 4300 μstrain. After the loader left the stand, the strain values dropped
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again to the level of −370 μstrain. This is the response of the geomattress system to its
considerable strain.

Figure 13. Geogrid strains during the backhoe loader run; x (s); y (μstrain).

The last experiment on the test stand was also carried out using the CASE Super R
backhoe loader. This time the excavator supports were spread out and raised the machine.
The supports were placed over the sensor to produce the highest loads of the area covered
by the FBG monitoring and obtain the highest strains of the geogrid. The strains arising
when the construction machine was placed on the geogrid are presented in Figure 14.

Figure 14. Change in the geogrid strain values due to the impact of the loader weight; x (s); y (μstrain).

Raising the loader on the supports caused an increase in the geogrid strain. After the
first raising the strain level totalled 1780 μstrain. When the loader left the stand, the strain
values decreased almost to zero to reach the level of 1650 μstrain at the next raising. After
the loader left the stand, the strain level dropped again to the value of 50 μstrain. In the
last test of raising the loader, the obtained strain value totalled 1770 μstrain. The drop in
strain below zero from 10:43:42 h proves that the loader left the stand.

4.2. Laboratory Testing Results

The aim of the laboratory testing was experimental determination of relations between
strains and loads (axial forces) in a unidirectional grid. For this purpose, a series of ten-
sile tests of specimens from the geosynthetic grid were performed. The reference to the
standard force was the dynamometer of a strength-testing machine (HOUNSFIELSD TEST
EQUIPMENT 0133 model H50KS, Shakopee, MN, USA with Accuracy Class 0.5 (Figure 15).
The geogrid was the same as the one used in the field stand structure. The rupture test
was performed according to standard EN ISO 10319:2008 geosynthetics–wide-width tensile
test. Thirty (30) specimens 200 mm wide and 200 mm long were prepared for the testing
to ensure the nominal length of 100 mm according to 6.3.3 PN-EN ISO 10319:2008. As the
geogrid is reinforced unidirectionally, the specimen was ruptured in the longitudinal direc-
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tion only. Special holders—elastomeric inserts—were designed to hold the strength-testing
machine, which ensured that the loading process was carried out correctly. Subsequent
reference testing was carried out in the same manner, except that the geogrid was equipped
with an optical FBG sensor permanently glued into the grid using special technology.

Figure 15. Geogrid tensile test: (a) fastening of the geogrid, (b) force sensor.

Such embedding of the sensor into the geogrid worked very well in the case of field
testing. The FBG sensor was glued into a 620-mm-long geogrid specimen to ensure the
nominal length of 500 mm. Rubber inserts were fixed at the ends of the specimen to ensure
the best assembly. The inserts were joined to the geogrid using a cyanoacrylate-based
adhesive. The results of calibration tests are presented in Figure 16.

Figure 16. Calibration testing of the geogrid with an optical FBG sensor.

The obtained calibration chart makes it possible to determine the value of the load
occurring in the geogrid based on the measurement of the grid strain using an FBG sensor.
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5. Discussion

The paper presents an innovative method of measuring strains of the geosynthetic
grid using optical FBG sensors. The strain measurement, together with determination of the
forces acting in the geogrid, is a very important element of the monitoring of the condition
of a geotechnical structure and areas affected by mining damage. The values of strains and
loads occurring in the geogrid were determined experimentally. The stand construction
and the backfilling with aggregate caused strains at the level of 1050 μstrain corresponding
to the load of 220 N/m. This strain state was adopted as the initial one. The highest strain
values were caused by dynamic loads in the form of the Heaviside impulse of 2050 μstrain
comparable to the excavator ascent onto the mattress. The lowest strain values of 70 μstrain
were recorded during aggregate compaction on natural soil. The optical FBG sensors
belong to the family of the fibre-optic sensors (FOS), and they perform very well in difficult
terrain and environmental conditions. Individual FBG sensors can be connected easily
to obtain a comprehensive measurement system of the entire structure. The sensors can
be used to measure the structure strains on the one hand and the temperature of the
structure or the moisture level on the other. However, their most important task is the
strain measurement as strains are the factor that has the most essential impact on the safety
of the use of a structure.

A very important value of the work is determination of real values of the geogrid
strains and real values of forces acting in the grid. This is important as it creates the
possibility of the geogrid stress-and-strain state evaluation. The works published so far do
not refer to the values of forces in the geogrid and do not enable the grid stress-and-strain
state evaluation. Most of them concentrate on monitoring the condition of a few key
geotechnical structures, including soil nail systems, slopes, and piles, without any reference
to the issue of the stress-and-strain state in the analysed elements. Ref. [30] points to the
possibility of using the results of the grid strain measurement as input or boundary data for
a numerical experiment using the finite difference or the finite element method. This will
be the subject of the authors’ further work. Many works concentrate on the FBG sensor
mounting method. Two solutions can be distinguished. The first consists in applying
an optical fibre with Bragg gratings over an intermediate and properly secured element.
This works in structures with low deformability and is not proposed here because it would
generate too large a measurement error. The second solution is to embed the optical fibre
sensor in the tested structure using an adhesive. A special gluing technique was used
in the analysed geogrid to embed in it not only the FBG strain sensor but, significantly
enough, also a telecommunication optical fibre to ensure data transmission and the sensor
supply with light. Indicating directions of further development, a proposal is made
in [29] to construct 3D sensors. The research results point to the possibility of constructing
orthogonal strain-measuring systems, 90- and 120-degree strain rosettes, as well as 3D
systems. Another issue raised in to-date publications is the cost of the FBG monitoring
system [30]. The experimentally determined strain values [19,31,32] are comparable to
the values occurring in the geogrid. Undoubtedly, monitoring systems based on optical
FBG sensors are relatively expensive. Low-cost solutions are being sought. The authors
tested a new generation of 1 Hz optical interrogators with FBG sensors operating at the
wavelength of 800 nm. Such a solution is equivalent to sensors working at the wavelength
of 1550 nm and, most importantly, is twice as cheap as classical solutions. Attention should
also be drawn to the unprecedented possibility of integrating different fibre-optic sensors
to perform parallel measurements of strains, the forces occurring in the geogrid and the
current temperature and moisture content. Another advantage of measurements based on
optical fibre sensors is their fatigue strength, long service life, and the multiplexing capacity.

6. Conclusions

Appropriately processed, the data obtained from the geogrid monitoring can be-
come the database for the analysis of risk presented by the operation of a structure in
cases of un-forecasted mining activity impacts. Known forces of the interaction along
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the mining-activity–reinforcement-system–road-structure scheme in the monitored time
interval should considerably improve the management of road structures in areas affected
by unfavourable impacts of mining activity. The probability defining the risk factor related
to the use of a road structure is usually expressed as frequency, i.e., the number of expected
events in a unit of time. For structures provided with appropriate monitoring and covered
by permanent analysis of variable values qualifying the structure for specific mining area
categories, the frequencies of unfavourable and random events may vary by many orders
of magnitude for the analysed logarithmic scale. The categories of the consequences of
on-line monitoring of the work of a road structure can also be expressed in many matrices
of risk related to the safety of the structure. The assumed schemes of data analysis give
theses with very good results. Subsequent planned testing of buildings and structures
in areas with forecasted mining impacts can become the basis for the verification of both
the adopted monitoring methodology and the system of analysis of obtained data in the
aspect of risk related to the use of an investment and optimization of schedules with the
scope, type, and frequency of the performed repair and modernization management of the
structure. Moreover, data are collected all the time for cost analysis of such monitoring of
the structure. For the preliminarily developed risk matrices for selected types of mining
damage repair work taking account of probability and consequence classes, the initial
results are very promising. The combination of optical FBG sensors with geosynthetic
materials and their application in road structures make them undoubtedly one of the
innovative methods of strain measurement, and the presented calibration methodology
enables the assessment of loads occurring in the geogrid.

Summarizing the initial assumptions, the adopted models, and the obtained final
results, together with a discussion of current research trends, the following main points
can be mentioned:

a. The applied system of FBG sensors enables precise and continuous monitoring of
strains and loads of the road structure reinforcement in the form of a geomattress
which takes over the impacts from the mining activity areas.

b. Compared to the existing systems, the presented monitoring system is characterized
by exceptional resistance to difficult environmental conditions.

c. In the future, the monitoring information package can become the basis for a system
warning against mining hazards presented to existing engineering structures. Such
information is now indispensable for statistical analyses of the ground behaviour in
the interaction with an engineering structure.

The growing set of monitoring data should be analysed in all interdisciplinary issues
that are connected with the discussed monitoring system intended for road structures in
areas affected by the impact of mining activity. Datasets are being created for a detailed
environmental, economic, and performance analysis of the investigated investment in the
form of a monitoring system intended for a road structure reinforced with a geosynthetic
material.
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Abstract: The paper discusses the problems connected with long-term exploitation of reinforced
concrete post-tensioned girders. The scale of problems in the world related to the number of cable
post-tensioned concrete girders built in the 1950s and still in operation is very large and possibly
has very serious consequences. The paper presents an analysis and evaluation of the results of
measurements of the deflection and strength and homogeneity of concrete in cable–concrete roof
girders of selected industrial halls located in Poland, exploited for over 50 years. On the basis of the
results of displacement monitoring in the years 2009–2020, the maximum increments of deflection
of the analyzed girders were determined. Non-destructive, destructive, and indirect evaluation
methods were used to determine the compressive strength of concrete. Within the framework of the
indirect method recommended in standard PN-EN 13791, a procedure was proposed by the authors
to modify the so-called base curve for determining compressive strength. Due to the age of the
analyzed structural elements, a correction factor for the age of concrete was taken into account in the
strength assessment. The typical value of the characteristic compressive strength is within the range
20.3–28.4 MPa. As a result of the conducted tests, the concrete class assumed in the design was not
confirmed, and its classification depended on the applied test method. The analyzed girders, in spite
of their long-term exploitation, can be still used for years on the condition that regular periodical
inspections of their technical condition are carried out. The authors emphasize the necessity for
a permanent and cyclic diagnostic process and monitoring of the geometry of girders, as they are
expected to operate much longer than was assumed by their designers.

Keywords: post-tension; cable; concrete; girder; diagnostic; destructive test; non-destructive test;
structural health monitoring; safety

1. Introduction

In many cases in construction practice, it may not be possible to carry out a precise
assessment of the technical condition of buildings and their components using traditional,
commonly used methods. Such situations will concern buildings and structures with
a large number of structures very sensitive to environmental conditions, for which the
assumed technical life has already significantly exceeded their current service life. It will
not be practicable to replace these elements with new ones due to the large number of
buildings constructed with such and similar technologies. An example of such facilities are
industrial halls built using prefabricated elements made in prestressed concrete technology.

Post-tensioning techniques have been widely applied in construction to design bridge
piers and decks, building slabs, and long-span girders [1]. Post-Tensioned structural
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elements are very often used in bridges i roof construction industrial halls due to their
ability to economically span long widths while providing an aesthetically structure [2,3].
Due to these advantages and effectiveness of the structural behavior post-tensioned pre-
stressed concrete girders have been constructed for the last half century, [4]. Cable post-
tensioned concrete girders are reinforced concrete constructions which are preloaded with
prestressing forces either after the concrete has partially or completely hardened in the
molds, or directly on site with the use of cables, anchored at the ends of the elements [5,6].
The cables (prestressing tendons) are inserted into the channels mainly located inside, so
that the strength of the element can be used rationally in each section.

Tension presses (jacks) are used to prestress the structure. The space between the
tendons and the walls of the cable tunnel is filled with an injection material (e.g., cement–
water grout) of sufficient strength to protect the steel of the tendons against corrosion and
to transfer the prestressing forces to the structure.

With a few exceptions, these structures have a segmental structure, joined directly
on site during assembly by means of welded joints, filled with mortar. In spite of the
impression made by their seemingly massive external appearance, these elements are quite
“delicate” and have a long service life (approx. 50–75 years), hence the serious problem of
their safe use; i.e., maintenance in an appropriate technical condition has already become a
topic of discussion [2,7–9].

The beginnings of tests on prestressed reinforced concrete structures date to the second
half of the 20th century [2]. Research was conducted both in Europe and in the United States.
The introduction of this new type of reinforced concrete structure was intended to eliminate
the disadvantages of concrete and reinforced concrete, which was characterized by very
low tensile strength and high susceptibility to cracking. The lack of materials with the
required properties meant that these structures had not been used before. The development
of high-strength steel for prestressing tendons and the possibility to repair war damage
more quickly (after World War II) brought about a change, mainly in industry, for the
piercing of long-span halls. In 1952, the International Association of Prestressed Structures
was founded, which in 1988 became part of the International Concrete Association. The first
industrial-scale use of prestressed concrete began in the 1950s, mainly for the manufacture
of prefabricated girders, roof and floor slabs, and railway sleepers [10].

There are not many studies in the literature of specific standard guidelines for the
testing and maintenance of these girders apart from a few technical manuals or handbooks,
e.g., [11–15]. Current knowledge on the serviceability of cable post-tensioned concrete
girders is based on the assessment of their technical condition. The perspective of main-
taining building objects in an adequate technical condition is one of the most important
problems during their service life [16]. Mostly visual inspection, non-destructive testing,
measurements, calculations, and when necessary, in-depth material tests are carried out
for the diagnosis of technical conditions. The methods of material testing of structures are
quite well known and are described in the literature [17–21]. Depending on the degree
of their invasiveness, these can be divided into destructive, semi-destructive, and non-
destructive methods [22]. Unfortunately, some of the material destructive tests (DT) may
not be feasible due to the possibility of damaging the tested cable post-tensioned concrete
structures [23,24]. Aging of materials, particularly of concrete, as well as the influence of
concrete aging mechanisms such as ASR (alkali–silica reaction), DEF (delayed ettringite
formation) or ACR (alkali–carbonate reaction) are separate issues.

Hence, the need has arisen to propose an appropriate and reliable methodology for
testing materials via non-destructive testing (NDT) [25–31]. Specialized NDT tests can only
be performed by a limited number of main research centres (laboratories and accredited
institutes), and the scope of the need is enormous, because the period 1960–1980 saw
growth in this type of design.

Monitoring the long-term behaviour of civil structures is of great importance for
damage prevention and design improvement [32]. Technical condition assessments carried
out on the basis of continuous monitoring of a structure make it possible to control the
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ultimate and serviceability limit states and thus the risk of possible overloading. Structural
monitoring may be defined as all techniques and methods aimed at measuring, among
other things, the deformation of structural elements as a function of time. Geometric
monitoring techniques usually involve measurement of deformation and displacement
using various methods, including lasers [33].

The application of an appropriate approach to the monitoring of structures, as pro-
posed, e.g., in [34,35] and in particular, the monitoring of cable post-tensioned concrete
girders [33,36] as well as NDT material testing and repair of such elements [37] as a long-
term solution, may lead to benefits that cannot be achieved otherwise, saving time and
avoiding costs. Attention may also be drawn to the increasing spread of new, innovative
materials for the protection and strengthening of concrete structures, such as nanomateri-
als [38,39] or composite materials [40–42]. In addition, an appropriate approach to repair
may help avoid negative environmental impacts [43,44], service interruptions, overloading
of the nearby infrastructure, etc. An additional feature guaranteeing the usefulness of
structure monitoring is non-invasive, constantly updating information about its condition
and the possibility to react in advance, which increases its safety and durability and thus
extends its service life.

This paper presents selected problems of the evaluation of the technical condition
of cable post-tensioned concrete girders. In particular, the path of their quick monitoring
is presented. The results of deflection measurements and tests of compression strength
and uniformity of concrete were evaluated. The subject of consideration was selected roof
girders of two industrial halls located in southern Poland.

2. Materials and Methods

2.1. Description of Seleceted Cable Post-Tensioned Concrete Girders

The structures proposed for the case study are divided into two groups: typified and
non-typified (individually designed) cable post-tensioned concrete girders (type: KBO—
monolithic one-piece girders and KBOS and KBS—girders assembled on the building site
from prefabricated elements) with spans ranging from 15 to 27 m. Their shape is an arched
upper chord, “broken” into ~3 m long sections, and a straight lower chord (tie beam),
which are connected by vertical posts (Figures 1 and 2). The top chord of these girders has
a parabolic shape, while the bottom chord has a rectilinear shape. The prestressing cables
12 Ø5, the number of which depends on the type of girder, are routed in the inner channels
of the bottom chord.

The subject of the study are the girders built-in in two halls located in southern Poland:
Hall A—17 girders with a span of 27 m (girder type KBS/27—Figures 1 and 2c), Hall B—23
girders with a span of 24 m (girder type KBOS/24—Figures 1 and 2a). The post-tensioned
concrete girders used in Halls A and B are located in an environment with a weak (low)
degree of aggressiveness and class “B” susceptibility to corrosion hazards; therefore, they
are subject to obligatory periodical technical inspections, which should be carried out at
intervals of no longer than 18 months. In [45], it is stated that if any irregularities should
occur in the external appearance of these structures, a change in their condition of use or
in the type and amount of loads, technical inspections should be carried out once or at
intervals of no longer than five years. Under the regulations applicable in Poland, building
structures with a surface area of more than 1000 m2 or a roof area of more than 2000 m2

require inspection twice a year.
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Figure 1. Form and dimensions of example cable post-tensioned concrete girders.

Prefabricated ribbed roof slabs are usually supported on the top chords of the girders
for hall buildings. The original roof covering, laid directly on the roof plates, consisted of at
least three layers of roofing felt (it had been repaired many times), two layers of insulating
fiberboards with a total thickness of approx. 2.5 cm, and a levelling layer of cement mortar
with a thickness of approx. 1.5–2.0 cm. Subsequent thermo-modernization was carried
out on the existing roof covering, which also increased the permanent load on the roof.
This modernization consisted in laying hard mineral wool up to 20 cm thick and covering
it with two layers of weldable roofing paper. Installations (lighting, ventilation, heating)
were suspended from the lower girder strips, and roof windows (skylights) with a steel
structure and single reinforced glass filling (Figure 2c) were rebuilt over the central strip of
Hall A.

2.2. Diagnostic Methods Description

Diagnostic tests allow evaluation of the condition of reinforced concrete prestressed
girder structures, and the degree of deterioration of individual elements, and determina-
tion of the characteristics of concrete and reinforcement, and the causes of damage, and
prediction of the durability of the structure [46]. In the diagnostic testing of building struc-
tures or their elements, the actual condition and the actual conditions of their operation
should be taken into account, and current standards should be used in the assessment.
Former standards that were the basis for the design of these structures should be treated as
technical knowledge [45]. As far as the types of diagnostics are concerned, we can mention:
periodic diagnostics (required by the operation of the object); ad hoc diagnostics (after
finding significant irregularities in the work of elements); and full diagnostics (in connec-
tion with the planned modernization of the object). General principles of diagnostics of
existing prestressed girder roof structures list the following activities [11]: visual inspection
of girders and damage inventory, examination of the degree of filling of cable channels,
examination of the distribution and quality of reinforcement, geodetic examination of
girder deflections, macroscopic examination of concrete, imparting of concrete strength
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and uniformity, corrosion examination of concrete, and evaluation of cable corrosion haz-
ard. Testing should include [11]: visual observation and assessment, “in situ” testing of
structures or their components, and laboratory testing.

Figure 2. Factory buildings with a large number of cable post-tensioned concrete girders: (a) production and assembly hall;
(b,c) production hall; (d) storage hall for powdered materials.

In this paper, the authors will present selected measures, including: visual inspection
of girders (visual method), geodetic investigation of girder deflections, and selected con-
crete tests. These are elements of the developed simple and effective monitoring of the
state of the girders, which the authors have been using for over ten years. It is a method
of cyclic, precise updating of the measured deformations combined with macroscopic
examination of all elements. In particular, the examination of the quality and class of
concrete connections of prefabricated elements and the extent of corrosion according to
the pathway are presented in Figure 3. Material and static deformation analysis is carried
out at the same time of the year, under similar recorded climatic conditions taking into
account the level of protection of structures susceptible to thermal movement (e.g., is there
insulation, and, if so, what kind?).

The use of a proven and reliable fast-track procedure (including material analysis) is
necessary when a large number of girders are involved in a single structure or assembly
(there can be up to 150 girders in a single object). The tests performed should be supported
by an appropriate computational algorithm. From a financial perspective, this may not
be cost-effective unless it is done automatically or when changes are significant. This is
especially the case if you use an already known algorithm of calculation.
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Figure 3. Flowchart for quick and reliable material health monitoring and structure behaviour.

The ultimate limit state is the design and check for the safety of a structure and its
users by limiting the stress that materials experience. It would be difficult to determine
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these values in a simple (measured) way without performing verifiable strength calcu-
lations, analyzing the actual static schemes of the structure as well as its verticality, and
the flatness and deformation of the girders (taking into account imperfections) and their
current properties and parameters, in this case, mainly concrete. The assessment of the
serviceability limit state of buildings in intensive use and their structures consists, among
others, in comparing the actual values of deformation of their geometry with the permis-
sible values in relation to previous testing seasons. For this purpose, generally available
measuring instruments or devices are used.

Technical inspections should be carried out immediately any changes in the appear-
ance of even a single girder are noticed. Additional load on the roof (addition of approx.
0.4 kN/m2 on the whole surface of the roof) as part of thermomodernization work of hall B
and in the case of hall A replacement of the carpentry of the roof windows (subtraction of
approx. 0.5 kN/m on the whole surface of the skylights) already represent a requirement
to check the capacity of the girder.

The proposed pathway for quick and reliable health monitoring of material behavior
in cable post-tensioned concrete girders (Figure 3) is very helpful. These types of structures
are resilient, yet sensitive to environmental conditions and aging processes, especially if
they have already exceeded their service life. The authors of this paper think that further
abandonment of cable post-tensioned concrete girders in their current location will be
possible only if the procedures described in the above-mentioned algorithm are followed,
which will make it possible to ensure their appropriate level of reliability. An essential
element of this process will be to successively carry out reliable material tests, the results of
which will decide the fate of these structures and that of the entire facility.

2.3. Visual Method

A visual inspection of the girders includes a preliminary assessment of the structural
condition. During a visual inspection carried out as part of the periodic technical inspection,
particular attention should be paid to:

• cracking and deformation of prestressed structures in monolithic sections and assem-
bly joints, as well as the state of supports,

• defects in the concrete in the prestressed structures themselves and in the elements
joined to them as well as the corrosion of the connecting elements,

• scratches and deformation of roof slabs, especially on their undersides, near the ends
of girders, as well as roof leaks, with particular attention paid to the location of cable
anchorage zones,

• the accumulation of dirt (dust) on the elements and the extent and weight of suspended
installations (including: the change of their location and weight, replacement, or
extension), information boards and other loads,

• cracks and defects in the glazing of skylights or replacement of their constituent
elements with heavier ones,

• use of the building in accordance with its original purpose,
• thermal and humidity parameters of the building envelope and thermal and humidity

conditions of the internal environment,
• possible influence of dynamic loads on the whole structure of the building, e.g.,

connected with the production technology of the plant.

In the case of regular inspection by visual methods, e.g., by UAV, it is possible to use
the very accurate and fast DIC (Digital Image Correlation) optical method for the analysis
of the state of preservation of the material (discussed in more detail, e.g., in [47–50]).

2.4. Deflection Measurements

Systematic measurement of girder deflections, using precision levelling, makes it
possible to assess the correctness of girder behavior and can signal possible failure risks.
One should always strive to make deflection measurements under comparable conditions.
Maximum allowable deflection and displacement values should be taken according to the
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recommendations of investors, supported by standard requirements, e.g., [51]. In general,
for reinforced and prestressed concrete structures, these should not exceed 1/250 of their
theoretical span, assuming that the permanent loads on flat roofs vary from 30 to 50%
(thus, the variable loads are in the range of 50 to 70%). Under the assumptions given above,
it should be noted that in extreme cases, the maximum allowable deflection should not
exceed 75 mm for a 27 m span girder (67 mm for a 24 m span member).

Based on the permissible vertical deflection values, it should be considered with what
accuracy they can be reliably determined in reality. It seems that an accuracy of 10% of the
measured deflections is sufficient from the point of view of the user and the small cost of
the measuring equipment. Therefore, for a 10 mm deflection, the accuracy of the measuring
equipment should not be more than ±1.0 mm.

It is important to bear in mind that the strain measuring system should be able to
withstand external environmental factors such as strong gusts of wind, rolling or dropping
loads, etc. during the measurement. In addition, periodic measurements of deformation
should be carried out in similar outdoor as well as indoor climatic conditions. The influence
of temperature on the operation of the structure must not be neglected and must be taken
into account in the final measurement results.

Commonly known displacement measurement methods have their limitations, of
which one should be aware before the type of monitoring is chosen. The method of
measuring vertical displacement relative to the floor or stop crane platform should be
immune to measurement interference, and resistant to measurement interference, which
can be difficult in buildings with heavy traffic or production. Measurements would then
have to be taken during periods of production stoppage. This method of horizontal
measurement under the roof does not affect the use of the building. Detailed possibilities
for such a measurement methodology are presented in [52].

Measurements of the amount of deflection can indicate those that show excessive
disturbing deformation. In the given questionable cable post-tensioned concrete girders,
the state of preservation of the material and its parameters should be thoroughly checked
(using the NDT method). The complete measurements and tests are used for the overall
assessment of the elements and to assign them to a specific class:

• I—good condition,
• II—acceptable condition,
• III—poor condition,
• IV—very bad condition.

Classification of the technical condition of the girder/girders to classes III and IV ne-
cessitates conducting extensive technical and material tests and carrying out urgent repair
recommendations. For the technical condition of an object/element classified to classes I and
II, on-going maintenance work and subsequent inspections in the current cycle (according to
the established schedule) are required, as well as repair and removal of defects.

2.5. Concrete Testing Methods

The compressive strength of concrete is a basic parameter which proves its quality
and durability. Achieving the desired quality of concrete involves appropriate design of
concrete mixes [53,54], proper manufacturing [55], development of innovative research
methods that aid concrete design aimed at obtaining appropriate properties and dura-
bility [56], and development of methods for analyzing assessment results both during
production and in existing constructions [57,58].

The evaluation of concrete strength in existing building structures can be carried out
in accordance with standard PN-EN-13791 [59], which organizes the rules for evaluating
the compressive strength of concrete structures and precast concrete products. The method
of determining the characteristic value of the strength of concrete in structures based on
core boring can be determined in accordance with PN-EN 13791 [59], which is based on the
recommendations of PN-EN 206 [60], thus determining the properties of concrete based on
compatibility criteria.

128



Materials 2021, 14, 1503

The standard recommendations for strength assessment in structures according to
PN-EN-13791 [59] concern three cases:

• Demonstration of compliance of the compressive strength of concrete in a structure,
that is, concrete already embedded in the structural element (e.g., precast concrete),
but without the use of “standard” samples. The indirect methods are used here, that
is, those that do not “destroy” the structure, and at the same time are cheaper than
traditional sampling.

• Evaluation of the quality of concrete in the case of non-compliance of the compression
strength conditions, which was carried out with the use of standard samples or when
execution errors are found during the execution of work.

• Evaluation of the technical condition of existing structures when they are to be mod-
ernized or redesigned.

The PN-EN 13791 standard [59] provides formulas for the analysis of test results,
while the performance of the tests themselves is described in the four-tool standards of
the PN-EN 12504 series [61–64]. They concern core drilling and sclerometric pull-out
and ultrasonic testing. The compressive strength of concrete in structures is evaluated by
non-destructive and/or destructive methods.

2.5.1. Non-Destructive Methods—Sclerometric and Ultrasonic Tests

The development of non-destructive testing (NDT) of materials in civil engineering
is mainly concerned with the detection of flaws and defects in concrete elements and
structures [22]. In indirect methods, values other than strength are measured. To obtain
reliable information about the compressive strength of concrete, it is necessary to calibrate
the adopted test method proposed in PN-EN 13791 [59]. The standard provides for the use
of indirect methods (NDT), in which the following quantities are measured:

• rebound number (sclerometric method)—PN-EN 12504-2 [62],
• pull-out force (“pull-out” method)—PN-EN 12504-3 [63],
• ultrasonic wave speed (ultrasonic method)—PN-EN 12504-4 [64].

In practice, many different methods using different measuring instruments are used.
Characteristics of NDT methods of concrete are presented in Table 1.

In the case study presented in this paper, sclerometric and ultrasonic tests were used.
These methods are used often and successfully to evaluate the quality of concrete in existing
structures [65,66]. The accuracy of estimating the strength of concrete with sclerometric and
ultrasonic methods is about 15–20%, while with the drilling method accuracy it is about
10%. When using all these methods in one element, the accuracy increases and amounts to
5–10% [67].

2.5.2. Destructive Methods—Concrete Cores Test

In the case of the direct method (destructive method/DT), tests are carried out on
samples cut out of the structure through core drilling. A description of the testing is given
in the tooling standard PN-EN 12504 series [61] concerning core drilling. These boreholes
should have a diameter from 50 to 150 mm, while those with a diameter from 100 to 150 mm
will allow the use of the direct correlation relation obtained in the strength test in relation
to the tests carried out on standard specimens, while diameters less than 100 mm require
the use of correction factors. Correlation relationships relating to specimen dimensions,
quantity, appearance, and the influence of these factors on the interpretation of the results
obtained are given in PN-EN 13791 [59].

Specimens should be drilled in the structure, from those places where section weak-
ening is least likely to affect the load-bearing capacity of the structure, then tested in the
laboratory. Nondestructive testing should cover from 2% (for good homogeneity) to 100%
(for poor homogeneity) of the girders in a given structure [45]. Examples of the application
of the “direct” method can be found in the literature [68,69].
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3. Results

3.1. Visual Method Results

All analyzed girders were visually inspected for structural and material damage using
a visual method (using an elevator or more easily and quickly using a 4K camera with
a resolution of 4000 × 3000 pixels, mounted on a DJI Inspire 2 unmanned aerial vehicle
(UAV) with a gimbal (Figure 4).

Figure 4. Visual inspection using an unmanned aerial vehicle (UAV).

Examples of cable post-tensioned concrete girder damage in Hall A identified as a
result of the inspection shown in Figure 4.

During the operation of Hall A, damage occurred to the lower flange of the girder when
the oversized structure was moved. The workers either did not notice this or ignored it. This
coincided with the significant addition of loads during the replacement of a window skylight.
The deflections of this girder were observed in the measurement results. At present, it is not
known at what exact time (within one year) the damage shown in Figure 5 occurred. As can
be observed, the damage is significant, the crack size is on the centimeter level (Figure 5a,d,e),
the girder is twisted (Figure 5b,f), and there is significant damage of the concrete (Figure 5c).
No cracks were observed on the other elements that did not meet the conditions of the
standard [51], i.e., at exposure class X0 greater than 0.2 mm. Considering the non-aggressive
exposure class, these values were not considered dangerous.

Figure 5. Examples of cable post-tensioned concrete girder damage in the Hall A inventoried from:
(a) a basket lift; (b–f) using UAV.
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Was this a direct result of the exceptional load applied or did it propagate over time?
Such situations may occur during the continuous operation of a production plant. During
the following periodic inspection of the hall, the danger presented by a damaged bottom
chord became apparent. Cracks, delamination, and deformation of the lower prestressed
chord had completely changed its static scheme. Instead of compressing the concrete
section, the tension of the cable caused it to be compressed by a large eccentric force that
extended beyond the core of the chord section. It was only by chance that the damage to one
girder, whose lower flange had lost its load-bearing capacity, did not lead to a widespread
building disaster. After this event, two adjacent girders were carefully observed, for which
deformation diagrams are shown in Figures 6–8.

3.2. Deflection Measurements

In the analyzed Halls A and B, measurements of girder deflections have been carried
out since 2009. The measurements were performed with the trigonometric levelling method,
using an electronic total station (Leica TCRP 1203 R100). The height differences between
three points on each cable post-tensioned concrete girder were measured. The points were
marked with markers on the lower flanges of the concrete girders, two at the ends and one in
the middle of the span. Measurements were taken with comparable accuracy ±1 mm. The
reference level for measurements was the altitude level of the hall floor, the fixed benchmark
of the national PL-KRON86-NH network with the value of + 105.50 m above sea level for
Hall A, and +114.10 m above sea level for Hall B. Girder maximum deflection increments Δf
in the middle of the span, monitored from 2009 to 2020 in Hall A was 25 mm, and in Hall B
32 mm. The results are summarized in Figures 6–8 for Hall A and Figures 9–11 for Hall B.

Figure 6. Displacement of girders in the middle of the span in Hall A. Visible significant change in
the deflections of G10 girder detail shown in Figure 5.
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Figure 7. Displacement of the right side of the girders in Hall A.

Figure 8. Displacement of the left site of the girders in Hall A.
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Figure 9. Displacement of the girders in the middle of the span in Hall B.

Figure 10. Displacement of the right side of the girders in Hall B.
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Figure 11. Displacement of the left side of the girders in Hall B.

3.3. Sclerometric Test Results

Current procedures for testing reinforced and prestressed concrete structures using
the sclerometric method are included in PN-EN 12504 [62]. According to the introductory
note in the standard [62], the reflection number determined by the sclerometric method
can be used to assess the homogeneity of concrete in a structure and to determine areas
and sections of the structure where the concrete is of poor quality or where its quality has
deteriorated. However, it is made clear that the test method is not considered an alternative
to the determination of the compressive strength of concrete [70], but with the use of proper
correlation, it can allow the estimation of the strength of a structure [59]. Thus, the base
curve provided in EN 13791 [59] cannot be used in the assessment of concrete strength
without appropriate scaling on boreholes taken from the structure.

For this reason, the recommendations of B-06250 [71], which allows non-destructive
methods to evaluate the strength and quality of concrete, were used in the evaluation of
both compressive strength and quality.

Testing of four roof girders was carried out with a Schmidt N-type sclerometer. In each
structural element, measurements were made on lateral (vertical) surfaces at 15 measuring
points. The scaling curve was determined by selecting a hypothetical scaling curve on
the basis of reflection number tests and compressive strength (determined by the failure
method). As a criterion for the selection of the hypothetical scaling curve, the condition
was adopted that the value of the mean relative square deviation was νk < 12%. The
hypothetical scaling curve was assumed in the form of Equation (1):

fc = 0.0418 × L2 − 0.932 × L + 7.5 (MPa) (1)

where:

fc—compressive strength of concrete,
L—number of rebound.
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For this equation, the value νk = 23.6% > 12% was too high. Therefore, correction factor
c was introduced, calculated as the ratio of the average strength of the samples taken in the
press (fc mean) to the average strength of the specimens determined from the hypothetical
scaling curve (fc,h mean). This ratio was c = fc mean:fc,h mean = 1.15. The corrected scaling curve
was therefore of the form of Equation (2).

fc = 1.15 × (0.0418 × L2 − 0.932 × L + 7.5) (MPa) (2)

For this curve, νk = 10.5% < 12%. This curve could be used to determine the com-
pressive strength of the concrete based on the reflection number L. The log of sclerometric
measurements for one prestressed element (G11 from Hall A) is shown in Table 2.

Table 2. Sclerometric test results (girder G11, Hall A).

No.
Testing Angle

α
Mean Rebound Value

Lmv

Equivalent Mean
Rebound Value

Lmv(α–0)

Strength from the Curve
fci

Corrected Strength
fci

′ = 0.6 · fci

1 0 46.6 46.6 63.1 37.9
2 0 45.4 45.4 59.1 35.6
3 0 45.2 45.2 58.4 35.1
4 0 45.8 45.8 60.4 36.3
5 0 45.4 45.4 59.1 35.5
6 0 46.8 46.8 63.8 38.3
7 0 44.8 44.8 57.1 34.3
8 0 45.4 45.4 59.1 35.5
9 0 45.8 45.8 60.4 36.3
10 +90◦ 44.4 45.8 60.4 36.3
11 +90◦ 44.6 48.0 67.9 40.8
12 +90◦ 40.6 43.8 53.9 32.4
13 0 45.2 45.2 58.4 35.1
14 0 45.2 45.2 58.4 35.1
15 0 45.4 45.4 59.1 35.5

Average compressive strength fc mean = 36.0 MPa
Standard deviation s = 1.92 MPa
Relative standard deviation υk = 5.3%

Tested component: cable post-tensioned concrete roof girder. Age of concrete: more than 1000 days, correction factor 0.6. Measuring device:
N-type Schmidt sclerometer. Test angle α: 0◦ (horizontal test), +90◦ (test from bottom site).

The characteristic compressive strength can be determined with formulas defined in [71]:

1st criterion: fi,min ≥ fck cube,
2nd criterion: fcm ≥ 1,2 fck cube,
3rd criterion: fcm ≥ fck cube + 1.64·s

Thus, according to [71], the minimum value from the values should be taken as the
concrete class identified with the characteristic compressive strength of concrete:

fck ≤ 32.4 MPa
fck ≤ 36.0 MPa/1.2 = 30.0 MPa
fck ≤ 36.0 MPa—1.64·1.92 MPa = 32.8 MPa.

Based on sclerometric tests, the characteristic compressive strength value is 30.0 MPa.
Using the recommendations from [71,72], the homogeneity coefficient of concrete can be
calculated using Equation (3):

k = 1 − 1.645 × vk (3)

Based on the obtained value of homogeneity, the coefficient is k = 0.91 and relative
standard deviation vk = 5.1%. According to [72], the concrete quality for the selected
element, girder G11 in Hall A, is very good.
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The homogeneity of hardened concrete from sclerometer tests for the four girders was
determined and the results are given in Table 3.

Table 3. The homogeneity of hardened concrete from sclerometer test (girders G10 & G11—Hall A,
girders G05 & G018—Hall B).

Girder Homogeneity of Hardened Concrete According to [72]

G10—Hall A k = 0.90 > 0.8; Very good
G11—Hall A k = 0.91 > 0.8; Very good
G05—Hall B k = 0.89 > 0.8; Very good
G018—Hall B k = 0.92 > 0.8; Very good

Both the estimated characteristic compressive strength of 30.0 MPa for girder G11 in
Hall A and the assessed concrete quality based on homogeneity factor k = 0.91 was very
good and the quality of other considered beams (Table 3) seem to be overestimated values;
therefore, other methods of determining the compressive strength of concrete, such as
ultrasonic or borehole methods, should be used.

3.4. Ultrasonic Tests Results

Ultrasonic tests were used as an alternative non-destructive method to estimate the
characteristic compressive strength and to evaluate the homogeneity of concrete, which is
allowed by PN-B 06250 [71].

Ultrasonic tests were carried out according to the principles given in PN-EN12504-
4 [64]. A CT1 m with heads at a frequency of 100 kHz was used in the ultrasonic tests. The
velocity was measured using the so-called crossed and semi-direct methods (Figure 12);
the number of measurement sites per element was 15.

Figure 12. Wave velocity measurement—ultrasonic testing schema: (a) crosswise method; (b) semi-
direct method; (c) surface method.

The layout of the measurement bases is shown in Figure 13.
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Figure 13. Scheme of transducer positioning in ultrasonic testing.

The scaling curve was determined by selecting a hypothetical scaling curve analogous
to the ultrasonic method. The final corrected scaling curve was in the form of Equation (4).

fc = 4.125 × vL
2 − 12.18 × vL + 7.2 (MPa) (4)

where:

vL—ultrasound wave speed (km/s).

A detailed example log of the ultrasonic tests carried out for one of the girders (G11
from Hall A) is summarized in Table 4.

Table 4. Ultrasonic test results (girder G11, Hall A).

No.

Length of the
Measurement

Path
s (mm)

Pulse Transition
Time
t (μs)

Ultrasound Wave
Speed

vL (km/s)

Concrete
Compressive

Strength
fc (Mpa)

1 210 48.1 4.4 32.6
2 210 47.2 4.4 34.7
3 205 46.9 4.4 32.8
4 200 46.6 4.3 30.9
5 205 46.7 4.4 33.2
6 205 46.1 4.4 34.6
7 210 46.1 4.6 37.3
8 210 46.3 4.5 36.8
9 205 46.4 4.4 33.9
10 210 46.3 4.5 36.8
11 205 46.2 4.4 34.4
12 210 46.5 4.5 36.3
13 200 46.9 4.3 30.3
14 205 46.7 4.4 33.2
15 210 46.9 4.5 35.4

Average compressive strength fc mean = 42.0 Mpa
Standard deviation s = 2.11 MPa
Relative standard deviation υk = 6.2%

Based on the results of ultrasonic tests, the characteristic compressive strength of
concrete can be estimated using the recommendations of standard [71]. According to [71],
the minimum value from the values should be taken as the characteristic compressive
strength of concrete:
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fck ≤ 30.2 MPa
fck ≤ 34.2 MPa/1.2 = 28.5 MPa
fck ≤ 34.2 MPa—1.64·2.11 MPa = 30.7 MPa.

Based on ultrasonic tests, the characteristic compressive strength is 28.5 MPa.
Using the recommendations of [73], the homogeneity coefficient can be calculated

using Equation (5):
k = 1 − 1.645 × vk (5)

Based on the obtained value of homogeneity coefficient k = 0.90 and relative standard
deviation vk = 6.2%, according to [73] the concrete quality for the selected element: girder
G11 in Hall A, is very good.

The homogeneity of hardened concrete from ultrasonic tests for the four girders was
determined from the recommendations in [73,74]. The results are given in Table 5.

Table 5. The homogeneity of hardened concrete from ultrasonic test (girders G10 & G11—Hall A,
girders G05 & G018—Hall B).

Girder
Homogeneity of Hardened Concrete According

to [73] to [74]

G10—Hall A k = 0.89 > 0.8; Very good v = 4.0 m/s ∈ (3.5–4.5) m/s; Good
G11—Hall A k = 0.90 > 0.8; Very good v = 4.4 m/s ∈ (3.5–4.5) m/s; Good
G05—Hall B k = 0.87 > 0.8; Very good v = 3.8 m/s ∈ (3.5–4.5) m/s; Good
G018—Hall B k = 0.92 > 0.8; Very good v = 4.4 m/s ∈ (3.5–4.5) m/s; Good

Both the estimated characteristic compressive strength of 28.5 MPa for girder G11 in
Hall A and the evaluated concrete quality based on uniformity coefficient k = 0.90 were
very good and the quality of other considered beams (Table 5) seem to be values divergent
from the values obtained in the sclerometer test; therefore, the other method recommended
in [59] using correlation relationships of destructive and nondestructive methods and the
test based method recommended in [75] should be used.

3.5. Concrete Core Tests Results

Strength tests of concrete cores, cut directly from existing building structures, are
considered to be the most reliable. This situation changed significantly since the publication
of the standard [59], which clarified the rules for assessing the compressive strength of
concrete in structures and precast concrete products. The standard PN-EN 12504-1 [61]
organized the procedures related to the collection and preparation of samples cut from
core borings for testing. In our case, a Hilti rig with Ø100 mm and Ø150 mm core drills
was used.

United Kingdom recommendations [76] suggest that one should aim to take cores
with the smallest possible ratio of h/d = 1.0–1.2 due to the low cost of drilling, structural
repairs associated with testing, and variability of concrete properties along the elevation
and the influence of “scale effect”. In the case in question, h/d = 1.0 and the value of the
scale factor was assumed to be 1.0 [76].

An important issue in destructive testing is the determination of the minimum number
of specimens to be tested. PN-EN 13791 [59] treats this issue very generally and empha-
sizes that from the statistical point of view and with respect to safety requirements, it is
recommended to use as many boreholes as practicable to evaluate the compressive strength
of concrete in the structure. In the case under study, two samples each were taken (in the
support zone of the beams) for four selected beams, for a total of eight core samples.

The concrete samples taken by means of cores were used to determine the actual
compressive strength of concrete in a destructive manner. The samples were prepared and
then tested in a destructive method in a strength press. The compressive strengths of the
concrete are presented in Table 6.
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Table 6. Determining the strength of structural concrete (girders G10 & G11—Hall A, girders G05 &
G018—Hall B).

Girder/Sample no.
Destructive Force

F (kN)
Concrete Compressive Strength

fc (MPa)

G10—Hall A/001 254.0 33.1
G10—Hall A/002 248.0 32.7
G11—Hall A/003 267.0 34.2
G11—Hall A/004 260.0 33.1
G05—Hall B/005 279.0 36.3
G05—Hall B/006 264.0 33.6
G018—Hall B/007 283.0 36.0
G018—Hall B/008 286.6 36.4

Average compressive strength of concrete fcm = 34.4 MPa
Standard deviation s = 1.6 MPa
Relative standard deviation υk = 4.5%

The method recommended in [59] was used to determine the compressive strength
based on a correlation relationship determined using a limited number of core borehole
test results (number of samples n < 18) and sclerometric test results.

To determine the correlation relationship between the compressive strength of con-
crete in the structure and the indirect test result, the correlation relationship of the strength
obtained for cores drilled from the structure and the test results performed for nondestruc-
tive testing must be determined, thus obtaining pairs of test results. Determination of the
correlation relationship involves fitting a straight line or curve via regression analysis of
pairs of results obtained from the test program. The indirect method measurement result is
considered a variable value and the determined compressive strength of concrete in the
structure is a function of the variable. The standard [59] emphasizes that the correlation
relationship is determined assuming the possibility of a ten per cent underestimation
of strength. The standard notes further state that the correlation relationship used to
determine the strength of concrete provides the required standard level of safety, where
90% of the strength values are expected to be higher than the value determined from the
relationship. The base curves provided in the standard are defined as the lower envelopes
of the relationship between the non-destructive test results (in this case reflection number
L) and the concrete strength fc,cyl. It should be noted that the standard base curves were
determined for fc,cube values determined on 150 mm cube specimens tested after 28 days of
curing under laboratory conditions.

Since the study obtained average Lmv reflection numbers in a range specified as
43.8–48.0, a standard base curve [59] from Equation (6) was adopted for scaling:

fL = 1.37 × L − 34.5 (6)

The evaluation of concrete strength consists in shifting the basic base curve (Equation (5))
to an appropriate level, determined by core drilling and non-destructive testing. The value
of the shift of the basic Δf of the base curve depends on the mean value of the differences
δfm(n) and the factor k1 associated with the number of measurements and is calculated from
Equation (7).

Δ f = δ fm(n) − k1 × s (7)

where:

δ fm(n)—the mean value of the difference of the compressive strength determined on the
core bore samples and the strength determined from the base curve (Equation (6)),
s—standard deviation of strength differences δ fm(n),
k1—coefficient taken from the standard table, for n ≥ 9.

From Equation (6), the compressive strength of concrete (corresponding to the strength
of concrete on 150 mm cubes) can be calculated anywhere in the structure, then the
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characteristic compressive strength of concrete dependent on the number of measurements
can be determined. See Equation (8):

fis,R = fR + Δ f (8)

The classification of concrete into a given strength class [59] is based on calculation
of the strength from the scaled base curve described by Equation (8) and divided by a
factor βcc(t) that takes into account the age of the concrete after 28 days of curing [51]
(Equations (9) and (10)):

fcm(t) = βcc(t)× fcm (9)

and:

βcc = exp

[
sc ×

(
1 −

√
28
t

)]
(10)

where:

t—age of structure (days),
sc—cement class.

In the standard, the method of determining the shift parameter Δf depending on the
standard deviation s of the differences δ fm(n) and the parameter (statistic) k1. remains a
matter of debate. In this procedure, the values of the parameter k1. are assumed to corre-
spond to the coefficients used in consistency criteria based on the operational characteristic
function method, analogous to [60], which should not be used for correlation analyses. In
place of the proposed baseline curve shift parameter, it would be more reasonable to use
generally accepted principles of mathematical statistics and a shift parameter that depends
on the statistics of the assumed distribution. Current recommendations assume a large
number of samples n ≥ 9 as the basis for scaling the fR-R. relationship. For approximate
scaling, the number of pairs of results n ≥ 3 may already be sufficient, similar to national
(Polish) regulations applied to the sclerometric and ultrasound methods [72,73]. In the
analyzed case, the number of results from core samples is n = 8, so on the basis of national
experience [71–73] the authors proposed a modification of the standard method using as
k1 as the value of statistics recommended in [75]. In the calculation, the confidence level
γ = 0.75 and n = 8, and the statistic value read from [75] is k1 = 3.27. The calculation of the
base curves is shown in Table 7.

Table 7. Calculations for the base curve offset parameter.

Girder/Sample no.

Compressive Strength

δf = fis − fL (MPa)Core with Correction Value 0.85
fis (MPa)

Basic Curve—Equation (5)
fL (MPa)

G10—Hall A/001 38.9 22.8 6.1
G10—Hall A/002 38.5 22.1 6.4
G11—Hall A/003 40.2 24.7 5.1
G11—Hall A/004 38.9 22.8 6.1
G05—Hall B/005 42.7 28.3 3.3
G05—Hall B/006 39.5 23.6 5.6
G018—Hall B/007 42.4 27.8 3.6
G018—Hall B/008 42.8 22.1 3.2

Average value δf m(8) = 4.9 MPa
Standard deviation is s = 1.34 MPa < 3.0 MPa
and for calculation according to [44]
standard deviation can be use s = 3.0 MPa
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According to Equation (7), the value of the parameter Δf of the base curve is Δf = 4.9 −
3.27·3.0 = −4.9 MPa, and the corrected equation of the base curve determined by Equation (5)
will finally take the form (11):

fis,L = fL + Δf = 1.73 L − 34.5 − 4.9 = 1.73 L − 39.4 (11)

Equation (11) is valid only in the interval of rebound numbers 44.8 − 2 = 42.8 < L <
46.8 − 2 = 44.8, because a modified base curve has been defined for this interval.

The purpose of the analyses was to determine the characteristic strength of concrete
in the structure using the indirect method based on the modified base curve (Figure 14), so
the calculated values of concrete compressive strength for the base curve, modified base
curve, and core specimen methods are shown in Table 8.

Figure 14. Test results according to the indirect method taking into account the results of destructive
and non-destructive tests.

Table 8. Compressive strength obtained from destructive and non-destructive testing.

Girder/Sample No.
Core Vale
fis (MPa)

Compressive Strength Determined from the Curve

Basic Curve
Equation (6)

Modified
Equation (11)

G10—Hall A/001 38.9 46.1 41.2
G10—Hall A/002 38.5 44.0 39.1
G11—Hall A/003 40.2 43.7 38.8
G11—Hall A/004 38.9 44.7 39.8
G05—Hall B/005 42.7 44.0 39.1
G05—Hall B/006 39.5 46.5 41.6
G018—Hall B/007 42.4 43.0 38.1
G018—Hall B/008 42.8 44.0 39.1

Average value—fc(8) is, cube (MPa) 40.5 44.5 39.6
Lowest value—fclowest,cube (MPa) 38.5 43.0 38.1
Standard deviation s (MPa) 1.8 1.2 1.2
3.0 MPa, and for calculation according to [44] standard deviation is s = 3.0 MPa

The characteristic strength of concrete according to [59] was evaluated using a modi-
fied base curve. The criterion for the compliance of the strength of the inspected concrete
with the required characteristic strength with the number of specimens n < 15 is presented
as follows:
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1st criterion: fck,is = fcm (8),is,cube − 4MPa = 39.6 − 4 MPa = 35.6 MPa
2nd criterion: fck,is = fc lowest,cube + 4MPa = 38.1 + 4 MPa = 42.1 MPa

The characteristic strength of the concrete is 35.6 MPa. After assuming that class N
cement was used to make the concrete and the age of the concrete was more than 50 years, the
value of the coefficient considering the age of the concrete βcc(t) = 1.438 was determined from
Equations (9) and (10); hence, the strength of the concrete was 35.6 MPa/1.438 = 24.8 MPa.

When using the modification of the method, the formal conditions of the core boreholes
should be checked. The coefficient of variation of the reflection number at the locations of
the drilled wells is vL = 2.0% < 15% (Table 7), and the quotient of the average compressive
strength obtained from the curve and the wells is equal to (39.6/40.5 L) − l00% = 2% < 15%.
The wells can be considered authoritative and fully representative. The obtained value of
relative standard deviation was vk = 2.2%, so the developed modified base curve can be
considered the basic scaling curve for the case in question and the small sample size is n = 8.

4. Discussion

4.1. Deflection Measurement Discussion

In many cases in construction practice, it may not be possible to carry out a precise
assessment of the technical condition of buildings and their components using traditional,
commonly used methods.

The authors have been observing cable post-tensioned concrete girders for several years,
cyclically evaluating the material and geometric changes occurring in them. In the analyzed
cases, the girder maximum deflection increment Δf in the middle of the span, monitored
from 2009 to 2020 in Hall A was 25 mm (about 23% of the maximum deflection) and in hall
B, 32 mm (about 33% of the maximum deflection). These values are high for this type of
structure because of the lack of concerning amount of girder deformation since the beginning
of the hall exploitation. The first measured deflections occurred in 2009 and these values were
taken as a reference for later measurements and analyses. According to the authors, because of
the age of the elements and incomplete measurement data, the constant measured deflection
of the girders in the middle of the span should not exceed 35% of the permissible value. One
of the aims of the research was to monitor the changes of displacement magnitude in the
same points with changing sign, in similar conditions of the internal and external climate. The
change of the ordinates of the measuring points exceeding the permissible values will indicate
the overloading of the girder structure, the settling of supports, or the change of tension force
in cables. It will become the reason for the detailed examination of this particular element
(not all of them) after its temporary protection.

Of course, such tests should not only concern roof structures, but also all other
elements which are responsible for their proper support and ensure the spatial stiffness of
the objects and their individual structures, and thus affect their deflections.

The hidden defects of built materials as well as the ageing processes will determine
their current technical condition, which will constantly change over time to their disad-
vantage. Periodic examinations, carried out on an ongoing basis, allow for the continued
periodic use of the facilities, but at some point they should indicate the approaching end
of their service life. Assessment of the parameters of the materials which make up these
structures on its own will not be sufficient here, as it will be difficult or even impossible to
reach all their locations. It will also not be possible here to assess the tension of cables due
to their inaccessibility or to reliably assess the degree and extent of corrosion of steel cable
strands (apart from single random tests) due to their number, as there are dozens or even
hundreds of them in such halls. In the absence of developed testing methods for this type
of structures, which are estimated to be even more than 60 years old, it is necessary to use
those that monitor the maintenance of their geometric shapes not only in comparison with
the permissible deformations but also through the analysis of these changes over time.
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4.2. Concrete Test Discussion

The obtained values of the characteristic compressive strength were compared with
the values of the characteristic strength calculated on the basis of the guidelines contained
in Annex D of PN-EN 1990 [75] concerning research-assisted design.

According to Annex D, the procedure according to D.7.2 and D.7.3 can be directly
applied to estimate the characteristic values. It is recommended that the estimation of test
results should be carried out on the basis of statistical methods using existing (statistical) in-
formation about the type of distribution used and the associated parameters. Equation (12)
can be used to estimate the characteristic value according to EN 1990 [75]:

fck = fcm (1 − kn × vk) (12)

where:

vk—coefficient of variation of the sample; vk = s/fcm
kn—a factor that depends on the sample size and confidence level (at the minimum confi-
dence level γ = 0.75 and n = 8 → kn = 5.07).

The resulting characteristic compressive strength of concrete according to Equation (12)
will be fck = 35.9 MPa. The characteristic value of the compressive strength of concrete can also
be determined according to EN 1990 [75] in Annex D and the theoretical value of the standard
deviation σ = 4.86 MPa, calculated from the relationship fcm = fck + 8 according to [51].

With an assumed a priori standard deviation of 4.86 MPa, the standard deviation
estimator s can be obtained using the Mellin function (Equation (13)):

s = σ ×
⎛
⎝√ 2

n
×

Γ
(

n−1
2

)
Γ
( n

2
)
⎞
⎠ (13)

where:

Γ(. . .)—gamma function value,
n—sample size,
σ—population standard deviation.

To determine the characteristic compressive strength of concrete according to [75], we
use Equation (14):

fck = fcm − kn × σ ×
⎛
⎝√ 2

n
×

Γ
(

n−1
2

)
Γ
( n

2
)
⎞
⎠ (14)

Under the assumption regarding the knowledge of standard deviation, the value of
coefficient will be kn = 3.27, while the characteristic value of compressive strength according
to Equation (14) for core samples will be fck = 33.0 MPa.

After considering the age parameter of concrete, the characteristic compressive strength
for the core test is, 35.9/1.438 = 29.4 MPa and 33.0/1.438 = 27.0 MPa respectively.

To determine the differences in the characteristic compressive strength values obtained
by different methods, the values from each destructive and non-destructive method are
summarized in a graph (Figure 15). In the characteristic compressive strength values
obtained by non-destructive methods, sclerometric and ultrasonic, a coefficient related to
the age of concrete is also included (Equations (9) and (10)).

The typical value (of the compressive strength characteristic values, understood
as (fck(5) − s; fck(5) − s), is in the range of 20.3–28.4 MPa, and the relative variation of
the compressive strength characteristic value measured by the coefficient of variation is
17% > 15%, which indicates the average variation of the compressive strength characteristic
results obtained using different methods.
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Figure 15. Characteristic values of compressive strength obtained using different methods.

On the basis of Figure 15, it can be stated that, based on the recommendations [71], the
characteristic values of compressive strength obtained using non-destructive methods, i.e.,
sclerometric and ultrasonic, are correct and smaller than those obtained using the destructive
method or the author’s mean method. It should be stressed that in non-destructive methods
these are characteristic values of compressive strength, i.e., concrete class determined accord-
ing to the standard used during the construction of cable concrete girders under consideration,
taking into account the age of concrete. The values obtained indicate the correctness of the
standard compliance criteria recommended at that time and the possibility their use in the
evaluation of concrete in the structure using non-destructive methods.

Based on the results of the tests (Figure 15) of the characteristic compressive strength
of concrete of the analyzed structural members using certain methods, i.e., sclerometric,
ultrasonic, and indirect with the use of the author’s proposal to modify the base curve
using the procedures recommended in [75], the obtained concrete class is C15/20. In
the case of applying the destructive method (core drilling), the concrete in the analyzed
girders can be classified to class C20/25. Moreover, according to the author’s proposed
method, the concrete is on the border between classes C15/20 and C20/25. The design
class of concrete for the analyzed girders is C25/30, so the requirement for the design class
of concrete is not fulfilled at present. Evaluating the concrete according to the standard
recommendations [59], the concrete in the analyzed structure is one (destructive method) or
two classes (non-destructive methods) lower than the class assumed for the design concrete.

The choice of test method should be determined by the reliability of the strength
estimation. In the presented situation for cable concrete girders, it is very difficult to decide
where to take the samples, because they are obtained from where access is the easiest, there
are no collisions with the existing reinforcement (in this case tendons and their anchorage,)
and also soft reinforcement, or from where the impediments to the use of the object are
the least, hence the rationale for using primarily non-destructive methods. Such situations
are often the result of a lack of prior visual inspection of the structure and assessment
of potential obstructions. In the case under analysis, a total of n = 8 samples were taken;
however, n = 2 samples were taken for one element. This number is less than the n = 3
recommended in the standard, which would allow the determination of the characteristic
compressive strength of concrete and the subsequent qualification of concrete to a given
class. According to [75], non-destructive methods are not an alternative to destructive
testing, but only a supplement in the case of a limited number of boreholes. However,
in the case of prestressed or post-tensioned concrete structures, it is difficult to take core
samples, so only non-destructive methods and the application of appropriate compliance
criteria should be considered for the proper classification of concrete.
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Sampling of n = 3 is allowed by the standard and is justified when the tests concern
a single element or a small fragment of the structure. When using the direct method, a
minimum of 4–6 core holes should be made in single elements, and when the assessment
concerns several elements (substrings, beams, and slabs or columns) then a minimum of
9–18 holes should be made and a combination of indirect methods of testing should be
used. Analyzing the obtained values of coefficients of variation for compressive strength,
it can be stated that they are less than 15%, which indicates a very good homogeneity of
compressive strength of hardened concrete. Very good homogeneity in compression is
also evidenced by the obtained values of the homogeneity coefficient for non-destructive
methods: sclerometric and ultrasonic.

The calculation procedures recommended in the standards proposed in this paper can
enable the proper classification of concrete. It should be noted that using the criteria given
in the standard [60], which apply to manufactured concrete, one can obtain dangerously
inflated concrete strengths in a structure. When a small sample size of n < 15 is available,
the recommendations of the standard [59] should be used. Using the compatibility criteria
given in [59], the cores taken from the structure allow the characteristic strength of the
concrete to be determined, which must be taken into account when determining the safety
of the structure. In this case, the characteristic strength of the concrete in the structure
must be “reduced” to the concrete strength on the 28th day of concrete curing in laboratory
conditions by dividing it by a factor of 0.85 and taking into account the age of the concrete.

Implementation of European standards in the field of testing procedures (PN-EN
12504 series [61–64]) and concrete qualifications [59] has significantly clarified the situation
in the field of the diagnostics of existing reinforced concrete structures. The gap in national
(Polish) regulations concerning the methodology of direct destructive testing has been filled
and at the same time new procedures for performing indirect non-destructive tests have
been given. Both the standard for manufactured concrete [60] and the standard for testing
concrete in a structure [59] as well as other subject standards (for non-destructive testing)
clearly emphasize that non-destructive methods cannot be used without appropriate
scaling on core samples taken from the structure. This highlights the problem of concrete
evaluation in post-tensioned or prestressed concrete structures, where it is very difficult to
take a sample of a statistically significant number and to use only non-destructive methods.
When determining the number of samples, one should not be guided by economic criteria
but by the needs of the tests performed and the reliability of the results obtained. Usually,
limiting the number of samples to the absolute minimum (n = 3) results in the necessity of
additional tests. To exclude doubts arising at the stage of drawing conclusions, in situ tests
should be attended by representatives of the interested parties, whose task it is to both
confirm the location of the test points and visually evaluate the samples and, if possible,
observe the test procedures.

5. Conclusions

A reliable condition assessment of cable post-tensioned concrete girder structures
is very difficult to perform in their “natural” operating environment. Nevertheless, it is
necessary to maintain such structures in a safe technical condition. A serious problem is
the age of these structures, sometimes exceeding 60 years. The danger associated with
this may appear suddenly and uncontrollably, leading to the collapse of entire facilities
without any warning signals. A big problem is the assessment of the technical condition of
covered and inaccessible elements of girders, mainly steel tendons and their anchorages.
Therefore, people carrying out such investigations are required not only to have advanced
theoretical knowledge, but also practical experience, expertise, and above all common
sense. Summarizing the content of the paper, it can be concluded that:

• monitoring of existing building structures containing prestressed structures is essential
for economic reasons, safety of use, durability, and determination of the moment until
which they can be used;
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• the methods proposed in this paper are useful or even necessary to determine and
monitor the current technical condition of such objects “in situ”;

• the method of testing deformation and displacements of prestressed elements is the
basic method, which makes it possible to assess the technical condition of prestressed
elements, whereas non-destructive strength testing may be an auxiliary and supple-
mentary method.

Those persons responsible for the exploitation of such objects should take special care
to maintain the internal microclimate at a stable level and prevent any adverse phenomena
(e.g., leaks in roof coverings) which could accelerate corrosion, mainly of invisible steel
structures “covered” in the girder body.
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34. Bednarz, Ł.J.; Jasieńko, J.; Nowak, T.P. Test monitoring of the Centennial Hall’s dome, Wroclaw (Poland). In Optics for Arts,

Architecture, and Archaeology V; International Society for Optics and Photonics: Bellingham, WA, USA, 2015; Volume 9527,
p. 95270C. [CrossRef]
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Abstract: Cracking in non-load-bearing internal partition walls is a serious problem that frequently
occurs in new buildings within the short term after putting them into service or even before com-
pletion of construction. Sometimes, it is so considerable that it cannot be accepted by the occupiers.
The article presents tests of cracking in ceramic walls with a door opening connected in a rigid
and flexible way along vertical edges. The first analyzes were conducted using the finite element
method (FEM), and afterward, the measurements of deformations and stresses in walls on deflecting
floors were performed on a full scale in the actual building structure. The measurements enabled to
determine floor deformations leading to cracking of walls and to establish a dependency between
the values of tensile stresses within the area of the door opening corners and their location along the
length of walls and type of vertical connection with the structure.

Keywords: partition walls; brick walls; bending strength; cracking

1. Introduction

Cracking of partition walls in buildings is a frequent phenomenon. According to
the statistical data available in the literature [1–3], the displacement of their supporting
elements is responsible for 60–70% of damage to walls in Central and Eastern Europe.
It results partially from the lack of possibility to analyze accurately spatial relocations of
building structures. Application of oversized elements of load-bearing structures in order
to limit the cracking of partition walls is an action unjustified economically. Small cracks of
filling elements in the building generally are not the causes for concern; however, the com-
monness of this type of defects, their scale, and often considerable width of cracks are
the reasons for expedited repair work, which is often completed still before the structures
are handed over for use. The scale of this phenomenon leads to the question about the
possibility and methods of counteracting it, the validity of research conducted within
this scope, and consistency of requirements both with respect to acceptable deformations
of structures supporting partition walls and methods of completing properly their cir-
cumferential connections and elements having an effect on cooperation with the building
structure. In the countries of Central and Eastern Europe, in the residential buildings,
non-load-bearing walls are being made mainly with the use of masonry elements. The per-
centage of individual building materials for the construction of this type of wall in Poland
is shown in Figure 1 [3].

Despite the growing popularity of the gypsum plasterboard lightweight walls in the
countries of Central and Eastern Europe, this technology is currently used primarily to
make partitions in office and service buildings. In residential buildings constructed in
2020 in Poland, over 95% of non-load-bearing walls were made in masonry technology.

Materials 2021, 14, 1379. https://doi.org/10.3390/ma14061379 https://www.mdpi.com/journal/materials

151



Materials 2021, 14, 1379

Moreover, 27.5% of walls were made of ceramic elements, which indicates the essence of
the problem of their cracking undertaken in the presented research.

Figure 1. Distribution of the use of wall materials for the construction of non-load-bearing walls in residential buildings in
Poland in 2020.

There have been studies concerning the influence of foundation deformations on the
cracking of ceramic walls. It can be concluded from the first research analyses concerning
the operation of masonry walls on flexible supports that in order to protect them from
cracking, the ratio of deflection of the supporting structure to its span should not exceed
1/2000, and bending tensile strength of the wall should not be lower than 0.21 MPa [4].
In his study [5], Beranek recommends that the bending tensile strength of the walls should
be a minimum of 0.1–0.3 MPa. The study [6] presents results of tests concerning the strength
of walls with and without window and door openings. The models were made at a scale of
1:3 versus actual dimensions of walls, using appropriately reduced ceramic wall elements.
The models were laid on double-span reinforced concrete beams, and they were tested in
two stages. In the first stage, a uniformly distributed load was applied using a spreader
beam to the top edge of the wall. Then, relocation of the reinforced concrete beam that
was a support of the wall in the middle of its span was forced. In the model without
openings, the first crack appeared when the ratio of the beam deflection to its span was
1/1000. In the models with openings, cracks were observed slightly later when the ratio of
deflection to span was 1/947. Openings in the wall had a significant effect on the layout of
cracks. The study [7] presents results of tests and analyses of walls made of full ceramic
bricks. It was concluded that admissible deflection of the supporting structure depends on
whether it is made with openings or without them. In the case of walls without openings,
it was recommended that deflection of the supporting structure should not exceed 1/500 of
the span, and in walls with openings, 1/1000 of the span. In the study [8], tests of the wall
made of ceramic brick 3.11 m long, 0.98 m high, and 0.1 m wide were published. The wall
was built on an I-section steel beam and the test consisted of loading the wall from the top
using the force simulating the load from the ceiling and forcing the relocation of the steel
supporting beam. The first crack appeared at the deflection of the order of 2.5 mm that is
approximately 1/1200 of the wall span. The study [9] quotes tests of full walls and walls
with openings made of masonry bricks on a full scale. The walls were constructed on a
steel beam deflecting with the increase in loads applied through the reinforced concrete tie
beam to the top edge of the wall. In order to prevent cracking of the brick wall supported
on the floor or beam element, it was recommended that the requirement of not exceeding
its limit deformation characterized by the shape deformation angle of the wall Θ should be
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fulfilled. The studies [10–12] indicate results of tests on ceramic partition walls on a full
scale. It was concluded that they were characterized by lower floor bending strength than
the previously described scaled partitions made of ceramic elements. All described results
are presented in Table 1.

Table 1. Critical deflections and stresses in the state of cracking of brick partition walls.

Ordinal Number Author and Date
Wall Type

and Description
Bending Tensile Strength

Ratio of Deflection of the
Supporting Structure to Its

Span at Cracking

1 Meyerhof G., 1953 [4]

External brick walls
without openings;

different dimensions;
analytical approach

0.21 1/2000

2 Beranek 1983 [5]

External brick walls with
openings; different

dimensions;
analytical, and

experimental approach

0.1–0.3 1/2000

3 Rolanda et al., 2003 [6]
Brick wall without

opening in a scale of 1:3,
experimental approach

- 1/1000

4 Pfeffermann et al. 1981 [7];
Brick wall with an

opening in a scale of 1:3,
experimental approach

- 1/946

5 Loots et al.l 2004 [8]
Brick wall without

opening in a scale of 1:2.5,
experimental approach

- 1/1200

6 Piekarczyk 2019 [9]

Brick walls with (a) and
without opening (b)

asymmetrically loaded,
experimental

laboratory approach

- 1/1700 (a)1/2800 (b)

A commonly used method of limiting cracking of infilling masonry walls is their
expansion from the upper ceiling, for example, by filling the gap with polyurethane foam.
The thickness of the expansion joint depends on the calculated value of the ceiling deflec-
tion. The most common vertical connection is steel anchoring, which is strengthening the
partition in the direction perpendicular to the wall surface [13]. In the studies carried out
until now, few tests of destroying non-load-bearing walls in real conditions, i.e., build-
ing structures undergoing shape deformations on a full scale, were shown. Therefore,
the authors of the article undertook this task.

The appearance of cracks in partition walls with deflection of supporting floors is
considered in standards as exceeding the limit condition of their usability [13–16]. Regula-
tions concerning the limits of deflections in structures constituting support under masonry
walls are often available in standards concerning the design of reinforced concrete struc-
tures, and more rarely, in standards concerning masonry structures. Selected requirements
for permissible floor deformations are presented in Table 2.

The American standard ACI 318-14 [17] and its earlier editions, in the situation in
which non-structural elements are designed on the floor (e.g., masonry partition walls),
allows deflection values not exceeding 1/480 of the effective span of the floor. On the
other hand, the American standard ACI 530-08/ASCE 5-08/TMS 402-08 [18] requires that
deflections of beams and lintels from constant and variable loads should be limited to
1/600 of the span, or 7.6 mm, where the lower value is decisive. In the British standard BS
5628-2:2005 [19], it is assumed that deflection of the wall supporting structure should not
exceed 1/500 of the span, or 20 mm. The German standard DIN 1045-1 [20] intended for
designing reinforced concrete structures limits deflections of the floor with partition walls
based on it to 1/500 of the span and imposes minimum floor thicknesses. In the Belgium
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standard NBN B 03-003 [21], the following recommendations concerning limit deflection
of the wall supporting structure are assumed: unreinforced walls with openings—l/1000,
unreinforced walls without openings or reinforced walls with openings—l/500, reinforced
walls—l/350, movable walls—l/250. In the EU standard EC 6 [25], it was stipulated that
usability of masonry structural elements cannot be deteriorated by the behavior of other
structural elements, such as deflections of floors or walls. On the other hand, the standard
does not define any rules for checking these deflections or does not indicate any limit
deflections of the structures on which the walls would be constructed.

Table 2. Comparison of permissible deflection values of the supporting structure under partition walls.

Ordinal Number Standard No Country/Region

Maximal Ratio of
Deflection of the

Supporting Structure to
Its Span or

Maximal Deflection

Additional
Information

[-] or [mm]

1 ACI 318-08 [17] USA 1/480 -

2 ACI-530-08/ASCE
5-08/TMS 402-08 [18] USA 1/600 or 7.6 mm the lower value is

decisive

3 BS 5628-2 [19] UK 1/500 or 20 mm the lower value is
decisive

4 DIN 1045-1 [20] Germany 1/500 -

5 NBN B 03-003 [21] Belgium 1/1000 or 1/500 *
*—valid for

unreinforced walls
with openings

6 EN 13747: 2005 [22] European Union 1/350 or1/500 * *—valid for brick walls

7 EN 1992-1-1: 2008 [23] European Union
1/250 or 1/500 *

*—value valid for the
deflections affecting the
non-load-bearing walls

8 PN-B-03264: 2002 [24] Poland

The presented literature review shows differences in the results of crack resistance
of masonry walls due to deflection of supports. The requirements included in the stan-
dards [17–24] regarding the impact of building structure on non-load-bearing walls provide
different permissible values for ceiling slab deflections. The reference documents do not
fully describe the impact of the location of door openings in relation to the length of the
walls, the conditions of the slab support, and the conditions of contact between the wall
and the surrounding structures on their cracking resistance [10–16,26,27]. Therefore, re-
search on the behavior of partition walls on flexible supports is still necessary. The impact
of these factors on the stress state and cracking of self-supporting partition walls with door
openings, made of ceramic bricks, supported on a concrete slab is the subject of this article.

2. Materials and Methods

In order to carry out the undertaken research study, three types of tests and analyses
were performed. At first, tests of the wall samples in laboratory conditions were conducted
in order to obtain material data needed for conducting numerical analyses using the finite
element method (FEM). After completion of the numerical analyses, tests of full-scale walls
in a building structure were carried out. The order and scope of the conducted research
study are pointed below.

1. Laboratory tests: Their purpose was to characterize the used materials and obtain
the strength parameters of the walls in accordance with the protocol provided in the
standards [28–32]. The scope of the research included, among others, the following
mechanical parameters of masonry materials and masonry samples:
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• Test code LAB 1—mechanical parameters of the ceramic bricks and mortar;
• LAB 2—compressive strength of the tested wall samples in the horizontal and

vertical directions;
• LAB 3—tensile strength of the tested wall samples in the horizontal and verti-

cal directions;
• LAB 4—shear strength of the tested wall and its internal friction coefficient.

2. Numerical analyses performed using the Finite Element Method (FEM) in the ANSYS
program environment: Mechanical parameters obtained on the basis of the above-
mentioned laboratory tests were used for modeling the walls. The full mechanical
characteristics of the examined walls used in modeling were the reason for the ap-
plication of the homogeneous isotropic material model. Numerical analyses were
carried out for walls 3.07 m high, 5.75 m long, and 12 cm thick with a door opening
2.1 m high and 0.99 m wide. The following two wall models were analyzed due to
the types of their connection with the building structure along their vertical edges:

• FEM TEST 1—free connection in the horizontal and vertical direction of the
wall surface;

• FEM TEST 2—rigid (model of toothing connection with perpendicular load-
bearing walls).

3. Tests of the full-scale partitions conducted on walls constructed on reinforced concrete
floors in a real building: Partitions have been prepared with the use of the same mate-
rials and protocols as in laboratory measurements and FEM analysis. Two partitions
with door openings in the middle of their span and the same dimensions and types of
vertical connections as in FEM analysis has been tested, which are as follows:

• BUILD 1—vertical connection of the wall with flexible steel anchors restraining
relocation only in the direction transversal to its surface;

• BUILD 2—rigid toothing connection.

2.1. Materials

The walls for all of the tests presented in this research: laboratory (BelNIIS laboratory,
Brest, Belarus), numerical, and full scale were built using hollow (18%) ceramic brick,
class M12.5 (FCP, Brest, Belarus). This is the most common ceramic brick element used for
the interior partitions within the apartment in the Belarus (with a wall thickness of 12 cm).
Dimensions and layout of holes for the ceramic brick are shown in Figure 2.

Figure 2. Dimensions and layout of holes for ceramic brick class M12.5 (FCP, Brest, Belarus) used in
the tests.

Tested walls have been carried out on standard concrete mortar with compressive
strength of 10.9 MPa, with mortar joints 10–15 mm thick. For the preparation of masonry
mortars, a factory-made dry mixture was used (FCP, Brest, Belarus).
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First, the masonry elements and mortar were tested (LAB 1). The compressive strength
of the mortar at the time of testing was established in accordance with the requirements of
EN 1015-11 [25].

Wall samples have been prepared in the laboratory and tested on the stand of own
production, with the use of a 3000 kN hydraulic press (Pneumat P3000, Minsk, Belarus).
Dial gauges (Baker V2, Pune, India, 0.01 mm) were used to measure the displacements
of the tested samples. The production of the masonry samples, their curing, testing,
and processing of test results were carried out in accordance with the standard EN 1052-
1 [26–28]. The specimens were tested with an axial compressive load acting perpendicularly
and parallel to the direction of horizontal mortar joints (LAB 2). In Figure 3, the diagram of
the test stand of the compressive strength in axial load is directed perpendicularly to the
horizontal mortar joints of the wall.

Figure 3. Compressive strength test in the direction perpendicular to the horizontal mortar joints of
the wall samples: (a) front view and (b) side view.

Wall samples were also tested for tensile strength in the direction along and across
to the horizontal mortar joints (LAB 3). In the case when the destruction occurs due to
the rupture of the masonry element (Figure 4), the tensile strength of the wall sample is
determined by Equation (1) as follows:

ft1 = 0.5·fbt · 1/(1 + tm/hu), (1)

where fbt is the tensile strength of the masonry element, tm is the thickness of mortar joints,
and hu is the height of the masonry element.

Figure 4. Destruction of the masonry wall sample exposed to axial tension with cracking along the
joints and masonry elements.
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If the destruction passes along the mortar joints only, the tensile strength of the wall
sample is set according to Equation (2) as follows:

f t2 = f v0·uj/(hu + tm), (2)

where fv0 is the initial shear strength of the masonry in the plane of the horizontal mortar
joints (tangential bond), which is determined in the laboratory conditions and uj is the
distance between the crack in joints and in masonry elements, according to Figure 5.

Figure 5. Destruction of the masonry wall sample exposed to axial tension with cracking along only
the joints.

The minimal value obtained from the tests calculations is taken as a characteristic
strength of the masonry under axial tension.

Initial shear strength of the masonry (tangential adhesion fv0) and the internal friction
coefficient (tg α) have been established on the basis of the thawing test of masonry samples
exposed to the simultaneous action of compressing and shear stresses, according to EN
1052-3 [29] (LAB 4), which is illustrated on Figure 6.

Figure 6. Testing of the initial shear strength and the internal friction coefficient of the masonry wall.
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Since the magnitude of the compressive stresses during the tests was variable, it was
possible to test the dependency between shear forces fv,i and compressive forces fc,i.
The strength of clean-cut (tangential adhesion) fv0 was established by extrapolating the
graph to the ordinate fc,i = 0.

2.2. Numerical Calculations

Numerical calculations were performed with the assumption of fully completed
expansion joints from the floor on top edges of the walls, for loads from self-weight of
partition walls. Calculations were conducted using the finite element method (FEM)
in the computational environment of ANSYS program (AES, Canonsburg, PA, USA).
The decision of using ANSYS environment for numerical analysis results from its extensive
computing environment with the structural analysis module, wide library of finite elements,
and experience of the authors. For the purposes of the analyses presented in this study,
numerical tests of models were carried out until the serviceability limit state was exceeded.
Due to the size of the analyzed problem and the comparative analyses for structures in
natural conditions carried out in the next phase of the research, global FEM analyses
were performed. The ceramic wall was modeled as a homogenous, isotropic material.
It was possible to use macromodeling because of the wide range of wall sample tests
that allowed for the implementation of mechanical properties. Macromodel results had
been confirmed by the results of experimental tests. Choosing the linear flexible model
was accepted for the description of material properties. The accepted criterion for crack
formation is that the main tensile stresses exceed the tensile strength of the masonry in the
corresponding direction.

The finite elements (FE) were implemented from the available ANSYS program library.
The choice of FE was caused by different properties of the modeled elements of the structure
(frame and filling wall). Pillars and beams of the frame were modeled using dual-node
BEAM3 elements, with three degrees of freedom in each node (in the directions of the
horizontal and vertical axis and rotation). The walls subject to the analyses were modeled
using quadruple-node PLANE182 elements with two degrees of freedom in each node
(translations in horizontal and vertical nodal directions) predefined for the surface elements
as walls. The elements were defined with respect to coordinates, wall thickness, and elastic
properties of the material. The dimensions of the wall FE are 50 mm × 50 mm. In the
corners of the door opening and in the zone of contact with the adjacent construction,
FE has been thickened up to the dimension of 10 mm × 10 mm. Division of the meshes has
been made with FE densification within the zone of expected cracking of the material.

During the calculations, the problem of non-linear contact between the wall and ele-
ments of the building structure frame was solved. The non-linearity of contact between
elements results from variable adhesion and friction of contacting surfaces in the deforma-
tion conditions. In the accepted computational models, the contact between the walls and
the adjacent structures was simulated using the surface-to-surface contact finite elements
(CFE). Contacting structures were considered as deformable bodies, the contacting surfaces
of which form a contact pair. The target surface (frame elements) was modeled by FE
TARGE169, and the contact surface (filling) was modeled by FE CONTA171. The calcu-
lations of friction used the basic Coulomb–Mohr model. In this model, two contacting
surfaces can have shear stresses of a certain magnitude due to their interaction before
the slip phase. This condition is known as sticking. The Coulomb– Mohr friction model
determines the equivalent shear stress τ, in which the sliding on the surface first represents
a part of the contact pressure (3) as follows:

τ = μ·p + c, (3)

where μ is the coefficient of friction, p is contact pressure, and c is tangential adhesion.
The μ and c values are a property of the contact surface material. As soon as the limit shear
stress is exceeded, the two contact surfaces slide against one another. This state is known
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as sliding. The grip–slip calculation determines when a point changes from grip to slip and
vice versa.

2.3. Testing of Full-Scale Walls

Experimental in situ tests were conducted on full-scale non-load-bearing partition
walls in a framed structure residential building under construction. Two masonry walls
were tested (height H = 3.07 m, length L = 5.75 m, and thickness 12 cm) with a door
opening (2.1 m high and b = 0.99 m wide) in the middle of their span. The strips of walls
between the opening and ceiling were reinforced at the bottom using three steel bars
(diameter 12 mm) anchored in horizontal joints along the lengths of 250 mm. This type
of reinforcing the wall strip above the door opening is a typical solution in the region of
Minsk (Belarus) and some also appear in Poland. An expansion joint (30 mm thick) was
made between the ceiling and the top edge of the wall. This type of horizontal connection
between the infilling wall and the ceiling allows us to dilate these elements. It is the most
commonly used connection solution in multi-story buildings in Central and Eastern Europe,
studied in [10,13]. The walls were built on the floor made of prefabricated reinforced
concrete multi-channel slabs (FCP, type: 240 × 90 × 24 cm3, Brest, Belarus) supported on
reinforced concrete spandrel beams of the building frame. One of the walls was connected
with cross walls using flexible steel anchors that restrained relocation only in the direction
transversal to its surface (BUILD 1). The second wall was rigidly connected with the brick
load-bearing cross walls by constructing toothings with it (BUILD 2). The scheme of the
measurement station is shown in Figure 7.

Figure 7. General scheme of the tested partition walls with positioned units for measurements of
deformations and relocations: 1—reinforced concrete spandrel beam, 2—multi-channel ceiling slabs
made of reinforced concrete, 3—masonry cross walls, 4—partition wall under test, and 5—horizontal
expansion joint (T—dial deformation gauges, accuracy to 0.001 mm, C—dial relocation gauges,
accuracy to 0.01 mm, P—floor deflection gauges, accuracy to 0.01 mm).

Figure 8 presents photos of the testing stand after positioning the measuring tools.
During testing of the partition wall, deflection of the floor was forced by loading it in
the middle of the span using hydraulic actuators, lifting capacity 100 kN (Pneumat P100,
Minsk, Belarus). In order to transfer the load to the floor under the wall, steel threaded
spacers were placed between the actuators and ceilings (Figure 8b).
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Figure 8. View of the partition walls under study (a) with fitted measuring tools and (b) steel spacers
for floor loading.

The floor was loaded gradually with an increase of deflection at each stage by 1 mm up
to the value at which cracking of the partition wall occurred. At each loading stage, the floor
deflections, vertical relocations of the bottom edge of the partition walls, and thickness of
the gap appearing between them were measured. The thickness of the gap between the wall
and the floor was measured using the set of steel feeler gauges (Kafer M2/20 T, Villingen-
Schwenningen, Germany) with an accuracy of 0.1 mm. This allowed the determination
of the length of contact between the wall and the floor. In addition, using the mechanical
dial gauges (Kafer FM1000/5 T, Villingen-Schwenningen, Germany), deformation of the
wall was measured with the accuracy of 0.001 mm in the direction of the trajectory of
the main tensile stresses as the most dangerous as far as cracks of the wall are concerned.
The location of the gauges was established based on numerical calculations of the walls
under test (Figures 7 and 8). The size of the measurement base depended on the direction
of deformation measurement and included at least a wall element with masonry joints.
Measurement readings were taken immediately after the achievement of a specific floor
deflection level and after exposure of the load, within 15–20 min.

3. Results and Discussion

3.1. Results of Laboratory Measurements

Results of laboratory tests (LAB 1) on ceramic wall elements, which are the objects of
further analyses are shown in Table 3.

Table 3. Average values of strength characteristics of ceramic bricks with a voidness V = 18%.

Average Normalized
Strength according

to EN 772-1 1

Compressive Strength in
the Direction Horizontal
to the Stretcher Surface

Flexural
Tensile Strength

Shear Strength
Axial

Tensile Strength

fby,mv
(MPa)

fbx,mv
(MPa)

fbtb,mv
(MPa)

fbv,mv
(MPa)

fbt,mv
(MPa)

18.37 7.50 2.97 2.81 0.99
1 In the direction perpendicular to the stretcher surface.

The compressive strength of the mortar at the time of testing was established in
accordance with the requirements of EN 1015-11, reaching the value of 3.1 MPa. Results
of determining the strength and deformation characteristics of masonry walls (LAB 2–
LAB 4) under compression along and across horizontal mortar joints have been presented
in Table 4.
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Table 4. Characteristic values of strength and deformation properties of the tested wall samples under compression along
horizontal (x) and vertical (y) directions.

Compressive Strength of
Masonry Walls

(MPa)

fcy,mv
fcx,mv

Short-Term Modulus of
Elasticity E

(MPa)
Ey,mv
Ex,mv

Lateral Deformation
Coefficient

fcy,mv fcx,mv Ey,mv Ex,mv νxy,mv νyx,mv

5.2 3.5 1.49 5400 5642 0.96 0.26 0.27

Results of laboratory tests concerning tensile and friction properties of the analyzed
brick walls are shown in Table 5.

Table 5. Characteristic values of mechanical properties for the tested partition walls.

Initial Shear Strength Internal Friction Coefficient
Tensile Strength across

Supporting Joints
Tensile Strength along

Supporting Joints

f v0,obs
(MPa)

Tg α
(-)

f w,obs
(MPa)

f t,cal
(MPa)

0.18 0.63 0.16 0.22

Presented values of mechanical properties for the wall samples were used for numeri-
cal calculations shown in Section 3.2.

3.2. Results of Numerical Calculations

During the first stage of the analyses (FEM TEST 1), the calculations were performed
for the walls, the vertical edges of which were not connected with vertical load-bearing
structures of the building, with a door opening in the middle of their span. In Central
and Eastern Europe, the most popular method of connecting non-load-bearing masonry
walls along vertical edges is the use of flexible steel anchors, restraining relocation only
in the direction transversal to its surface. The tests were performed in a flat stress state.
For this reason, in the FEM TEST 1 calculations for this type of connection, the model free
of connection in the horizontal and vertical directions in the plane of the wall surface has
been used. It was determined that during deflection of the floor, the main maximum tensile
stresses were concentrated in top corners of the openings at an angle of approximately 45◦
to the supporting joint (Figure 9).

Figure 9. Trajectories of the main stresses in the non-load-bearing partition wall with door opening
during deflection of the floor.
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After exceeding of admissible limit stress, shape deformations of the wall may lead
both to diagonal and horizontal cracks of the wall in this zone. According to the conducted
analysis, it was found as expected, that morphology of these cracks depends, among other
things, on the following factors:

- the distance of door opening from the vertical edge of the wall;
- the ratio of its length to its height;
- wall strength and deformability;
- method of connecting the wall with vertical load-bearing structures of the building.

The presented factors are applicable to all technologies of masonry infill walls.
In the bottom zones of the wall, tensile stresses also appear, which have much lower

values than in corners of the opening, however. The presence of the opening leads to the
reduction of the main tensile stresses σ1, occurring in the zones of contact with the floor
compared to the wall without opening. Values of maximum tensile stresses σ1 in the zone
of contact between the wall and the floor constitute approximately 5–6% of the maximum
value of contact compressive stresses σc in this zone.

As expected, on the basis of the conducted numerical tests, it was determined also that
the level of wall stresses caused by deflection of the floor to a considerable extent depends
on the elasticity properties of the wall. This results from the cooperation of the walls with
the floor as a statically undefined structure system in which materials of the walls and
floors have different deformability features, both with respect to temporary and long-term
loads. The lower the flexural modulus E, the lower the values of tensile stresses in corners
of the opening and in the zone of contact between the wall and the floor. The achieved
dependency between the stresses in the door opening zone and flexural modulus E of the
wall is presented in Figure 10.

Figure 10. Graph of the dependency between σ1/σ1′ ratio and wall modulus of elasticity E [MPa]
(σ1—main tensile stress with a lowered modulus of elasticity and σ1′ –stress for modulus of elasticity
E = 5600 MPa).

From these regularities, it can be concluded that the stress level in non-load-bearing
walls can be decreased by using the masonry elements with lower flexural modulus. It can
be also stated that in walls with joints of regular thickness 10–12 mm, reduction of stresses
is possible by using mortar characterized by high flexibility and deformability.

In the wall in which the opening is moved to one of the vertical edges, the maximum
values of tensile stresses σ1 are located near the corner adjacent to the longer section of the
wall (Figure 11).

The closer the opening is to the wall edge, the higher the values of the main tensile
stresses in the zone of the corner on the longer side of the wall. Figure 12 shows the curve
of maximum values of σ1 in the corner versus the location of the door opening.
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Figure 11. Trajectories of the main stresses in the wall with door opening moved to the vertical edge
of the wall.

Figure 12. Graph of the dependency between σ1/σ1 (0.5) ratio and door opening localization on the
length of the wall. σ1 (0.5)—main tensile stresses in the zone of the door opening corners, situated in
the middle part of the wall (a/L = 0.5), a—distance from the vertical edge of the wall to the opening
center, and L—length of the wall.

The level of the main tensile stresses σ1 in the corners of the opening in walls not
connected along horizontal edges with the load-bearing structure of the building is con-
siderably affected by the value of the coefficient of friction (tg α) between the masonry
wall and floor. Figure 13 presents the dependence σ1/σ1(0)—tg α, where σ1(0) are the main
tensile stresses in the zone of door corners at tg α = 0.

With the increase of friction coefficient tg α from 0 (no friction) to 1 (rigid connection
with the floor), stresses σ1 in the zone of the door opening corners decrease more than
five times. On the other hand, tangential stresses operating in the zone of contact between
the wall and floor increase. Exceeding fv0,obs (shear strength stresses of the wall along
supporting joints) may lead to horizontal shearing of the wall in the zone of contact with
the floor. Prevention of this is possible by transferring spreading forces T directly to
load-bearing structural elements of the building along vertical joints of the wall.
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Figure 13. Graph of σ1/ σ1 (0)—tg α dependency (σ1(0)—the main tensile stresses in the zone of door
corner at the coefficient of friction tg α equal to 0).

According to the completed numerical tests, in the case of the rigid connection of the
wall with vertical load-bearing structures of the building (FEM TEST 2), with the increase
of the floor deflection, the main tensile stresses increase only in the zone of contact between
the wall and floor. In the door opening corners, the values of σ1 are insignificant and
practically do not depend on the floor deflection level. In addition, a comparative analysis
of the main stresses in walls with the door opening and full walls was conducted. It was
concluded that with equal values of floor deflection, the main tensile stresses in the zone of
contact with the floor in the wall with door opening were approximately 25% lower than
in the wall without opening. This results from higher flexural rigidity of the wall without
opening and thus its lower ability to adapt to deflection of the floor.

3.3. Experimental Tests in the Facility

Figure 14 presents the graphs of deflection for reinforced concrete floor and vertical
relocations of the bottom edge of the partition wall not connected with cross walls at the
first and last stage of loading (BUILD 1).

Figure 14. Graphs of deflection of the floor and bottom edge of the partition wall not connected with cross walls. (a) Wall at
the first stage of loading and (b) wall at the last stage of loading.
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As it can be concluded from the graphs, as early as the first stage of the floor loading,
a gap appears between the floor and bottom edge of the walls, and the thickness of this
gap increases with the increase of the floor deflection. This is illustrated by dependencies
between maximum vertical relocations of the bottom edge of the walls ua (at the end of the
edge of the vertical door openings) and deflection of the floor u in the middle of its span
shown in Figure 15. During the final stage of loading, the maximum deflection of the floor
exceeded maximum vertical relocations of the bottom edge of the walls by approximately
five times. Vertical relocations of the bottom edge of the partition wall stiffened using cross
walls (BUILD 2) were 1.5–2 times lower than for the wall not connected with cross walls.
The comparison of experimental and theoretical vertical relocations of bottom edges of
the walls indicates that with deflection of the floor in the middle of its span u = 1–5 mm,
the discrepancy in the values of these relocations did not exceed 15%.

Figure 15. Graphs of maximum vertical relocations of the bottom edge of the wall (ua), depending on
maximum deflection of the floor (u).

Distortion of the contact between the floor and bottom edge of the wall starts at the
very beginning of the floor bending. As a result of the loosening of the wall from the
floor, with the increase of its deflections, the length of contact between the wall and floor
decreases. For example, with the floor deflection in the middle of its span of u = 1.0 mm,
the length of its contact with the wall not connected with cross walls was 28 cm, and with
the deflection of u = 6.1 mm, the length of contact decreased down to the value of 9.3 cm.
In the case of the wall rigidly connected with cross walls with the floor deflection of
u = 1.2 mm, the length of contact between the floor and wall was approximately 10 cm,
and with the deflection of u = 5.3 mm, this length was 8 cm. Graphs of the relative length
of the zone of contact between the wall and floor (lcont/L) depending on relative deflection
u/L of the floor are shown in Figure 16.

Any change of the length of contact between the partition wall and floor causes
redistribution of contact stresses. Their concentration occurs in the zones with minimum
floor deflections that are in supporting zones. In these zones, the wall is loaded with
contact stresses causing its local pressing perpendicularly to supporting joints. This can
lead to local crushing of the wall or the occurrence of diagonal cracks in corner areas of
the partition walls. One positive effect of this redistribution is the reduction of bending
moments in the floor from loading caused by partition walls. The local nature of load
transfer from partition walls to floors with distortion of contact between them is not always
included in standard provisions. For instance, according to standard [33], 60% of the
self-weight of the partition wall with door opening are transferred to the floor as a uniform
linear load along the wall length. On the other hand, the remaining 40% are transferred to
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the floor in the form of concentrated forces applied on the section at 1/3 length of the wall
from floor supports to the door opening. In European standards, the load from partition
walls is usually assumed to be linear or surface. These recommendations are contradictory
to the presented results from the completed tests.

Figure 16. Graphs of the relative length of contact between the walls and floor lcont/L, depending on
maximum relative deflection of the floor u/L.

Figure 17 illustrates the dependencies of normal stresses operating in the direction
parallel to the supporting joints on the bottom and top edge of the strip of wall above the
opening on the floor deflection value u. These stresses are defined as a product of Young’s
modulus E and wall deformations ε obtained based on measurements using gauges T13
and T10 (Figure 6).

Figure 17. Graphs of changes in normal stresses on edges of the wall strip above the opening in the
wall not connected with cross walls, depending on the floor deflection u.

Compression of the top edge of the strip and expansion of the bottom one indicates
the eccentric load on the strip in the direction of its length, which was caused by balanced
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spreading forces T occurring on the contact of the wall with the floor. Values of tensile
stresses on the bottom edge of the strip at maximum floor deflections are similar to the
tensile strength of the wall along supporting joints ft,cal = 0.22 MPa (Table 3).

In the case of rigid connection of the partition wall with cross walls, the wall strip
above the opening also acted as eccentrically compressed (Figure 18). The entire cross
section of the strip was compressed, and the value of maximum compressing stresses was
approximately three times lower than in the case of the partition wall not connected with
cross walls (Figure 17). It is connected with the reduction of horizontal deformations of the
wall by vertical structural elements of the building.

Figure 18. Graphs of changes in regular stresses on edges of the wall strip above the opening in the
wall rigidly connected with cross walls, depending on the floor deflection u.

It was established also that near the contact with the floor, expansion of the wall along
supporting joints occurred. In the wall rigidly connected along vertical edges, the values of
expansion deformations were 1.5–2 times lower than in the wall connected freely. In both
cases, stresses caused by these deformations did not exceed the tensile strength of the wall
along supporting joints (ft,cal = 0.22 MPa, according to Table 1). In the wall not connected
with cross walls, using gauges T7, T8, T16, and T17 (Figure 6), expansion deformations of
the wall were recorded along vertical edges of the opening in the direction perpendicular
to supporting joints. Values of these deformations were increasing when the door opening
corners were approached. The most strained areas of the wall are corners of the opening
where maximum tensile stresses operate at an angle of 45◦ to vertical supporting joints.
Dependencies of relative wall deformations ε in this direction recorded using gauges T12
and T15 (Figure 6) on the wall deflections u are shown in Figure 19. In the case of the wall
connected with cross walls, the wall contributed to compression both along vertical edges
of the door opening and at an angle of 45◦ to supporting joints in the zone of its corners.
This results from stiffening of the partition wall with load-bearing cross walls because
in top areas of the partition wall, according to measurements using gauges T1, T2, T22,
and T23 (Figure 6), the wall contributed to expansion along supporting joints, while in
bottom areas, according to gauges T3 and T21, it contributed to compression.

Damage of the partition wall not connected with cross walls took place as a result of
cracking of the wall in the zone of the door opening corners. The wall cracks occurred in
the form and sequence shown in Figure 20.
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Figure 19. The dependency of floor deflection u on the relative deformations ε of the wall at an angle
of 45◦ in corners of the door opening for the wall not connected with cross walls.

Figure 20. Character and sequence of wall cracks on the wall not connected with cross walls;
(1)—horizontal crack; (2)—vertical crack; and (3)—oblique crack.

Horizontal crack (1) appeared in the supporting join, vertical cracks (2) appeared in
vertical joints, and oblique crack (3) had a shape of stairs matching vertical and supporting
joints. The cracks appeared suddenly, with deflection of the floor in the middle of its span
at the value above 6 mm, that is, relative deflection of u/L = 1/958. Crack (2) appeared
with tensile stresses on the bottom edge of the wall strip above the opening σ = 0.18 MPa,
close to the tensile strength of the wall along supporting joints f t,cal = 0.22 MPa (Table 3).
Crack (3) appeared at maximum values of the wall deformation of ε = 2.5 × 10−5, that is,
stress σ = 0.14 MPa comparable with the tensile strength of the wall across supporting
joints f w,obs = 0.16 MPa (Table 5).

As mentioned already, in the wall rigidly connected with cross walls (BUILD 2),
compressive stresses occurred in the area of the opening corners and in the wall strip above
the opening (Figure 16) at all stages of the floor loading. It had a significant effect on the
crack resistance of the wall. At the maximum achieved deflection of the floor u = 12 mm,
that is, at the relative deflection of u/L = 12/5750 = 1/479, no cracks or damage was noticed
in the examined wall.
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3.4. Research Findings and Their Application

On the basis of the FEM TEST 1 numerical analyses, the relationships between the
wall flexural modulus and tensile stresses in the area of the door opening were derived.
It has been confirmed that the use of masonry elements or a mortar with a lower elasticity
coefficient leads to a reduction in the tensile stress value in the corner zone of the door
opening. The derived dependencies allow for the calculation of theoretical stresses for the
given elasticity of the designed partition walls.

The relationship between friction coefficient tg α (between the tested wall and founda-
tion) and the maximum tensile stresses in the area of the door opening has been obtained.
It has been calculated that with the increase of friction coefficient tg α from 0 (no friction) to
1 (rigid connection with the floor), stresses in the zone of the door opening corners decrease
more than five times.

The relationship between the location of the door opening along the wall length and
the value of the maximum tensile stresses in the area above the door opening was derived.
It has been shown that the location of the door opening close to the edge of the wall leads to
an increase in the tensile stress value by 175% compared to the location of the door opening
in the middle of the wall length.

The conducted analyses may have practical application for the calculation of tensile
stresses in non-load-bearing walls made of brick elements with a door opening and in the
design of this type of structure.

Numerical analysis of the wall with rigid connection with vertical structure (FEM TEST
2) indicated that with the increase of the floor deflection, the main tensile stresses increase
only in the zone of contact between the wall and floor. In the door opening corners,
the values of σ1 are insignificant and practically do not depend on the floor deflection level.

On the basis of the experimental tests, it was found that the value of the relative
deflection of the foundation u/L, which led to the cracking of the wall with the door
opening in the middle of the span, freely connected along the vertical edges (BUILD 1),
was 1/958. The BUILD 1 experiment (carried out on a natural scale in a real building)
showed that the deformation of the foundation that is causing cracking of the non-load-
bearing masonry wall was comparable with the results of wall tests on the 1:3 scale carried
out by Pfeffermann [7]. The rigid connection of the vertical edges of the wall with the
building structure performed in the BUILD 2 experiment allowed us to avoid cracking in the
extent of the relative foundation deflection u/L of 1/479. This value allows the avoidance of
cracking of walls erected on foundations with a maximum deflection in the range provided
by all standards referred to in Table 2 [17–24]. Relying on these results, the authors would
suggest to project and perform the masonry partitions with rigid connection along their
vertical edges.

In the future, it is planned to carry out measurements and experiments on the walls
with different masonry elements, different static schemes of the foundation, and varied
patterns of openings in the walls.

Results of the presented research are limited to the analyzed type of materials and
connections of the walls with the structure of the building.

4. Conclusions

The performed tests and analyses allowed for the conclusions presented below.

• The most strained area of masonry partition walls supported on reinforced concrete
floors are corners of door openings together with the strip of wall above them;

• Cracking of the wall in this area occurs mainly as a result of tensile stresses, which ap-
peared, in the case of the lack of rigid connection, between vertical edges of the wall
with adjacent vertical load-bearing structures;

• The appearance of a gap between the bottom edge of the wall and the floor results
in redistribution of load favorable for the floor from the weight of the partition wall,
which concentrates in supporting zones of the floor;
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• In the case of the completed experimental tests, walls made of ceramic brick with the
span of 6 m and vertical edges connected freely with the building structure cracked at
the relative deflection of the floor under the wall, with the value equal to 1/958 of the
floor’s length;

• Deformation of the foundation equal to 1/958 that is causing cracking of the tested
wall BUILD 1 was comparable with the results of wall tests on the 1: 3 scale carried
out by Pfeffermann [7];

• Application of rigid connection along vertical edges of the walls, while maintaining
appropriate expansion joints along both horizontal edges, allowed the avoidance of
cracking of the wall across the entire measuring range. The wall was not damaged at
the floor deflection equal to 1/479 of its length;

• Floor deflection of 1/479 does not exceed the limit deflection values provided in the
standards;

• The measured tensile strength of the tested walls in the horizontal direction was 0.22 MPa;
• Strength value obtained in laboratory tests of the wall samples corresponded to

destructive values measured for the full-scale wall built in the construction site;
• The numerical analyses allowed the determination of dependency between the change

in location of the door opening along the length of the tested walls and tensile stresses
in the zone of its corners;

• It was concluded that the value of the main tensile stresses in the corners of the
opening in walls not connected along vertical edges with the load-bearing structure
of the building depends on the friction coefficient (tg α) between the masonry wall
and the deflecting floor. With the increase of friction coefficient tgα from value 0
(free connection) to 1 (rigid connection in the horizontal direction), the values of
tensile stresses in the zone of the door opening corner decrease by five times;

• The conducted analyses may have practical application for the calculation of tensile
stresses in non-load-bearing walls made of brick elements with a door opening and in
the design of this type of structure.

Author Contributions: Conceptualization, T.K., V.D., and R.N.; methodology, V.D. and T.K.; software,
V.D. and R.N.; validation, T.K., V.D., and R.N.; formal analysis, T.K and V.D.; investigation, T.K. and
V.D.; writing—original draft preparation, T.K., V.D., and R.N.; writing—review and editing, T.K.;
visualization, T.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Drobiec, Ł. Repair of the cracks and reinforcement of the brick walls. In Proceedings of the 30th Conference Structural Designer
Workshop, Szczyrk, Poland, 25–28 March 2015; pp. 324–398. (In Polish).

2. Małyszko, L.; Orłowicz, R. Selected methods of repairing scratched masonry walls. Build. Rev. 2008, 12, 40–46.
3. Production of major construction products in December 2020. European Statistical System, Statistics Poland. Available online:

https://stat.gov.pl/en/topics/industry-construction-fixed-assets/construction/ (accessed on 20 February 2021).
4. Meyerhof, G. Some Recent Foundation Research and its Application to Design. Struct. Eng. 1953, 31, 151–167.
5. Beranek, W. The Prediction of Damage to Masonry Buildings Caused by Subsoil Settlements. Heron 1987, 32, 55–93.
6. Pfeffermann, D. Deformations admissibles dans le batiment. Notes d’Information Technol. 1981, 132, 29.
7. Rolanda, O.G., Jr.; Ramal, H.M.A.; Correa, M.R.S. Experimental and numerical analysis of masonry load-bearing walls subjected

to differential settlements. In Proceedings of the 9th North American Masonry Conference, Clemson, SC, USA, 1–4 June 2003;
pp. 134–145.

8. Loots, J.J.; van Zijl, G.P.A.G. Experimental verification of settlement induced damage to masonry walls. Proceedings of 13th
International Brick and Block Masonry Conference, Amsterdam, The Netherlands, 4–7 July 2004.

170



Materials 2021, 14, 1379

9. Piekarczyk, A. Cracking and Failure Mechanism of Masonry Walls Loaded Vertically and Supported by Deflecting Structural
Member. Proceedings of World Multidisciplinary Civil Engineering-Architecture-Urban Planning Symposium 2018, Prague,
Czech Republic, 18–22 June 2018.

10. Kania, T.; Stawiski, B. Research on crack formation in gypsum partitions with doorway by means of FEM and fracture mechanics.
Proceedings of World Multidisciplinary Civil Engineering-Architecture-Urban Planning Symposium–WMCAUS, Prague, Czech
Republic, 12–16 June 2017.

11. Derkach, V.N. Investigations of the stress-strain state of stone partitions during floor deflection. Ind. Civ. Constr. 2013, 6, 62–66.
12. Brameshuber, W.; Beer, I.; Kang, B.-G. Untersuchungen zur Vermeidung von Rißschäden bei nicht tragenden Trennwänden.

Mauerwerk 2007, 11, 54–62. [CrossRef]
13. Stawiski, B. Masonry Structures. Repairs and Reinforcements; Polcen: Warsaw, Poland, 2014. (In Polish)
14. Dmochowski, G.; Szolomicki, J. Technical and Structural Problems Related to the Interaction between a Deep Excavation and

Adjacent Existing Buildings. Appl. Sci. 2021, 11, 481. [CrossRef]
15. Jasinski, R. Identification of Stress States in Compressed Masonry Walls Using a Non-Destructive Technique (NDT). Materials

2020, 13, 2852. [CrossRef] [PubMed]
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30. Drobiec, Ł.; Jasiński, R.; Mazur, W.; Jonkiel, R. The effect of the strengthening of AAC masonry walls using FRCM system.

Cem. Wapno Beton 2020, 25, 376–389. [CrossRef]
31. Drobiec, Ł.; Jasiński, R.; Mazur, W.; Rybraczyk, T. Numerical Verification of Interaction between Masonry with Precast Reinforced

Lintel Made of AAC and Reinforced Concrete Confining Elements. Appl. Sci. 2020, 10, 5446. [CrossRef]
32. European Committee for Standardization. EN 1052-3 Methods of Test for Masonry-Part 3: Determination of Initial Shear Strength;

European Committee for Standardization: Brussels, Belgium, 2002.
33. Stroyizdat. SNiP 2.08.01-85 Manual for the Design of Residential Buildings. Issue 3: Constructions of Residential Buildings, Dwellings of

the State Committee for Architecture and Construction; Stroyizdat: Moscow, Russia, 1989. (In Russian)

171





materials

Article

The Impact of Water and Road Salt with Anti-Caking Agent on
the Stiffness of Select Mixes Used for the Road Surface

Piotr Mackiewicz * and Eryk Mączka
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Abstract: An original experimental method was used to investigate the influence of water and road
salt with anti-caking agent on the material used in pavement construction layers. This method
allowed for monitoring material changes resulting from the influence of water and road salt with
anti-caking agent over time. The experiment used five different mineral road mixes, which were
soaked separately in water and brine for two time intervals (2 days and 21 days). Then, each sample
of the mix was subjected to tests of the complex module using the four-point bending (4PB-PR)
method. The increase in mass of the soaked samples and the change in value of the stiffness modulus
were analyzed. Exemplary tomographic (X-ray) imaging was performed to confirm the reaction of
the road salt and anti-caking agent (lead agent) with the material. Based on measurements of the
stiffness modulus and absorption, the correlations of the mass change and the value of the stiffness
modulus were determined, which may be useful in estimating the sensitivity of mixes to the use of
winter maintenance agents—e.g., road salt with anti-caking agent (sodium chloride). It was found
that the greatest changes occur for mixes intended for base course layers (mineral cement mix with
foamed asphalt (MCAS) and mineral-cement-emulsion mixes (MCE)) and that the smallest changes
occur for mixes containing highly modified asphalt (HIMA).
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1. Introduction

In winter, the pavement layers are exposed to various environmental factors: heavy
rainfall, snowfall, and rapid temperature change (changing the state of rainwater). Un-
favorable conditions mobilize road services to ensure the safety of traffic on the road by
the use of various chemical agents, in particular, road salt with anti-caking agent (sodium
chloride (NaCl)). Road salt with anti-caking agent is an agent commonly used to remove
snow and ice from roads [1]. The first successful use of salt for de-icing the surface course
took place in the USA on New Hampshire roads in the winter of 1938. Since then, sodium
chloride has been widely used in Northeast Europe and North America [2]. Salt use has
increased significantly since its first use, e.g., to around 20 million tons of salt per year on
roads in North America [3–5].

Brine for winter road maintenance should have a concentration of 20–25%, while
the moistened pavement salt should contain 30% brine (NaCl or CaCl2 solution) with a
concentration of 20–25% and 70% dry NaCl salt [6]. This form is characterized by rapid and
effective melting of ice and snow to a temperature of -9 ◦C [7]. In many European countries,
including Poland, road salt with anti-caking agent is commonly used, which is a mix of
sodium chloride (96% NaCl), calcium chloride (2.5% CaCl2), and 0.2% anti-caking agent
(potassium ferrocyanide (C6FeK4N6)). The additive prevents the formation of lumps of salt
due to improper storage conditions or excessive exposure to moisture and low hygroscopic
properties of the salt.

The influence of salt, although ensuring safety conditions on the pavement, signif-
icantly affects the strength properties of pavement layers. This applies not only to the
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upper surface of the surface course but also to the deeper layers. Rainwater as well as brine
solution, which is mixed with snow or water, reaches the surface and within the road in
various ways:

1. Through surface damage, e.g., fatigue cracks resulting from operation (mainly top-
down)—the mix moves by gravity and is pressed under pressure from vehicle wheels
to the inside of the crack.

2. During reconstruction of the pavement in winter, when vehicle traffic is allowed on
a milled surface course. The solution penetrates directly into the upper part of the
bonding layers or the substructure as a result of pressure and friction from vehicle
wheels.

3. As a result of the inter-layer leakage and poor shape conditions of the ground shoulder.
4. As a result of aerosol dispersion of saline water droplets in the air by passing vehicles

at high speed and settling on other areas of the road, including those that were not
covered with salt.

It is worth mentioning that the action of water and salt, influencing the change in
material strength and material properties, also leads to crucial changes in fatigue life. Salt
is hygroscopic and attracts water. In winter maintenance, the surface is filled with water
saturated with salt. Salt asphalt concrete can hold up to 10 percent extra water, which will
expand upon subsequent freezing, causing additional destruction. In addition, it may have
a negative impact on the environment itself (effects of soil acidification in the vicinity of
the road lane) and cause corrosion of bridges, vehicles, road infrastructure elements, and
roadside green. Despite the fact that the impacts are seasonal, it is assumed that excess and
accumulation of chloride ions in a cyclical manner accelerates degradation of the material
through maintenance.

Freezing and thawing cycles admittedly are a key factor when it comes to damage to
the asphalt pavement in winter. Temperature fluctuations cause the moisture to constantly
freeze and melt. When temperatures are above freezing, melting snow or rainwater seep
into small cracks in the pavement. When re-freezing, it expands and cracks the pavement.
The impact of road salt (mechanisms and chemical reaction between salt and material) and
its influence on the pavement are probably the second key factors; therefore, it cannot be
skipped. It is worth highlighting the sensitivity of the impact: the greater the impact, the
worse the condition of the pavement (various other damages) and the traffic intensity.

2. State of Knowledge Review

The first studies related to the applicability of these maintenance measures for road
surfaces date back to the late 1980s [8]. Susan et al., in their work, tried to develop a
mathematical model describing defrosting of an ice-covered surface course depending on
the location of the agent used, temperature, and its amount. On the basis of the analyses,
the authors indicated that sodium chloride is a cheap and effective means of defrosting
large areas in a short time in relation to the comparable calcium chloride. For several
years since 1987, the simultaneous influence of water and road salt (sodium chloride) on
road mixes has not been dealt with. The widespread availability and action of salt and
the failure to register its negative effects resulted in little interest in this subject. It was
only as a result of severe winters that the attention was refocused on measures supporting
the improvement of road traffic safety in periods of heavy snowfall and frost. In 2002,
Hassan et al. [9] published an article in which, based on the indirect tensile test, various
freeze–thaw cycles, and the share of de-icing agents, they indicated that greater damage
to bituminous materials (both in aggregate and binder) is a result of the action of various
road salts and other agents compared to the action of water alone.

In 2004, Kosior et al. [10] analyzed concrete and concrete with the addition of an
asphalt binder used in road pavements in terms of material resistance to the applied freeze–
thaw cycles with the use of water and, separately, a road salt solution with a concentration
of 3%. The research showed that concrete with the addition of an asphalt binder better
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withstands the destructive activity of salt expressed by mass loss from 16 to 18 times
depending on the cement used.

In the work of [11] in 2008, the authors analyzed various concrete mixes that were
distinguished by different road salt content. It was suggested that, on the basis of the
imaging performed, it can be presumed that chlorides affect the properties of the concrete
mix. A prototype technique was used to detect the presence of chlorides and water in the
layers of the pavement structure, based on wave measurements.

In 2013, Serin et al. [12] published interesting work on the resistance of bitumen mixes
to water and frost without the presence of salt in very cold regions. Attempts have been
made to reflect the in situ conditions by using a different number of freeze–thaw cycles.
Using ultrasound methods, scientists found a significant impact of the change in the state
of water concentration on the tested mineral–asphalt mixes, for which it has been estimated
that the damage to the material can reach up to 35%.

In 2014, Amini et al. analyzed the mass change of fine-grained bitumen mixtures,
taking into account freeze–thaw cycles for an aqueous solution and the presence of various
chemicals (including road salt) [13]. Based on mass changes and Marshall’s research, it was
indicated that the tested bituminous mixtures are very susceptible to water and salt—they
lose from 17 to 52% of their original strength and up to 22% of their original mass. In
the same year, Liu et al. [14] published a paper that analyzed the effect of the brine of
various concentrations (e.g., 3%, 5%, 10%, and 15%) on the stiffness determined in a static
three-point bending test. It has been shown that the use of sodium chloride lowers the
freezing point of water and that chlorides have an unfavorable effect on asphalt concrete,
reducing its strength by up to 50%.

In [15], the authors analyzed the solubility of salt depending on the temperature. It
was found that the solubility stabilizes at 0 ◦C at the concentration level of 35.8%.

In 2016, Hossain et al. [16] measured the thermal condition of various pavements in
winter depending on the type of de-icing agent used (including salt) and different amounts
of snow. Measurements have shown that the salt’s effectiveness is greater on asphalt
concretes than on ordinary concretes. Tsang et al. [17] presented research on porous asphalt
concrete, in which they analyzed various combinations of freeze–thaw cycles with the
participation of water and the salts melted in it: calcium chloride II, magnesium II chloride,
and sodium chloride I—road salt. It has been proven that sodium chloride has the greatest
impact on mass change, and its loss after freeze–thaw cycles can reach up to 41%. It was
indicated that the effects of de-icing agents were not checked in the time perspective, which
is the desired issue.

The results of the experimental method studying the effect of salt (calcium chloride
and its hydrates) on unpaved roads—breakstone and soil surfaces—were developed in
2019 by Almasi et al. [18]. They showed that the use of calcium chloride reduces soil
moisture while reducing the value of the plasticity index by up to 25%. The effect increased
caking of the ground layers and lowered load capacity.

Saltanovsa et al. [19] analyzed the effect of road salt on the efficiency of the method
analyzing changes in the electromagnetic field, which allows for determining the condition
of bituminous pavements (damage monitoring). The experiment in laboratory and in situ
conditions showed that the presence of road salt significantly disrupts the efficiency of
the presented method and decreases its effectiveness. For 1% brine concentration, the
measurement error is 20%, which makes the developed method unsuitable for use.

In 2020, a key work by Gandara et al. [20] was published, in which the authors focused
on the influence of road salt on the properties and parameters of 3 types of bituminous
mix combinations (PA 16—porous asphalt on 50/70 ordinary asphalt and AC16 asphalt
concrete): immersed in a salt solution, as an additive to aggregate and aggregate additive
and soaking in salt. Various salt concentrations of 3.5%, 5%, and 10% were taken into
account, the soaking time was 3 days, and the test temperature was 20 ◦C. The authors
showed that mixes treated with salt as a result of soaking reduce their initial stiffness
modulus (about 6%), but the changes are not as significant as when salted aggregate was
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applied to the composition of the mixture and then soaking was implemented (decrease by
70%). The fatigue life was also assessed, which for samples made of salted aggregate and
soaked in brine decreased by an average of 50%.

A similar topic was analyzed by Zamanillo et al. [21]. The effect of brine with a
percentage concentration of 5% at a temperature of 20 ◦C was investigated during the 2-day
test on the bitumen AC 16 subjected to soaking and freeze–thaw cycles. The Indirect Tension
Strength (ITS) method was used to test the stiffness, and the four-point bending (4PB-PR)
test was used to determine the fatigue life. Moreover, the water and frost resistance test
procedure (ITSR) was used. The research shows that the ITSR index for samples soaked in
salt with samples soaked in water decreased by 1%, that the stiffness modulus decreased
by 5%, and that the fatigue life decreased by about 30%.

The literature review shows that the topic of the influence of salt on the mixtures
used in pavement construction layers is and should be constantly analyzed, if only due to
various new road materials and complex conditions of impact. However, current studies
mostly focus on the study of water and frost activities (freeze–thaw cycles) and their mutual
correlation. There is a lack of water and de-icing agents’ analysis, which refers to, e.g., rain
influence, or humid or chemical aggression. The vast majority of items mentioned define
the results of tests carried out on typical asphalt mixtures. The conditions for the impact of
de-icing agents and various levels of brine concentrations (especially those that may occur
in the winter after intensive salting of the pavement, e.g., 20%) were not analyzed. No
correlation was sought for their influence on the mechanical parameters of the mixtures—
the stiffness modulus determined, e.g., by the 4PB-PR method (which reflects well the
behavior of pavement layers under load). Different combinations of temperature soaking
and solution flow simulation were also not used.

The aim of this article is to show, on the basis of experimental studies, the sensitivity
of the action of water and road salt to the stiffness of various asphalt mixtures in the long
term. Environmental variables simulating in situ conditions were used. In the evaluation
of material changes in mixes, the change in sample mass and the change in the stiffness
modulus were analyzed. Using the X-ray tomographic method, the extent of material
destruction is shown.

3. Materials and Methods

Three specific type of mixes for top asphalt pavement layers and two mixes for base
coarse using recycle asphalt milling and, additionally, an innovative hydraulic binder
were prepared for the experiment. This binder consisted of 40% CEM I 32.5R cement, 20%
hydrated lime (Ca(OH)2), and mainly 40% dusty cement byproducts. Mixes containing this
binder have been optimized for composition and material properties in previous research
work [22–25]. Table 1 presents the detailed compositions of the analyzed mixes.

Mixes formed for prismatic beams with dimensions of 60 mm × 50 mm × 380 mm
were placed in a closed container with a maximum capacity of 130 L. Inside the container,
on its walls, was placed four independent pumps resistant to road salt with an anti-caking
agent with an average pumping capacity of 7500 L/h, forcing steady circulation of the
solution. The introduction of these devices was aimed at two aspects:

1. The brine concentration must be constant and well-distributed everywhere in the
container (no local concentration points).

2. Forced circulation causes cyclical pressure of the solution on the material—an approx-
imation of in situ conditions, in which the vehicle wheel “forces” the mixture under
pressure into the road material.

Water- and salt-resistant sensors for temperature measurement were installed at five
locations in the container near the bottom, which allowed us to track the changes in
temperature during the test and when a fixed amount of road salt with an anti-caking agent
was added to the water. The entire set was placed in the thermal chamber. The container
was filled with water in such a way to know its quantity, density at the test temperature,
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and that the soaked samples were immersed to a depth of about 18 cm. The scheme of the
test stand at the stage of soaking the samples is shown in Figures 1 and 2.

Table 1. Road mixes used in experiment.

Mix Bond Material

AC11S

Asphalt D50/70: 5.90%
Amfibolit 8/11: 32.40%
Amfibolit 5/8: 10.50%
Sjenit 2/5: 13.80%
Sjenit 0/2: 31.20%
0/1 milled stone extender: 6.20%
Porosity: 3.70%

AC22WMS (Pmb)

Asphalt 25/55-60: 4.98%
16/22 gabbro grit: 28.50%
11/16 gabbro grit: 9.50%
8/11 gabbro grit: 8.55%
4/8 gabbro grit: 8.55%
2/5 gabbro grit: 15.20%
0/2 gabbro crushed sand: 17.10%
0/1 milled stone extender: 7.60%
Porosity: 2.38%

AC22WMS (HIMA)

Asphalt 25/55-80 HIMA: 4.98%
16/22 gabbro grit: 28.50%
11/16 gabbro grit: 9.50%
8/11 gabbro grit: 8.55%
4/8 gabbro grit: 8.55%
2/5 gabbro grit: 15.20%
0/2 gabbro crushed sand: 17.10%
0/1 milled stone extender: 7.60%
Porosity: 2.97%

MCAS

Asphalt destruct 0/10: 37.6%
Natural ginning aggregate 0/2: 9.4%
Crushed ginning aggregate 0/31.5: 47%
Foamed asphalt 70/100: 3%
Hydraulic binder: 3% (40% CEM cement I 32,5R, 20% hydrated
lime (Ca(OH)2, 40% dusty cement byproducts)
Porosity: 13.21%

MCE

Asphalt destruct 0/10: 34.4%
Natural ginning aggregate 0/2: 8.6%
Crushed ginning aggregate 0/31.5: 43%
Asphalt emulsion 60/40: 5%
Hydraulic binder: 3% (40% CEM cement I 32,5R, 20% hydrated
lime (Ca(OH)2, 40% dusty cement byproducts)
Water: 6%
Porosity: 14.02%
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Figure 1. Experiment idea diagram.

Figure 2. Fully armed container prepared to experiment.

Of the nine specimens prepared for this study (for each type of mix), four were
assigned to soaking in water and five were assigned to soaking in brine (target brine
percentage concentration of the saline solution was 20%). The temperature at which the
samples were soaked was 10.0 ± 0.2 ◦C. Samples of all mixes were accurately weighed
prior to soaking. Then, each sample of a given mixture was subjected to tests of the complex
module using the 4PB-PR method according to [26] at a temperature of 10.0 ◦C. The mixes
were then soaked at two-time intervals (2 days and 21 days). The changes in mass and the
stiffness modulus were analyzed. The mass measurements of the samples were performed
according to the procedure described in [27]. Figure 3 shows the test stand for testing the
stiffness modulus.
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Figure 3. Testing machine and first sample series.

The principles adopted in the research method were established on the basis of phe-
nomenon occurring in the winter and basic technological practices used in Poland. The
equivalent temperature of 10 ◦C was adopted for the design of pavement layers using
catalogue methods, e.g., [28,29], and was used in the stiffness test of most mixes [26]. The
applied percentage of 20% brine was a compromise between saturated and unsaturated
solutions. In fact, in winter, there is never a situation where we get saturation or supersatu-
ration of the solution. This would be the case with a thin layer of snow/ice and too frequent
road salt with an anti-caking agent. The task of water pumps with a flow of 7500 L/h was
to simulate the interaction of variable snow/ice–salt environmental conditions related to
the interaction of vehicle wheels.

The last part of the research was to visualize the behavior of the material after soaking
in brine on one selected mix and to show the salt concentration on the surface of the
material. For this purpose, observations were made in computed tomography using X-ray
radiation.

4. Results

4.1. Preliminary Research

In the field of preliminary examination (taking into account the variability of the
concentration of the salt solution on the pavement), the change in water temperature with
the change in salt concentration by 10% and 20% was analyzed.

Sample masses (ms, g) were calculated on the basis of the solution concentration (Cp,
%) and the mass of water (mw, g) according to dependency (1):

ms =
Cp·mw

100% − Cp
[g] (1)
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The calculations and measured values are shown in Table 2, while the graph of
monitored values is shown in Figure 4.

Table 2. Brine data and measured temperature variability.

Brine Temperature Shock

Step
Temperature

(◦C)
Total Water

Mass, mw (g)

Percentage
Concentration (Target

Value), Cp (%)

Total Mass of Gritting
Salt with Anti-caking

Agent, ms (g)
Time (s)

Temperature
Noticed (◦C)

1 10.0 96,534.9 10.0% 10,726.1

0 10.0
60 9.5
120 9.3
180 9.2
240 9.2

2 10.0 96,534.9 20.0% 24,133.7

480 9.3
560 8.8
640 8.6
720 8.5
800 8.5
1040 8.5
1200 8.6
2400 8.6
4800 8.9
5400 8.9
7200 9.3
9000 9.5

10,800 9.7
12,600 10.0

Figure 4. Temperature variability via adding road salt.

The measurements show that, at the peak moment of saturation (for Cp = 10%), the
temperature dropped by about 1.5 ◦C. For an increased concentration of 20%, temperature
stability took place for approximately 12,600 s. Thanks to these preliminary examinations,
the period needed to soak the samples in brine in order to obtain the thermal state of
equilibrium and to maintain the consistency of the results of all tested mixes.

It should be mentioned that each of the prepared mixtures was soaked first in water
only and then in the brine solution. This procedure was to simulate the initial impact of
wet snow/ice, and then the conditions after the salt was spilt on the pavement.

4.2. Results for AC11S

First, the AC11S mix containing 50/70 plain soft asphalt was analyzed. Before soaking,
all samples were weighed and their initial stiffness was determined, and then the selected
samples were soaked in water and brine. The results of the mass measurement related to
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absorption of the solution and the relative changes are presented in Table 3. Figure 5 shows
the comprehensive results of the mass change for AC11S.

Table 3. Mass variability of AC11S via soaking in water and brine.

Specimen Index

Mass Mass Change

Dry Specimen Water Soaked Brine Soaked Water Soaked Brine Soaked

Initial State 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days

(g) (g) (g) (g) (g) (g) (g) (g) (g)

1 3000.1 3006.1 3010.1 6.0 10.0
2 2886.2 2892.3 2896.1 6.1 9.9
3 2954.4 2960.5 2964.6 6.1 10.2
4 2926.7 2934.9 2938.5 8.2 11.8
5 2963.0 2974.3 2981.2 11.3 18.2
6 2855.8 2864.6 2871.1 8.8 15.3
7 2944.2 2953.2 2960.5 9.0 16.3
8 2879.3 2889.1 2896.1 9.8 16.8
9 2997.4 3007.7 3013.8 10.3 16.4

Average 2934.1 2948.5 2952.3 2937.8 2944.5 6.60 10.48 9.84 16.60

Standard
deviation 48.5 41.2 41.4 53.3 53.2 0.9 0.8 0.9 0.9

The coefficient of
variation (%) 1.65% 1.40% 1.40% 1.81% 1.81% 14.01% 7.38% 9.24% 5.66%

Figure 5. AC11S mix mass variability.

On the basis of the performed measurements, it should be concluded that the tested
samples of the mixture are homogeneous—the dry mass variation index is less than 2%.
Water absorption in the samples after two days of soaking is on average 6.6 g, while in
brine, it is 9.84 g. The difference between the mass soaked in water and the mass soaked in
brine (after 21 days) is 6.12 g. This is the average amount of salt deposited on the surface
and in deeper areas of the samples. It should be noted that the salt enters the pores and
reacts with the material, affecting its stiffness modulus. In a further part of this work, the
change in the stiffness modulus for samples in a dry state after soaking in water and brine
at two-time intervals (2 and 21 days) was analyzed. The results are presented in Table 4
and Figure 6.
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Table 4. AC11S mix stiffness variation via water and brine soaking.

Specimen Index

Stiffness Stiffness Change

Dry Specimen Water Soaked Brine Soaked Water Soaked Brine Soaked

Initial State 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

1 11,270 10,987 10,604 283 666
2 10,659 10,478 10,241 181 418
3 10,962 10,682 10,365 280 597
4 10,798 10,556 10,122 242 676
5 11,120 10,113 8369 1007 2751
6 11,003 10,267 8255 736 2748
7 10,781 9807 7831 974 2950
8 10,638 9635 7837 1003 2801
9 11,001 10,148 8325 853 2676

Average 10,914.7 10,675.8 9994.0 10,333.0 8123.4 246.5 589.3 914.6 2785.2

Standard
deviation 199.8 193.9 235.1 178.5 239.1 41.1 103.4 105.4 91.5

The coefficient of
variation (%) 1.83% 1.82% 2.35% 1.73% 2.94% 16.68% 17.56% 11.53% 3.29%

Figure 6. AC11S mix stiffness variation via water and brine soaking.

The tests of the dry batch showed that the samples had similar values of the stiffness
modulus, on average 10,915 MPa. After soaking the samples in water, a slight decrease in
the modulus was observed both after 2 days and 21 days. Ultimately, the stiffness modulus
changed by an average of about 590 MPa after the full test period (which is about 5.4% of
the initial value). The brine soaking compared to the water treatment showed a clear and
significant change in the initial stiffness modulus. Its value dropped by 915 MPa (about
8.4%) after 2 days, and after 21 days it dropped by as much as 2785 MPa (about 26%)
compared to the initial value.

4.3. Results for AC WMS 22 (Pmb 25/55-60)

Another tested mix was the high modulus AC 22 WMS mix made on the common
modified asphalt Pmb 25/55-60. The material is commonly used for the bonding layer and
for the framework subjected to heavy and very heavy movement.

As part of the experiment, nine prismatic specimens were also prepared. Then, the
research material was selected—a part (four bars) was intended for soaking in water, and
a part (five bars) was intended for brine at a fixed concentration. The developed results
related to mass changes as a result of the interaction between water and salt are presented
in Table 5 and presented in Figure 7.
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Table 5. Mass variability of AC 22 WMS(Pmb) via soaking in water and brine.

Specimen Index

Mass Mass Change

Dry Specimen Water Soaked Brine Soaked Water Soaked Brine Soaked

Initial State 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days

(g) (g) (g) (g) (g) (g) (g) (g) (g)

1 2911.2 2915.8 2919.5 4.6 8.3
2 2910.2 2916.0 2920.3 5.8 10.1
3 2907.6 2911.8 2914.8 4.2 7.2
4 2983.6 2989.0 2993.4 5.4 9.8
5 2919.4 2929.0 2936.9 9.6 17.5
6 2898.0 2907.8 2917.1 9.8 19.1
7 2928.6 2939.2 2948.9 10.6 20.3
8 2908.8 2919.6 2929.7 10.8 20.9
9 2969.4 2979.7 2988.7 10.3 19.3

Average 2926.3 2933.2 2937.0 2935.1 2944.3 5.00 8.85 10.22 19.42

Standard
deviation 28.2 32.3 32.6 24.6 24.5 0.6 1.2 0.5 1.2

The coefficient of
variation (%) 0.96% 1.10% 1.11% 0.84% 0.83% 12.65% 13.24% 4.48% 5.99%

Figure 7. ACWMS22(Pmb) mix mass variability.

The mass change as a result of water absorption after two days of soaking is on average
5.0 g and that for brine is 10.22 g. The mass of the deposited salt after 2 days is 5.22 g, and
after 21 days, it is 10.57 g. The change in the stiffness modulus is presented in Table 6 and
Figure 8.

Figure 8. ACWMS22(Pmb) mix stiffness variation via water and brine soaking.
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Table 6. AC22WMS(Pmb) mix stiffness variation via water and brine soaking.

Specimen Index

Stiffness Stiffness Change

Dry Specimen Water Soaked Brine Soaked Water Soaked Brine Soaked

Initial State 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

1 13,857 13,690 13,515 167 342
2 14,015 13,899 13,629 116 386
3 13,398 13,246 12,978 152 420
4 13,431 13,332 13,132 99 299
5 12,712 12,201 8927 511 3785
6 12,759 12,230 8975 529 3784
7 12,209 11,837 8336 372 3873
8 12,715 12,265 8944 450 3771
9 12,911 12,424 9245 487 3666

Average 13,111.9 13,541.8 12,191.4 13,313.5 8885.4 133.5 361.8 469.8 3775.8

Standard
deviation 562.9 265.1 193.2 267.2 298.1 27.2 45.6 55.6 65.8

The coefficient of
variation (%) 4.29% 1.96% 1.59% 2.01% 3.36% 20.38% 12.60% 11.83% 1.74%

As for the previous mix, after soaking in water only, a slight decrease in the stiffness
modulus was observed both after 2 days (134 MPa) and 21 days (362 MPa). The mix,
therefore, appears to be water-resistant. The brine-soaked treatment compared to the
water treatment showed a clear and significant change in the stiffness modulus. Its value
decreased by 470 MPa (about 3.7%) after 2 days, and after 21 days, it decreased by as much
as 3776 MPa (about 30%) compared to the initial value.

4.4. Results for ACWMS 22 (Pmb 25/55-80 HIMA)

The AC 22 WMS mix was made of highly modified asphalt Pmb 25/55-80 highly mod-
ified asphalt (HIMA), which is characterized by both high fatigue strength and resistance
to permanent deformation. The composition and raw material of the ACWMS 22 (HIMA)
mineral mix are identical compared to the previously discussed ACWMS 22 (Pmb) mix.
The only difference is the type of asphalt binder used. The developed results related to
absorption of the solution after 2 and 21 days are presented in Table 7 and Figure 9.

Table 7. Mass variability of AC 22 WMS(HIMA) via soaking in water and brine.

Specimen Index

Mass Mass Change

Dry Specimen Water Soaked Brine Soaked Water Soaked Brine Soaked

Initial State 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days

(g) (g) (g) (g) (g) (g) (g) (g) (g)

1 3068.8 3079.8 3088.7 11.0 19.9
2 3040.8 3049.8 3056.9 9.0 16.1
3 3044.2 3052.2 3058.4 8.0 14.2
4 3013.0 3021.8 3028.8 8.8 15.8
5 3031.4 3049.0 3063.3 17.6 31.9
6 3023.0 3037.2 3048.7 14.2 25.7
7 2998.8 3013.4 3025.2 14.6 26.4
8 3033.0 3049.9 3063.6 16.9 30.6
9 2998.4 3013.6 3025.3 15.2 26.9

Average 3027.9 3050.9 3058.2 3032.6 3045.2 9.20 16.53 15.70 28.30

Standard deviation 21.4 20.5 21.2 16.2 17.2 1.1 2.1 1.3 2.5

The coefficient of
variation (%) 0.71% 0.67% 0.69% 0.54% 0.56% 12.01% 12.59% 8.43% 8.67%
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Figure 9. ACWMS22(HIMA) mix mass variability.

The mass change as a result of water absorption after two days of soaking is on average
9.2 g, and that for brine is 15.7 g. The mass of the deposited salt after 2 days is 6.5 g, and
after 21 days, it is 11.8 g. This is a greater value than for the AC11S and ACWMS 22 mix
(Pmb). The change in the stiffness modulus is presented in Table 8 and Figure 10.

Table 8. AC22WMS(HIMA) mix stiffness variation via water and brine soaking.

Specimen Index

Stiffness Stiffness Change

Dry Specimen Water Soaked Brine Soaked Water Soaked Brine Soaked

Initial State 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

1 10,875 10,782 10,612 93 263
2 12,047 11,961 11,689 86 358
3 11,885 11,821 11,521 64 364
4 10,834 10,759 10,593 75 241
5 11,365 10,897 9864 468 1501
6 11,340 10,985 9711 355 1629
7 11,508 11,051 9963 457 1545
8 11,253 10,851 9526 402 1727
9 12,233 11,817 10,654 416 1579

Average 11,482.2 11,330.8 11,120.2 11,103.8 9943.6 79.5 306.5 419.6 1596.2

Standard deviation 462.0 562.5 355.2 504.8 384.7 11.0 55.1 40.6 77.7

The coefficient of
variation (%) 4.02% 4.96% 3.19% 4.55% 3.87% 13.85% 17.97% 9.67% 4.87%

Figure 10. ACWMS22(HIMA) mix stiffness variation via water and brine soaking.
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After soaking in water only, a slight decrease in stiffness modulus was also observed
after both 2 days (80 MPa) and 21 days (307 MPa). Brine treatment compared to water
treatment again showed a clear and significant change in the stiffness modulus. Its value
dropped by 420 MPa (about 3.6%) after 2 days, and after 21 days, it dropped by 1596 MPa
(about 14%) compared to the initial value.

4.5. Results for MCAS

The mineral cement mix with foamed asphalt (MCAS) mixture, intended mainly for
base course layers, showed large changes in the mass of samples soaked in water and brine
(Table 9 and Figure 11).

Table 9. Mass variability of MCAS via soaking in water and brine.

Specimen Index

Mass Mass Change

Dry Specimen Water Soaked Brine Soaked Water Soaked Brine Soaked

Initial State 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days

(g) (g) (g) (g) (g) (g) (g) (g) (g)

1 2366.2 2415.4 2455.3 49.2 89.1
2 2458.6 2506.0 2543.4 47.4 84.8
3 2353.4 2402.0 2439.9 48.6 86.5
4 2435.2 2478.0 2512.2 42.8 77.0
5 2427.2 2587.0 2716.4 159.8 289.2
6 2546.8 2671.2 2772.0 124.4 225.2
7 2470.4 2608.0 2719.5 137.6 249.1
8 2543.8 2666.4 2765.7 122.6 221.9
9 2399.1 2534.2 2638.2 135.1 239.1

Average 2444.5 2450.4 2487.7 2613.4 2722.4 47.00 84.36 135.90 244.90

Standard deviation 65.0 43.1 42.0 51.3 47.9 2.5 4.5 13.3 24.2

The coefficient of
variation (%) 2.66% 1.76% 1.69% 1.96% 1.76% 5.34% 5.32% 9.78% 9.89%

Figure 11. MCAS mix mass variability.

The mass change as a result of water absorption after two days of soaking is on
average 47 g, and that for brine is 135.9 g. The mass of the deposited salt after 2 days is
88.9 g, and after 21 days, it is 160.54 g. There is a significant influence from the different
structures of this mix related to greater porosity. In the following part, the change in the
stiffness modulus is analyzed. The results are presented in Table 10 and Figure 12.
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Table 10. MCAS mix stiffness variation via water and brine soaking.

Specimen Index

Stiffness Stiffness Change

Dry Specimen Water Soaked Brine Soaked Water Soaked Brine Soaked

Initial State 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

1 5312 5098 4469 214 843
2 5417 5236 4782 181 635
3 4999 4754 4275 245 724
4 5799 5568 4976 231 823
5 4860 4321 2250 539 2610
6 5054 4596 2139 458 2915
7 5048 4612 2085 436 2963
8 5801 5245 2977 556 2824
9 5103 4659 2514 444 2589

Average 5265.9 5164.0 4686.6 4625.5 2393.0 217.8 756.3 486.6 2780.2

Standard deviation 325.0 291.9 303.3 271.4 327.3 23.9 83.3 50.5 154.3

The coefficient of
variation (%) 6.17% 5.65% 6.47% 5.87% 13.68% 10.97% 11.01% 10.38% 5.55%

Figure 12. MCAS mix stiffness variation via water and brine soaking.

After soaking in water alone, a greater decrease (than for the previous mixes) of the
modulus is also observed after both 2 days (218 MPa) and 21 days (756 MPa). The brine
treatment compared to the water treatment again showed a clear and significant change in
the stiffness modulus. Its value dropped by 487 MPa (about 9.4%) after 2 days, and after
21 days, it dropped by 2780 MPa (about 54%) compared to the initial value.

4.6. Results for MCE

The mineral-cement-emulsion (MCE) mix is also intended for base course layers and
shows large changes in the mass of the samples soaked in water and brine (Table 11 and
Figure 13).

The mass change due to the absorption of water after two days of soaking is on
average 20 g, and that for brine is 26.72 g (about half as much as for MCAS). The mass of
the deposited salt after 2 days is 6.92 g, and after 21 days, it is 12.6 g. A slightly smaller
influence of the less porous structure of the mix is visible.

The change in the stiffness modulus was further analyzed. The results are presented
in Table 12 and Figure 14.
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Table 11. Mass variability of MCE via soaking in water and brine.

Specimen Index

Mass Mass Change

Dry Specimen Water Soaked Brine Soaked Water Soaked Brine Soaked

Initial State 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days

(g) (g) (g) (g) (g) (g) (g) (g) (g)

1 2486.4 2504.0 2518.3 17.6 31.9
2 2450.6 2469.2 2483.9 18.6 33.3
3 2621.0 2643.2 2660.5 22.2 39.5
4 2511.6 2532.4 2549.0 20.8 37.4
5 2528.4 2556.8 2579.8 28.4 51.4
6 2497.4 2523.8 2545.2 26.4 47.8
7 2620.2 2643.4 2662.2 23.2 42.0
8 2637.6 2664.4 2686.1 26.8 48.5
9 2498.8 2527.6 2549.8 28.8 51.0

Average 2539.1 2537.2 2552.9 2583.2 2604.6 19.80 35.53 26.72 48.13

Standard deviation 64.8 65.2 66.3 59.2 58.5 1.8 3.1 2.0 3.4

The coefficient of
variation (%) 2.55% 2.57% 2.60% 2.29% 2.25% 9.12% 8.68% 7.42% 7.00%

Figure 13. MCE mix mass variability.

Table 12. MCE mix stiffness variation via water and brine soaking.

Specimen Index

Stiffness Stiffness Change

Dry Specimen Water Soaked Brine Soaked Water Soaked Brine Soaked

Initial State 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days 2 Days 21 Days

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

1 4301 4150 3899 151 402
2 4018 3869 3587 149 431
3 4258 4132 3854 126 404
4 4328 4171 3836 157 492
5 4125 3774 2597 351 1529
6 3986 3620 2509 366 1477
7 4424 3901 2594 523 1831
8 3899 3348 2171 551 1729
9 4222 3814 2694 408 1528

Average 4173.4 4080.5 3691.4 3794.0 2512.7 145.8 432.3 439.8 1618.5

Standard deviation 166.5 122.9 194.3 121.7 180.9 11.8 36.3 82.0 136.6

The coefficient of
variation (%) 3.99% 3.01% 5.26% 3.21% 7.20% 8.08% 8.41% 18.65% 8.44%
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Figure 14. MCE mix stiffness variation via water and brine soaking.

After soaking in water alone, about half the decrease (compared to MCAS) in the
module was observed after both 2 days (146 MPa) and 21 days (432 MPa). Brine soaked
maintenance, compared to water, showed a change in the stiffness modulus by 440 MPa
(about 11%) after 2 days, and after 21 days, it decreased by 1619 MPa (about 39%) compared
to the initial value.

It can therefore be concluded that road salt with an anti-caking agent significantly
weakened the tested mixes by lowering the stiffness modulus. This observation proves
that the action of water and brine leads to uniform destruction of the material. It depends
on the composition of the mixtures and their structure. Later in this article, the results for
all tested mixtures were collected and compared.

4.7. Tomography Imaging Salt in a Selected Mix

The results of the research, and in particular the mass changes, confirm that salt has
a destructive effect and penetrates the structure of the mixes. As part of a further part of
the analysis, imaging using computed tomography was performed to analyze the depth at
which salt is deposited and how it reacts with it while reducing its strength parameters.

Computed tomography scanning was performed on a sample of the AC11S mix that
was soaked in saline for 21 days. After data preparation and data acquisition, two key shots
of the x-rayed material were taken—shown in 3 planes at the very edge of the material
and shown in 3 planes passing through the center of the material. Analyzing the results,
4 color ranges were selected, which directly define the variable structure of the x-rayed
material. Orange is the color of the mineral mix, white is the asphalt binder, and purple
is the material degraded by road salt with anti-caking agent. Black means air voids. The
test machine used together with the sample is presented in Figure 15, while the views
discussed are presented in Figures 16 and 17, which show, respectively, the side, front, and
top sections of the exposed sample.

The main salt clusters are on the surface of the X-rayed element at a maximum depth
of 2.7 mm. The volumetric analysis with the use of tomographic imaging showed that, for
the AC11S mix, about 5.51% of the material was degraded by the effect of salt. It is worth
recalling that, for this mix, after 21 days of soaking in brine, about 6.12 g of salt deposited
on the surface and in deeper areas of the sample. At a later stage of this work, the authors
will conduct research for other mixtures in order to determine the correlation between
mass changes and the volume of material destruction.
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Figure 15. Computed tomography and mounted specimen.

Figure 16. Edge specimen view.

Figure 17. Middle specimen view.

5. Discussion

In terms of the impact of changes in the interaction of road salt with anti-caking agent
and water, five different road mixes used in the pavement were analyzed.

High Modulus Asphalt Concrete (HMAC) mixes were used in the article contain
polymer modified asphalt—Pmb 25/55-60 and 25/55-80 (HIMA). Due to modification in
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the asphalt matrix, which contains different amounts of SBS polymer, the required stiffness
modulus for typical HMAC mixes (with common asphalt like 20/30) used in the binder
course—14,000 MPa—or base course—11,000 MPa—is difficult to reach or to be attained.
It is caused by the internal properties of the binder that lead the material to being more
flexible. Nowadays, it is a general problem for producers, distributors, and scientists
because the admission of Pmb and HIMA binder’s usage into HMAC mixes creates a
problem related to the required value of stiffness modulus in some regulations [30]. In this
article, the stiffness modulus value for AC22WMS with common Pmb 25/55-60 samples
reaches or is close to 14,000 MPa and that for AC22WMS with HIMA asphalt (25/55-80) is
close to 12,000 MPa.

In this order (before the mixtures were tested), it was examined how road salt affected
the temperature change. Water as a liquid is a set of water molecules that are mutually
arranged in relation to each other and are connected with each other by hydrogen bonds.
A chemical reaction takes place when salt is added to the water. The hydrogen bonds are
broken, and the water molecule is arranged with appropriate charges against the dissolved
sodium Na+ cation and the Cl− chloride anion. The observations from the experiment
confirm (Figure 4) that, after adding road salt (e.g., sprinkling an iced surface with salt),
the system needs external energy for the entire dissolution process to take place—an
endothermic reaction takes place (the reaction enthalpy changes). When heat is “taken”
from the existing state—the temperature drops (for road materials, this situation introduces
a risky shrinkage that activates the cracking process occurring as a result of energy changes
in the system). The effect of lowering the temperature (using heat for the reaction) is to
lower the freezing point of water. However, it should be remembered that the entire process
is temporary—after dissolving the salt, the temperature of the system stabilizes.

High reproducibility of the results was found, obtaining similar results for samples
of the same material. Figure 18 shows the percentage change in the value of the stiffness
modulus for the tested mixtures under various conditions (soaking in water and salt after
2 and 21 days). It was found that the greatest changes occur for the base course mixtures:
MCAS and MCE, which after 21 days reach 54% and 39%, respectively. The mixture of
the high stiffness modulus with the highly modified asphalt AC22WMS (HIMA) showed
the lowest sensitivity to salt. It should be noted that the effect of water itself also has a
destructive effect on the mixtures and reduces the modulus value from 2% to 14%.

Figure 18. Results of the percentage changes in the stiffness modulus for different mixes over time.

Figure 19 shows the absolute stiffness modulus value changes. The largest change in
the value of the module was found for the 21st day of brine soaking. It is about three to
four times greater than for two days of soaking in water. The greatest change was achieved
for the AC22WMS (Pmb), AC11S, and MCAS mixes.
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Figure 19. Stiffness modulus change results for various mixes.

By analyzing the absorption of water and brine for various mixes, it can be concluded
that the mixes of MCAS and MCE show high absorption of water and salt solutions. Their
mass changes are 9.9% and 1.9%, respectively. Although they are intended for the base
course layers, in the absence of full adhesion of the layers and significant surface damage
to the upper layers (cracks, potholes), they will not be resistant to salt treatments in winter
maintenance.

The other mixes are also characterized by a lower degree of absorption (up to 1%), but
they constitute the upper layers of the pavement and the degradation process for them will
be equally intense and dangerous.

The effect of water and salt on mixtures is reflected in the reduction in the value of the
stiffness modulus; therefore, for soaked mixtures, correlations between modulus change
and mass change as a result of soaking phenomenon were developed (Figure 20).

Figure 20. Correlations between modulus change and mass change as a result of the soaking phenomenon for various mixes.

On the basis of the obtained dependencies, it is possible to estimate the change in
the value of the stiffness modulus on the basis of the mass change associated with the
absorption of the salt solution. It should be noted that mixes AC11S and AC22WMS (Pmb)
have similar dependencies.

6. Conclusions

Our analyses showed that brine has a fundamental impact on changes in the mechani-
cal properties of road materials. It causes an increase in mass and a change in the stiffness
modulus. We found that a chemical reaction that occurs when road salt is added to water
causes a temporary temperature fall. Probably the shrinkage during this reaction could
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accelerate material degradation (including aging) or could modify material rheological
properties. However, it should be confirmed by other separate research.

The image recorded in tomography allows for indicating the extent of the impact of the
salt solution and for determining the area of material degradation. The X-ray method can
be effective in assessing the quality and, consequently, the durability of materials exposed
to the effects of road salts. Changes in the structure are directly related to changes in the
stiffness modulus. Salt depositing on the surface and reacting with the asphalt weakens
the original material, which can cause reduced fatigue life.

We found that the greatest changes occurred for mixes intended for the base layers:
MCAS and MCE. Modules changed after 21 days to 54% and 39%, respectively. Among the
five tested mixes, the mix characterized by high stiffness modulus with highly modified
asphalt AC22WMS (HIMA) showed the lowest sensitivity to salt. Therefore, it is necessary
to recognize the properties of highly modified asphalt, thanks to which the WMS mix is
able to withstand the salt solution well.

The determined correlations between mass change and changes in the value of the
stiffness modulus may be useful in estimating the sensitivity of mixes to the application of
winter maintenance treatments with road salt. Water with salt will penetrate the structure
of mixtures intended for upper layers and substructures as well as in damaged and strongly
cracked wear layers. It can cause a change in the value of modules and deterioration of
durability. It is therefore important to pay attention to the tightness and state of damage
of the pavement layers before using large amounts of salt in winter maintenance of road
surfaces. For salt concentrations of 10–20%, significant changes in asphalt mixes and,
consequently, in the pavement durability should be expected. Fatigue analyses will be the
subject of further work by the authors.
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Flexible and Semi-Rigid Pavement; GDDKiA: Warsaw, Poland, 2014. (In Polish)
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Abstract: This manuscript deals with a complex analysis of acoustic emission signals that were
recorded during freeze-thaw cycles in test specimens produced from air-entrained concrete. An
assessment of the resistance of concrete to the effects of freezing and thawing was conducted on the
basis of a signal analysis. Since the experiment simulated testing of concrete in a structure, a concrete
block with the height of 2.4 m and width of 1.8 m was produced to represent a real structure. When
the age of the concrete was two months, samples were obtained from the block by core drilling and
were subsequently used to produce test specimens. Testing of freeze-thaw resistance of concrete
employed both destructive and non-destructive methods including the measurement of acoustic
emission, which took place directly during the freeze-thaw cycles. The recorded acoustic emission
signals were then meticulously analysed. The aim of the conducted experiments was to verify
whether measurement using the acoustic emission method during Freeze-thaw (F-T) cycles are more
sensitive to the degree of damage of concrete than the more commonly employed construction testing
methods. The results clearly demonstrate that the acoustic emission method can reveal changes (e.g.,
minor cracks) in the internal structure of concrete, unlike other commonly used methods. The analysis
of the acoustic emission signals using a fast Fourier transform revealed a significant shift of the
dominant frequency towards lower values when the concrete was subjected to freeze-thaw cycling.

Keywords: acoustic emission method; freeze-thaw cycles; concrete; signal analysis; short-time
Fourier transform; fast Fourier transform

1. Introduction

Concrete has been used in construction practically since the discovery of cement.
During their service life, concrete elements are exposed to various degradation factors, such
as mechanical and chemical influences, rapid temperature changes, etc. The knowledge of
the influence of temperature changes on the quality of concrete during its service life is
crucial both from the scientific point of view and in particular from the point of view of
practical application in construction. In addition to the degrading impacts of very high
temperatures, the alternation of positive and negative temperatures is one of the most
destructive operating factors for a number of concrete products [1,2]. Freeze-thaw (F-T)
cycles may adversely, as well as very quickly affect the durability of concrete structures.
From a research point of view, it is appropriate to monitor the behaviour of concrete already
during the actual exposure to freeze-thaw cycles [3–5].

In the case of concrete, which is in contact with water (examples of such structures
include railway sleepers, road panels, water tanks, etc.), capillarity causes water to enter
the pore structure of the concrete. At negative ambient temperatures, water begins to turn
into crystalline ice and then to ice, which has a larger volume than water by about 9%. This
presence of water inside the concrete structure exerts pressures that can significantly and
irreversibly damage the concrete [6].

The assessment of the resistance of concrete to freeze-thaw cycles is typically based
only on monitoring of certain mechanical properties, such as strengths, moduli of elasticity,
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etc. These properties are obtained after a certain number of F-T cycles using destructive or
non-destructive methods. Subsequently, the observed changes in the properties (often a
decrease) are evaluated with regard to the values obtained before freezing [7]. In the case of
destructive tests, the sample is therefore not monitored continuously, but the behaviour of
concrete is assessed on the basis of the results of individual test specimens. Despite the fact
that the test specimens comprise one set of identical specimens produced from the same
concrete, this can lead to inaccurate conclusions. This is due to the fact that the estimation
of concrete behaviour is based on a statistical interpretation of the results of similar, but
not exactly identical, specimens. When using non-destructive testing methods [8–11],
monitoring of the condition of a concrete sample is conducted on the same specimens—the
change of the monitored property is observed on individual specimens during the test at
discrete time intervals (always after a certain number of completed F-T cycles). This process
exhibits a lower degree of error than destructive testing methods. However, it is ideal to
monitor the test specimens continuously even during freeze-thaw cycles, i.e., throughout
the entire test. The acoustic emission method allows such an approach. The analysis of the
recorded acoustic emission signals can be successfully used for a more detailed evaluation
of the behaviour of the tested materials [12,13].

Acoustic emission (AE) is a real-time non-destructive testing method which can be
employed to monitor the formation of cracks in concrete [14]. AE signals correspond to
sound waves that emerge during the formation of cracks in a material. When a crack forms
in concrete, energy is released and part of this energy is scattered in the form of an acoustic
wave [15,16]. Conversely, acoustic waves and the corresponding energy are released when
material damage occurs due to freeze-thaw cycles [4,17,18]. The AE signal parameters (e.g.,
number of counts, amplitude, frequency, etc.) can provide an effective tool to determine the
degree of material damage during F-T cycles [19]. In general, the power of AE signals and
their parameters depend on the amount of the released energy, the source, the distance and
orientation of the source in relation to the location of the AE sensors [20]. Testing using AE
relies on AE sensors continuously recording AE signals that are generated by the formation
of damage in a material during its loading (e.g., F-T cycles). In cement-based composite
materials, the source of AE activities can be found either in the cement binder or in the
interfacial transition zone (ITZ) [20].

The aim of this manuscript is to compare the behaviour of test specimens of different
sizes (produced from core samples drilled from a concrete block) during freezing and
thawing. The interpretation of the frost resistance of concrete will be performed using the
outputs of the acoustic emission method, resp. by analysing AE signals generated during
100 F-T cycles. For comparison, results of traditional non-destructive and destructive tests
performed after every twenty-fifth F-T cycle will also be presented.

Another main goal of the described experiment was to determine a way to record
the first changes to the quality of concrete, or the first signs of damage to the internal
structure of concrete during exposure to F-T cycles. For this reason, air-entrained concrete
was selected for the experiment since it was expected to exhibit a lesser degree of damage
when exposed to F-T cycles and, above all, very gradual progression of the damage.

2. Experiment Description and Setup

The composition of the employed concrete is given in Table 1. The water/cement
coefficient of the concrete was 0.46. The basic properties of fresh concrete were determined:
density according to [21] was 2290 kg/m3, flow according to [22] was 460 mm, slump
according to [23] was 180 mm, air content according to [24] was 5.0% and the temperature
of the fresh concrete was 28 ◦C.
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Table 1. Theoretical composition of the concrete.

Component kg/m3 of Fresh Concrete

Cement CEM I 42.5 R
(HeidelbergCement Group, Mokrá, Czech Republic) 390

Sand 0–4 mm
(HeidelbergCement Group, Tovačov, Czech Republic) 810

Natural crushed aggregate 4–8 mm
(HeidelbergCement Group, Luleč, Czech Republic) 160

Natural crushed aggregate 8–16 mm
(HeidelbergCement Group, Olbramovice, Czech Republic) 760

Water 185
Superplasticising admixture

(Sika CZ, Brno, Czech Republic) 1.0

Air-entraining admixture
(Sika CZ, Brno, Czech Republic) 0.6

Workability enhancing admixture
(Sika CZ, Brno, Czech Republic) 1.6

A 2.4 m high concrete block with floor plan dimensions of 1.8 m × 0.45 m was
produced from the air-entrained concrete in an exterior in an open space. Concreting was
conducted vertically into the wall formwork and the concrete was compacted using an
immersion vibrator. After concreting, the block was covered with a damp cloth and then a
PE foil. During the first two days after concreting, the cloth under the PE foil was regularly
moistened. The concrete block was left in the formwork for one week, the formwork was
then removed, and the concrete of the block was not treated any further.

Approximately two months after concreting, core samples for the production of the test
specimens were drilled from the concrete block and had a diameter of 100 mm or 150 mm
and the same length of 450 mm (block width). Cylinder and prism test specimens were
then cut from the core samples using a diamond circular saw with constant water cooling.
The described experiment included 4 sets of test specimens—cylinders with a diameter and
length of 100 mm (marked CS100), cylinders with a diameter and length of 150 mm (marked
CS150), cylinders with a diameter of 100 mm and length of 200 mm (marked C200) and
prisms with dimensions 95 mm × 95 mm × 380 mm (marked P95, cut from the core sample
with a diameter of 150 mm). Each set comprised 9 test specimens, which were divided into
three groups of three. The first group were reference specimens, which were not exposed to
freezing and thawing. The second group of specimens was subjected to 50 F-T cycles, and
the last third group of specimens was subjected to 100 F-T cycles. Different properties and
their development in relation to the number of conducted F-T cycles were monitored on
the individual sets of the test specimens. Tensile splitting strength, according to [25], was
determined on the CS100 and CS150 sets and these specimens were also subjected to the
measurement using the AE method during F-T cycles. In the case of the C200 and P95 sets,
the relative dynamic modulus of elasticity (RDM) was determined using the ultrasonic
pulse velocity method and the resonance method, according to [26,27]. The P95 set was
also subjected to the determination of flexural strength according to [28]. At least 3 test
specimens were used for all destructive tests (even more in the case of non-destructive
tests). Only continuous measurement of acoustic emission involved two specimens for
each specimen size due to a limited number of AE sensors. Despite that, the results from
both sensors on one specimen size did not differ statistically significantly.

The frost resistance test of concrete was conducted according to the standard [29]. The
selected procedure is less time demanding than, for example, the procedure according
to [26], the temperature range is larger than, for example, in the procedure according to [27]
(which theoretically accelerates the concrete degradation process) and the freezing and
thawing process can be very easily repeated since the times of the individual cycle parts are
strictly defined. Equipment KD 20 (manufactured by EKOFROST s.r.o., Olomouc, Czech
Republic, see [30]) was used for the test since it allows setting of the required freezing
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and thawing intervals and the test is performed automatically. One F-T cycle consists of
freezing in air at −15 ◦C to −20 ◦C (the negative temperature we selected was always
−18 ◦C) and thawing in a water bath at +20 ◦C. Freezing to the desired temperature takes
0.5 h and the negative temperature is then maintained for 3.5 h. Heating in a water bath
takes 2 h. The total time of one F-T cycle is therefore 6 h + approximately 15 min (filling
and draining water into the vessel of the KD 20 equipment where the test specimens are
placed). The test was interrupted after every 25 F-T cycles, which lasts approximately one
week, and respective test specimens were subjected to measurement of RDM or tensile
splitting strength and flexural strength (after 50 and 100 FT cycles), the measured data were
saved, and recording of the measurement using acoustic emission was re-initiated.

The measurement using the AE method was conducted continuously during cy-
cling. One AE sensor was glued to each upper face of two CS100 test specimens and two
CS150 test specimens, see Figure 1. The glue bond of the sensors was checked after every
25 F-T cycles.

The acoustic emission activity was generated by material damage during F-T cycles.
Monitoring the AE activity was done by a multi-channel unit DAKEL XEDO (ZD Rpety-
Dakel, Rpety, Czech Republic) [31] with the following input parameters: threshold value
for counts was 200 mV, for individual AE hits then 400 mV, sampling of AE hits was set to
4 MHz, frequency range from 10–2000 kHz. The utilised sensors are hermetically sealed
and have an IP68 degree of protection with increased frost resistance. The sensors are
equipped with an integrated preamplifier and the total gain was 65 dB. The use of these
extremely wideband sensors is intentional, in particular to filter out unwanted signals
during postprocessing. The sensors do not have a model number because they were custom
made in a limited number by the company DAKEL. The test also employed two monitoring
sensors, which were placed on materials whose structure is not influenced by F-T cycles.
These monitoring sensors were used to filter out false signals from the environment during
post-processing. This approach provided pure signals from the individual test specimens.
The AE sensors were attached to the specimens with an ethyl-based adhesive—it is a
rubber-filled, resilient product with increased flexibility and peel resistance, with moisture
resistance and a temperature range for use from −40 ◦C to +100 ◦C. The AE sensors,
including fine-tuning of their mounting, were thoroughly tested in 2013, well before the
first freezing experiments were conducted, see [4]. The first experiments also employed
mechanical mounting, which we subsequently abandoned as it was not necessary. The AE
sensors are tested and inspected every year and their characteristics remain unchanged.
One problem occurred during the experiment and related to the computer’s internal
memory. Although it seemed that everything was progressing correctly and the record was
being saved, the actual situation was different. Unfortunately, it was not possible to retrieve
data from the interval between the 25th and 50th F-T cycle—the data were unusable.

 

Figure 1. Arrangement of the test specimens with AE sensors in the KD 20 equipment during
F-T cycles.
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As has already been mentioned, after every 25th F-T cycles, RDM was determined
according to the relation:

RDM =
X2

N
X2

0
·100%, (1)

where RDM is the relative modulus of elasticity of the concrete in %, XN is the respective
dynamic quantity after N performed F-T cycles and X0 is the same quantity on the same test
specimen before the start of the frost resistance test [26]. The dynamic quantity in this case is
either the ultrasonic pulse velocity (UPV) in km/s, or the natural frequency of longitudinal
oscillation fL in kHz. UPV was measured using a Pundit PL-200 instrument manufactured
by Proceq SA (Proceq AG, Schwerzenbach, Switzerland) [32] with 150 kHz probes. Each test
specimen was measured in three longitudinal lines and UPV was determined as the average
of these three measurements. The determination of fL was done using a Handyscope HS4
oscilloscope manufactured by TiePie engineering (Sneek, Netherlands) [33].

Strength was determined on 3 test specimens from each set—either tensile splitting
strength (CS100 and CS150) or flexural strength (P95) before the start of freezing and
thawing, after the 50th and then after the 100th F-T cycle. The results were used to calculate
the relative strength (RS) in a manner analogous to RDM,

RS =
fN
f0
·100% (2)

where RS is the relative strength in %, fN is the average strength (tensile splitting or flexural)
after N performed F-T cycles, and f 0 is the same average strength found on 3 specimens
not exposed to F-T cycles. The relative flexural strength RS(F) is the main criterion for the
evaluation of frost resistance of concrete to F-T cycles in the standard [29]. The strength
tests were conducted in a DELTA 6-300 testing machine manufactured by FORM+TEST
Seidner and Co. GmbH (Riedlingen, Germany) [34].

AE signals are evaluated, for example, on the basis of counts, amplitude height,
frequency, etc. The least complicated approach is to add up the counts over a threshold
level. This threshold can be set, which allows control of the minimum threshold, and if
exceeded, i.e., one count, this forms one pulse, which is counted by the counter. One AE hit
can create several counts and their number depends on the set threshold level [35]. When
counting an AE hit, it is necessary to rectify and filter the high frequency pulse of the hit.
The number of counts is a so-called cumulative parameter, from which cumulative curves
are obtained. The frequency and amplitude band of acoustic emission is wide, from units
in Hz to high ultrasonic frequencies in MHz [36]. The pulse shape and the decrease in
amplitude depend on the geometry of the test specimen and on its material properties, or
on the degree of material damage. To determine the cause of an AE hit, it is necessary to
perform a frequency analysis of the spectrum of the recorded AE signal. AE sensors are
designed to receive surface waves, which are then converted to electrical signals. These
signals are amplified, filtered and saved. The measuring process of the AE system begins
at the moment when the value of the amplified and filtered analogue signal exceeds the set
threshold level.

3. Results

The results of tensile splitting and flexural strengths are shown in Tables 2 and 3
then presents the relative expression of not only the strengths (RS) but also the moduli of
elasticity (RDM) in relation to the number of performed F-T cycles. Mechanical properties
that are obtained in a destructive way (i.e., on different test specimens) only estimate
concrete behaviour—they certainly do not reflect the behaviour of individual test specimens
during freezing and thawing. This may lead to inaccurate test results. Table 3 indicates
that the F-T cycles had practically no impact on the tensile splitting strength of the concrete.
Flexural strength was influenced by freezing and thawing to a greater degree since after
100 F-T cycles, the strength dropped to almost 85% of its original value. However, this
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significant decrease, when compared to the other monitored properties of the concrete,
is partly caused by one specimen that achieved much lower strength than the other two
specimens in the set. This may, thus, constitute the already mentioned inaccuracy in the
evaluation of concrete.

On the other hand, relative dynamic moduli of elasticity, as an example of non-
destructive testing, characterize the behaviour of test specimens during an entire frost
resistance test of concrete. However, they do so only at discrete time points (at the moment
of measurement after N F-T cycles), not continuously. With regard to the dynamic modulus
of elasticity, the results in Table 3 show that the F-T cycles did not practically affect the
concrete at all. The maximum recorded decrease amounted to less than 3 percentage points.

Table 2. Average tensile splitting fct and flexural fcf strengths of the test specimens after 0, 50 and
100 F-T cycles.

Strength-Specimen Set
Number of F-T Cycles

0 (REF) 50 100

fct-CS100 3.55 3.45 3.60
fct-CS150 3.20 3.25 3.25

fcf-P95 5.1 4.6 4.3

Table 3. Relative development of the monitored strengths and moduli of elasticity of concrete in
relation to the number of F-T cycles in percent.

RS/RDM-Specimen Set
Number of F-T Cycles

25 50 75 100

RS(TS)-CS100 - 97.2 - 101.4
RS(TS)-CS150 - 101.6 - 101.6

RS(F)-P95 - 91.7 - 85.3
RDM(U)-P95 99.5 100.3 100.3 101.8

RDM(U)-C200 99.3 100.9 101.8 102.2
RDM(FL)-P95 98.1 97.1 97.8 98.4

RDM(FL)-C200 98.2 98.8 99.3 99.9

In contrast to the abovementioned tests, the AE method allows monitoring of the given
state of each test specimen throughout the entire test. The AE method therefore indirectly
describes the behaviour of test specimens during F-T cycles. To evaluate the acoustic
emission records, the number of counts (over the set threshold level) in its cumulative form
(AEcum) during F-T cycles was initially selected. The course of the cumulative number
of counts over time shows AE activity, with higher AE activity corresponding to higher
damage/failure, as is shown for example in [37]. The graph in Figure 2 presents a very
similar character of AEcum courses during the first 25 F-T cycles for both sizes of the test
specimens. The cumulative curves for individual specimens do not differ significantly
even in the later course of F-T cycles. This was one of the reasons why the experimentally
obtained data of cumulative counts were interpolated with straight lines. The slope of the
lines for both sizes of the specimens did not differ much during the first 25 F-T (Table 4). A
change in the slopes of the interpolated lines occurs only during 50–75 F-T cycles, when
the increase for larger specimens CS150 is significantly higher. Bearing in mind that the
mechanical properties have not been affected (Table 3), this indicates a formation of small
failures in large numbers. Nevertheless, in the last stages of the freezing cycles (from 75 to
100 F-T cycles), the smaller specimens CS100 exhibit a higher growth of AE activity, as can
be seen in Table 4.
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Figure 2. Cumulative number of AE counts during F-T cycles.

In the case of CS100 specimens, it can be further concluded from Figure 2 that the
character of the slope from the third series of F-T cycles is maintained even at the beginning
of the fourth series of F-T cycles, i.e., after the 75th F-T cycle. Approximately at the 85th
F-T cycle, the slope begins to break to a higher value than shown in Table 4 (that is why
that moment shows the lowest value of the coefficient of determination).

Table 4. Slope of the line interpolated with cumulative AE counts during F-T cycles (the number
after the slash represents the coefficient of determination R2).

Set of Specimens
F-T Cycles

0–25 25–50 50–75 75–100

CS100 540/0.922 - 1622/0.998 3086/0.947
CS150 433/0.997 - 2768/0.999 2070/0.996

It can be stated that the most commonly used AE parameter in general, which AE
counts undoubtedly is, indicated in this case only the breaking points of the ongoing
damage to the material. Therefore, it was appropriate to conduct a more detailed analysis
of the individual AE hits. Focus was directed at the height of the amplitude, the change of
the position of the dominant frequency, and the attenuation of the spectral density of the
individual AE hits.

The amplitude of the recorded AE hits indicates the degree of the emerging material
damage. More significant damage to the material structure generates a higher signal
amplitude, as shown for example in [38]. The height of the amplitude (see Figure 3) now
shows more significant differences between the individual sizes of the tested specimens.
While the amplitudes remain the same, within the measurement error, during the first
25 F-T cycles, a higher amplitude was recorded for the CS100 specimens in the subsequent
cycles. This trend may indicate a greater degree of damage to these smaller specimens.
This in fact corresponds to the changes of the slope in Table 4, respectively in the graph in
Figure 2.
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Figure 3. Average amplitude height of AE hits during F-T cycles, error bars represent sample standard
deviations.

Another parameter that can be analysed from AE hits is the dominant frequency,
which is obtained using the fast Fourier transform (FFT) from the time spectrum, which
is also utilised in [39]. The graph in Figure 4 demonstrates how the dominant frequency
for each recorded AE hit shifts towards low values during freezing and thawing. This
shift is caused by the mechanical wave passing through an increasingly more damaged
environment [40,41]. It can be observed that during the first 25 F-T cycles, the dominant
frequencies reach values around 200 kHz and as the number of F-T cycles increases, the
dominant frequency decreases. In the case of CS100 specimens, these average values are
gradually 194, 142 and 61 kHz, and in the case of CS150 specimens then 199, 162 and 72 kHz.

Figure 4. Box plot of development of dominant frequency values of AE hits during F-T cycles.

The following series of evaluations, include typical AE hits recorded in individual
stages of the F-T cycles for the individual sizes of the test specimens. The time-frequency
spectrum of the power spectral density [42] (Figures 5c, 6c, 7c, 8c, 9c and 10c) was calculated
using a Short Time Fourier Transform with a Kaiser window. On the horizontal axis, the
graph shows the time shift of the frequency, which is projected on the vertical axis. The
size of the power spectral density is determined by the colour tones. The decibel scale is
basically a linearization of the logarithm, i.e., [43],
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xdB = 20 · log
(

xV
xk

)
, (3)

where xdB is the value in decibels, xV is the value (in this case) in Volts and xk is the reference
value also in Volts.

The Short Time Fourier Transform (STFT) spectrum is defined as [43],

S(τ, f ) =
∞∫

−∞

x(t)w(t − τ)e−i2π f tdt (4)

where w(τ) is the window function (Kaiser in this case), x(t) is the observed function, S(τ,f )
is the resulting complex spectrum, f is the frequency and τ is the time shift (location).

Evaluation uses the absolute spectrum value [43],

|S(τ, f )| = S(τ, f )·S(τ, f )∗ (5)

where S(τ,f )* is the complex combined function.
Selected typical AE signals recorded in CS100 specimens are presented in graphs in

Figures 5–7 (all presented graphs are provided only for illustration and better understand-
ing for the reader).

The series of graphs in Figure 5, relating to CS100 specimens during the first 25 F-T
cycles, shows that the maximum spectrum values at the beginning of the signal (frequency
band 120–230 kHz) are relatively quickly attenuated. With regard to the most significant
frequency of 201 kHz, attenuation of spectral density reaches 62 dB/(Hz·ms). The longest
occurring frequency in the signalis 70 kHz, for approximately 1 ms.

Figure 5. Visualisation of the recorded AE signal during 0–25 F-T cycles from specimens CS100:
(a) time course of the amplitude, (b) frequency spectrum, (c) spectrogram STFT-2D image, (d) spec-
trogram STFT-3D image.

The series of graphs in Figure 6, which apply to CS100 specimens from the 50th to
the 75th F-T cycle, includes significant values of the frequency spectrum in the frequency
range 50–350 kHz, however, the range 50–220 kHz is the most important region. At these
frequencies, the signal is attenuated very slowly. Attenuation of spectral density reaches
11 dB/(Hz·ms) at the most significant frequency of 184 kHz. The longest sounding signals
were found in the frequency range 170–210 kHz (for approximately 3 ms) and then in the
frequency region around 120 kHz (for approximately 2.5 ms).
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Figure 6. Visualisation of the recorded AE signal during 50–75 F-T cycles from specimens CS100:
(a) time course of the amplitude, (b) frequency spectrum, (c) spectrogram STFT-2D image, (d) spec-
trogram STFT-3D image.

The time-frequency spectrum, see the series of graphs in Figure 7, reveals two sig-
nificant frequency bands 50–100 kHz (attenuated after more than 3 ms) and 170–220 kHz
(attenuated slightly below 3 ms). Attenuation of spectral density of the most significant
frequency of 66 kHz was 4 dB/(Hz·ms). These data apply to CS100 specimens during the
last 25 F-T cycles.

Figure 7. Visualisation of the recorded AE signal during 75-10 F-T cycles from specimens CS100:
(a) time course of the amplitude, (b) frequency spectrum, (c) spectrogram STFT-2D image, (d) spec-
trogram STFT-3D image.

Selected typical AE signals recorded from larger specimens CS150 are shown in the
graphs in Figures 8–10 (all presented graphs are provided only for illustration and better
understanding for the reader).

The series of graphs in Figure 8, describing CS100 specimens during the first 25 F-T
cycles, indicates that the significant frequency band is 50–300 kHz, of which the region
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between 160–250 kHz is extreme with regard to amplitudes. It is evident that the attenuation
at higher frequencies is greater than at lower frequencies. Attenuation of spectral density at
the most significant frequency of 185 kHz is 43 dB/(Hz·ms). The signal length is relatively
short, approximately up to 1.5 ms.

Figure 8. Visualisation of the recorded AE signal during 0–25 F-T cycles from specimens CS150:
(a) time course of the amplitude, (b) frequency spectrum, (c) spectrogram STFT-2D image, (d) spec-
trogram STFT-3D image.

The significant frequency spectrum, see the series of graphs in Figure 9, is in a very
narrow band 140–230 kHz but exhibits relatively long duration—more than 3 ms. At the
most significant frequency of 171 kHz, attenuation of spectral density is 6 dB/(Hz·ms),
however, the spectrum shows apparent rapid attenuation—approximately 1 ms. These
data apply to CS150 specimens between the 50th and 75th F-T cycle.

Figure 9. Visualisation of the recorded AE signal during 50–75 F-T cycles from specimens CS150:
(a) time course of the amplitude, (b) frequency spectrum, (c) spectrogram STFT-2D image, (d) spec-
trogram STFT-3D image.

205



Materials 2021, 14, 1230

Two frequency packets are apparent in the series of graphs in Figure 10, describing
the behaviour of CS150 test specimens during the last 25 F-T cycles, the more significant
one at 50–120 kHz and the less significant one at 120–240 kHz. The maximum amplitude
value occurs as late as 0.7 ms from the beginning of the signal. From that point in time,
attenuation at the most significant frequency (75 kHz) can be determined—attenuation of
spectral density is 6 dB/(Hz·ms).

Figure 10. Visualisation of the recorded AE signal during 75–100 F-T cycles from specimens CS150:
(a) time course of the amplitude, (b) frequency spectrum, (c) spectrogram STFT-2D image, (d) spec-
trogram STFT-3D image.

The typical AE signals of both test specimen sizes during the entire 100 F-T cycles
(Figure 5 to Figure 10) confirm the conclusions inferred from the graphs in Figures 3 and 4.
That is, the amplitude decreases with the increasing number of F-T cycles and the dominant
frequency shifts towards lower values.

The time-frequency power spectra also indicate a gradual decrease of the spectral
density attenuation values, for CS100 specimens it is gradually 62, 11 and 4 dB/(Hz·ms),
for CS150 specimens then 43, 6 and 6 dB/(Hz·ms). This decrease in attenuation is probably
caused by the progressing damage to the internal structure of the concrete, or to its cemen-
titious matrix, where the compromised matrix bonds that have been oscillated cannot be
easily and quickly attenuated. Since they are loose, they oscillate slightly longer than at the
beginning of the frost resistance test. In addition, there is a decrease in the frequency and
amplitude of the generated AE signals. All these phenomena then result in an accelerating
decrease of the spectral density attenuation values.

4. Discussion

There have not been many papers published recently that deal with the continuous
monitoring of the behaviour of concrete specimens during F-T cycles. The papers that
describe continuous measurement using the AE method, and at the same time, concern
cement-based materials deal only with standard AE parameters, see, e.g., [44–46]. Other
studies deal with different materials, such as water-saturated ceramics ([47], this study
utilizes equipment from the same manufacturer as in the manuscript submitted by us) or
materials for asphalt roads, see [48]. However, the acoustic emission method is typically
used to compare the behaviour of materials after F-T cycles during mechanical loading,
which is described, for example, in [49–52]. No other known study showed a frequency
analysis of individual AE hits that recorded directly during F-T cycles.
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5. Conclusions

The abovementioned results from the typical test procedures indicate that no signifi-
cant changes in the quality of the concrete were recorded after 100 F-T cycles. The dynamic
modulus of elasticity exhibited a maximum decrease of less than 3 percentage points (for
RDM(FL) of the P95 specimen set after 50 F-T cycles) and mere 1.6 percentage points after
100 F-T cycles (also for RDM(FL) of the P95 specimen set). There was no decrease in tensile
splitting strength due to freezing and thawing. The only standard parameter that exhibited
some decrease was flexural strength. In this case, the decrease to 85.3% of the original
value can be partly contributed to one test specimen of three test, which achieved lower
strength. This confirms, inter alia, the problem with evaluation of concrete on the basis of a
comparison of results obtained on different test specimens.

Based on both RS and RDM, the test specimens therefore appear to be almost intact by
frost. Even the commonly presented cumulative number of AE counts does not indicate any
significant difference between smaller (CS100) and larger (CS150) test specimens. However,
a detailed analysis of the recorded AE signals that were generated directly during the F-T
cycles in the test specimens proves the situation is different:

• There is a decrease in the average amplitude during freezing cycles in the case of both
specimen sizes;

• There is an apparent difference between larger and smaller specimens in the height of
the amplitude after between 75 and 100 F-T cycles;

• There is an evident shift in the values of the dominant frequency to lower values in
the case of both specimen sizes;

• There is a noticeable difference between larger and smaller specimens in the shift of
the dominant frequency from the 75th to the 100th F-T cycle;

• There is a decrease in the spectral density attenuation values during F-T cycles, with a
higher decrease observed in the case of smaller CS100 test specimens.

It has been demonstrated that while conventional test procedures do not reveal
significant changes in the internal structure of the tested concrete even after 100 F-T
cycles, changes still occur in the material and can subsequently lead to irreversible damage
of the material. It is, thus, appropriate to employ not only traditional test procedures, but
also less traditional ones, such as the AE method, which can safely detect the formation of
changes (damage) in the structure of concrete already at the beginning.

The innovative contribution of the manuscript lies in the application of the methods
of frequency analysis of recorded AE hits during F-T cycles. It was discovered that the
typical AE parameters (such as the cumulative number of counts) and commonly used
construction testing methods are not sensitive enough to determine the degree of damage
of concrete specimens during F-T cycles. In particular, in the case of air-entrained concrete,
which exhibits very low degree of damage, is it necessary to employ modern tools for the
analysis of AE hit signals. The submitted manuscript provides one of the first insights
into the issue of structural health monitoring. It is possible that some testing procedures
and methods will have to be revised in the future since the developments in building
materials are still advancing and some current diagnostic tools will no longer be sufficient
for the detection of developing damage. This manuscript could be one of the pioneers in
this context.
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Abstract: Standard sensors for the measurement and monitoring of temperature in civil structures
are liable to mechanical damage and electromagnetic interference. A system of purpose-designed
fibre optic FBG sensors offers a more suitable and reliable solution—the sensors can be directly
integrated with the load-bearing structure during construction, it is possible to create a network
of fibre optic sensors to ensure not only temperature measurements but also measurements of
strain and of the moisture content in the building envelope. The paper describes the results of
temperature measurements of a building 2-layer wall using optical fibre Bragg grating (FBG) sensors
and of a three-layer wall using equivalent classical temperature sensors. The testing results can be
transmitted remotely. In the first stage, the sensors were tested in a climatic test chamber to determine
their characteristics. The paper describes test results of temperature measurements carried out in
the winter season for two multilayer external walls of a building in relation to the environmental
conditions recorded at that time, i.e., outdoor temperature, relative humidity, and wind speed. Cases
are considered with the biggest difference in the level of the relative humidity of air recorded in the
observation period. It is found that there is greater convergence between the theoretical and the
real temperature distribution in the wall for high levels (~84%) of the outdoor air relative humidity,
whereas at the humidity level of ~49%, the difference between theoretical and real temperature
histories is substantial and totals up to 20%. A correction factor is proposed for the theoretical
temperature distribution.

Keywords: monitoring; wall temperature; fibre bragg grating sensors

1. Introduction

Practical temperature and humidity calculations are based on the values of outdoor
and indoor temperatures and characteristics of the building envelope materials. Apart
from temperature, however, they usually fail to take account of the variability of more
weather, environmental and other factors.

The classical method of analysing the temperature distribution in the building enve-
lope consists of embedding temperature sensors (typically electrical resistance sensors)
in it during the building construction or renovation. This solution was applied during
the renovation of a three-layer building envelope by placing sensors in four layers [1] The
testing focused on the temperature distribution and the possibility of the occurrence of
water vapour condensation. The applied three-layer system was composed of a brickwork
wall, polyurethane insulation with an aluminium foil layer, an air gap, and a brickwork
wall, which worked well. Another way is to scan the building envelope surface using a
thermographic camera. The methodology of the testing is discussed in detail in [2]. The
study also presents the method of a theoretical calculation of temperature on the outer
surface of a multilayer building envelope exposed to 24-h changes in ambient temperature
caused by solar radiation and measured using a thermographic camera.

The FBG sensors are the latest solution to use for temperature measurements. The
use of fibre optic sensors to measure temperatures in tight walls to monitor potential
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underground leakages of fluids is discussed in [3–6]. The test results made it possible to
state that the temperature of the fibre optic sensors varied with a change in the seepage
rate. The results indicate unequivocally that the use of optic fibre sensors in the building
envelope is one of the best solutions that will enable the most accurate analysis of the
temperature distribution and of the way the distribution is affected by other external factors.

An interesting series of thermal testing of glued laminated timber beams used in the
construction industry performed with a measuring system based on the fibre Bragg grating
(FBG) principle was carried out in a thermal chamber [7]. The chamber can generate
specific cycles of temperature and humidity to simulate the structural behaviour in real
environmental conditions. The tested FBG system is suitable for load-carrying timber
(glued laminated timber beams) and concrete structures [8]. The second part of the paper
presents the testing of mechanical loads of a glued and laminated timber beam with
embedded FBG sensors.

The fibre Bragg grating is an element in a glass or polymer fibre with periodic modu-
lation of the refractive index along with the fibre core. The fundamentals of the FBG-based
method of strain and temperature measurements are presented in [9,10].

Fibre optic sensors have many advantages, such as high accuracy, ease of installation,
small size, flexibility, cost-effectiveness, resistance to electromagnetic interference and
corrosion, multiplexing capability, and great potential in long-term continuous measure-
ments [11–16].

An intelligent system of monitoring a concrete paving slab subjected to the impact
of the outdoor temperature is presented in [17]. Truly distributed fibre optic temperature
and strain sensors and an innovative interferometer-based fibre optic inclinometer were
installed in the paving slab to monitor and evaluate the thermal curing process.

The results confirm that the paving slab top surface responds to heating/cooling very
fast. The temperature of the bottom surface lags behind the temperature of the top, which
results in a rapid rise and then a slow reduction in the temperature difference between the
top and the bottom.

A large number of quasi-distributed FBG sensors were presented in [18–20]. The aim
of the testing was to develop and demonstrate an integrated comprehensive system for the
monitoring of thermal shrinkage of the roadway surfacing. The technology has been used
for measuring the temperature, strain, and deflection of surfacing since 2003.

It should be noted that the fibre Bragg grating is a promising measuring technology
for future applications of sensor systems. The FBG sensor housing should be compatible
with the housing of the electrical sensor so that it can be installed easily in systems of
instrumentation [21].

Other implementations of FBG sensors made by the author included their application
for strain analysis of power transmission line towers, strain analysis of the hoisting machine
brake lever, and strain monitoring of a residential building made in the polystyrene concrete
technology [22,23]. Interesting study on the temperature distribution of the earth’s surface
was presented in the article [24].

Summing up the results of the literature survey, it should be emphasised that con-
ventional temperature sensors have certain limitations, such as poor operational life, low
resolution, sensitivity to environmental factors-strong alkalinity, and water permeability
(building walls), in particular, low zero stability and high measurement noise. FBG sensors
are an alternative method of monitoring building structures due to a number of significant
advantages, e.g., high accuracy and sensitivity, flexibility, resistance to electromagnetic
interference, and harsh environmental conditions; they are also multiplexable (a large num-
ber of sensors can be connected to one telecommunication fibre optic cable, which means
simpler cabling systems). A very interesting feature is the possibility of measuring different
physical quantities, for example, temperature and strain, using one optical interrogator. The
FBG technique is more expensive compared to classical methods of temperature measure-
ment, but considering the technological progress in the field of interrogators and sensors,
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especially with the wavelength of 800 nm, it will become comparable in terms of price
offering much greater research possibilities at the same time.

The approach based on special optical FBG temperature sensors to monitor the tem-
perature distribution in a building wall has never been proposed before. Another novelty
is the application of optical FBG sensors to measure not only the wall temperature but
also the wall strain. The proposed FBG sensors have a very small diameter, which is of
special significance because they can be installed in existing walls of already operated
buildings. Temperature measurements in external walls of buildings are necessary be-
cause based on them, it is possible to select the optimal heating system depending on
the wall structure and specific climatic conditions of the building location. Moreover, the
knowledge of real delays of the temperature distribution in the wall due to changes in
the outdoor temperature makes it possible to take adequate action in the HVAC system
in advance. Furthermore, the knowledge of the real temperature distribution in the wall
enables verification of the theoretical (standard) temperature distribution, the introduction
of a correction factor, better selection of the heating system parameters, and more precise
identification of places in the wall where water vapour condensation occurs. The rationale
for presenting walls with traditional and optical FBG temperature sensors in the paper
was the need to draw attention to a rather high failure frequency of the former. What is
also important, previous studies do not take up the issues of the life and failure frequency
of classical sensors intended for measurements of temperature. These measurements are
carried out on a long-term basis (over a period of many years). A failure of a temperature
sensor and the time drift create serious problems in the analysis of results. The operational
analysis of classical temperature sensors embedded in the building walls conducted by the
authors over the period of four years showed their 19% failure rate. In a building that is
already operated their replacement is practically impossible, which is a significant problem.
The number of different sensors installed in the analysed facility was about 3000. The only
feasible option in an already operated building is to introduce optical FBG sensors into
the wall in place of the damaged classical ones. It should also be noted that in the same
period of observation no failure occurred of any of the optical FBG sensors. FBG sensors
can be installed in place of damaged traditional sensors due to their small dimensions,
and that was conducted also in the case of the analysed three-layer wall, which may not
have been described precisely enough. FBG sensors are equivalent to classical sensors
and they also demonstrate a number of advantages that the latter are practically unable
to achieve. The system of temperature measurements in the building wall presented in
the paper and based on optical FBG sensors ensures unprecedented measuring stability,
operational durability, and the possibility of creating networks. Moreover, it enables strain
and humidity measurements. The significant development of the fibre optic technology,
and especially of the design of optical interrogators and fibre optic sensors, will make it
possible to introduce into the building structure a “nervous system” that comprehensively
and simultaneously monitors the temperature, strain, stress, or vibration of the building
walls. Considering the latest technological progress in the field of optical interrogators
and optical FBG sensors, their cost is comparable to classical methods of temperature
measurement in the building wall, whereas the computational cost is acceptable for large
facilities. The outdoor temperature in both cases of the walls under analysis was obtained
from a weather station, while the indoor temperature was measured with a sensor type
Testo 605i. The theoretical distribution of temperature is determined in the paper-based
analytical formulas and is included in the EN ISO 13788:2013-05 standard.

Striving to reduce energy consumption is increasingly associated with the introduction
of “smart” technologies into civil engineering structures and the application of systems
monitoring and controlling the processes occurring in buildings. The paper presents a
proposal for purpose-designed FBG sensors intended for the measurement of temperature
in the building envelope. The analysis concerns a three-layer building envelope.

A thermal analysis was conducted of individual layers of the building envelope
depending on varying outdoor weather conditions. From the point of view of the building
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envelope heating and cooling, it is essential what external factors affect the temperature in
it and how long it takes the envelope to respond to changes in the outdoor temperature.
FBG sensors were used, which—as previously stated—are a very promising measuring
technology for future applications in systems of sensors to measure temperatures, strain,
displacement, and even moisture content. Experimentally, through-bore sets of FBG sensors
were made to measure temperature. The sensors were fixed in a special housing.

Strain measurement of the building structural elements by means of FBG sensors
makes it possible to detect the formation of cracks in the building structure, strains arising
during the foundation settlement, analysis of volumetric shrinkage of the concrete floor
and reinforced concrete columns, or analysis of strains due to standard loads or load tests.
Because research in this field falls into a different category, the results will be presented
in a separate paper. The paper includes example measurement results of the wall strain
recorded using FBG sensors.

2. Materials and Methods and Preliminary Testing

The tests were performed on two selected walls—an external cavity wall (three-layer
wall) and an external insulated solid wall (two-layer wall) of a university building. The
cross section of the walls is presented in Figures 1 and 2, respectively (λ-coefficient of
thermal conductivity and thickness of the layers).

Figure 1. Three-layer wall cross section.

The first wall consists of hollow clay blocks, a thermal insulation layer, and clinker
bricks. The second—of hollow clay blocks and thermal insulation finished with plaster.
These wall types are the most common solutions for the two- and three-layer systems. The
first wall was analysed using classical temperature sensors, whereas the second was tested
with FBG sensors. The environmental conditions in the terms of air temperature, wind
speed, and air humidity were monitored by a classical meteorological station located on the
university campus. A temperature monitoring system was constructed inside the building
envelope walls. The system is based on fibre Bragg grating (FBG) temperature sensors. The
essence of the solution is to introduce FBG sensors at the appropriate points of the cross
section of the wall of the structure. In the case of the building envelope in the form of a
wall, the appropriate places are the borders of individual layers and points in the middle
of a given layer. The places were pre-determined using numerical simulations.
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Figure 2. Two-layer wall cross section.

The FBG-based set of temperature sensors is presented in Figure 3. Based on prelim-
inary testing, the total measuring base was adopted as L = 450 mm. The system of FBG
sensors was fixed in the building envelope using special holders.

Figure 3. Fibre Bragg grating (FBG) temperature sensors.

The measuring system calibration is presented in Table 1.

Table 1. Measuring system calibration.

Temperature
Accuracy

(Guaranteed)

Temperature
Accuracy
(Typical)

Temperature
Precision

(Guaranteed)

Temperature
Precision
(Typical)

Ingress
Protection

Rating

1 ◦C <1 ◦C ±0.3 ◦C ±0.2 ◦C IP 67

The measuring part of each sensor is a Bragg grating characterised by a specific
wavelength and embedded in an optical fibre. Due to the sensor identifiability by the
optical interrogator, the difference of at least 5 nm has to be kept between the wavelengths
of each Bragg grating. A temperature change in a selected point of the building envelope is
closely related to the change in the Bragg grating wavelength. This relationship is described
by the following Equation (1):

T = TS1

(
λT,act − λT,re f

λT,re f

)2

+ TS2

(
λT,act − λT,re f

λT,re f

)
+ TS3 (1)

The description of constant calibration parameters is presented in Table 2, whereas
the values of the calibration constants for individual sensors are listed in Table 3.
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Table 2. Marking of constant calibration parameters.

Measurand Description

T (◦C) Temperature

λT,act (nm) Actual temp. wavelength

λT,ref (nm) Reference temp. wavelength

TS1 (◦C) Temperature coefficient 1

TS2 (◦C) Temperature coefficient 2

TS3 (◦C) Temperature coefficient 3

Table 3. Calibration coefficients.

Ts1 (◦C) Ts2 (◦C) Ts3 (◦C) λT,ref (nm)

−2,477,681.366 52,768.19076 22.50476755 1,548,514.494

−2,569,888.019 53,819.29229 22.50525754 1,548,477.574

−2,311,1030.106 53,588.17046 22.5027883 1,548,633.785

Apart from dedicated fibre optic sensors, the system includes a 2 kHz FBG-800 optical
interrogator, a recorder, special software, a multiplier and telecommunication fibres. An
option is also possible with a wireless transfer of measurement results from the interrogator.
The sampling frequency in the case of the temperature measurement in the building
envelope was set at the level of 1 Hz, which gives 172,000 measurements per day. A special
program was developed to sample the results every 1 min.

The constructed fibre optic system intended for the measurement of temperature
inside the external wall was first tested in laboratory conditions. The tests consisted of
setting known values of temperature in the climatic chamber containing the set of sensors
and presented in Figure 4. The tests were carried out in the Laboratory of Geosynthetics of
the University of Bielsko-Biala, Poland. The laboratory is equipped with a climatic chamber
with a certified temperature measurement system.

Figure 4. Climatic chamber.

The temperature inside the chamber was additionally monitored using a temperature
sensor with an accuracy of 0.1 ◦C. The essence of the calibration calculations was to record
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first the heating and then the cooling process in the range of temperatures from −20 ◦C to
40 ◦C. The process was repeated to determine the measurement uncertainty and hysteresis.
The testing resulted in characteristics illustrating wavelength variations for every sensor.
The characteristics are presented in Figure 5. The curves illustrate changes in the FBG
sensor wavelength depending on temperature changes in the climatic chamber.

Figure 5. Changes in wavelength depending on temperature changes—sensor 1 and sensor 2.

The obtained results confirm the findings of other studies, where a change by 1 degree
caused a change in the wavelength by 0.007–0.01 nm [7].

3. Results

During the testing, a high-resolution thermographic camera (type: Testo 872, Testo
Sp. Z o.o., Warsaw, Poland) was also used to validate the temperature inside and outside
the building. The differences in temperature between the surface of the building envelope
and ambient air are determined with a thermographic camera from a single thermogram
presenting the image of the envelope surface and of the object receiving the air temper-
ature (cf. Figure 6). The object receiving the air temperature should be characterised by
low thermal capacity (the change in its temperature will follow the variations in the air
temperature) and a matt surface with a high emissivity value. The object should be placed
about 20–30 cm away from the surface of the imaged wall. A folded sheet of matt paper
can be used for example. The temperature differences specified thermographically should
be determined as differences in mean temperature values in a certain field and not in a
measuring point. This approach improves accuracy considerably. Because the value of
the temperature difference is derived from the thermogram, quantitative thermographic
measurements of buildings should be carried out using high-accuracy cameras. It is also
significant that the method of thermal imaging is absolutely non-invasive (it does not
disturb the investigated temperature field and has no destructive impact on the object
whatsoever), and it is possible to perform remote measurements, which is of special im-
portance in the case of testing historical building or buildings where direct access to the
surface is difficult. The biggest advantages of thermography are the possibility of making
fast measurements and the visual form of the result—the thermogram. The air temperature
and humidity were monitored inside the room using the Testo 605i probe. The results of
the external wall temperature measurements performed using a thermographic camera are
presented in Figure 6. The lowest recorded value was −7.1 ◦C.
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Figure 6. Temperature measurement of the wall from the outside using a thermographic camera (a) and the outside view of
the wall (b).

Table 4 presents the values of temperature of the external wall of the analysed building
envelope—points M1 and M2.

Table 4. Temperature values on the surface of the external wall, obtained using the thermographic
camera.

Date: 12 January 2021 Time: 8:58:37 Outdoor Temperature: −3.1 ◦C

Measured quantity Temperature (◦C)
Measuring point 1 −6.5
Measuring point 2 −7.1

Mean value of the surface measurements −5.9

The results of the measurements of the wall temperature from the inside (the laboratory
room) are presented in Figure 7. To determine the air temperature in the room adjoining the
analysed building envelope, an additional measurement was performed using the camera
with a white sheet of paper placed 40 cm away from the wall in the bottom left-hand
corner. The measured temperature of the surface of the paper sheet, i.e., of the room air
in this point totalled 18.4 ◦C, whereas the wall temperature was included in the range of
17.5–18.4 ◦C (cf. Figure 7).

Figure 7. Temperature measurement of the wall from the inside using a thermographic camera (a) and the view of the wall
and the white sheet of paper (b).

3.1. Two-Layer Wall

The testing of the temperature distribution using the FBG sensors was started in the
two-layer wall. Two fibre optic sensors were placed on the border of the layers. Depending
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on the needs, the sensors could be moved along the building envelope thickness. This
technological solution makes it possible to reduce the number of FBG sensors to the
minimum. Moreover, the temperature sensors can be used many times. The space between
the inside of the building envelope and the guide of the unit with the FBG sensors was filled
with a special gel. This substantially reduces the costs of the FBG temperature monitoring
due to the possibility of the multiple uses of the sensor unit. FBG sensors are equivalent to
classical temperature measurement sensors used in the three-layer wall.

Considering the large number of data obtained for the two-layer wall, a 24-h measure-
ment was performed. The outdoor temperature in the analysed periods varied in the range
from −1 ◦C to 4 ◦C. Figure 8 illustrates the temperature distribution determined based on
previously performed calibration tests in the calibration chamber.

Figure 8. The 24-h temperature distribution for FBG sensors placed in the building envelope.

The temperature distribution determined experimentally inside the building envelope
based on the measurements performed using fibre optic sensors and a thermographic
camera is presented in Figure 9.

3.2. Three-Layer Wall

The temperature distribution was also analysed for the three-layer wall. At the stage
of the building construction, classical temperature sensors were introduced with relevant
infrastructure. During the building operation, sensor II was damaged and replaced with
an equivalent FBG sensor. The environmental data related to the air outdoor temperature
and relative humidity were obtained from a weather station. The process of tempera-
ture changes in the building envelope was analysed for extreme temperature conditions.
Compared to positive values of temperature, the temperature in the building envelope
was much more stable in the case of negative temperatures. Analysing the distributions
determined experimentally, it can be noticed that the temperature inside the envelope
does not fall below −8 ◦C even if the outdoor temperature keeps at the level of −14 ◦C
for more than 5 h. It is only after the outdoor temperature rose to the temperature level
in the building envelope that a slight increase in temperature could be observed between
the external layer (1) and the thermal insulation. From the moment when the outdoor
temperature rises at 8:15, 3 h pass before the temperature inside the building envelope
starts to increase (cf. Figures 10 and 11).
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Figure 9. Temperature distribution in the building envelope during the thermographic camera
measurement.

Figure 10. The 24-h distribution of outdoor temperature and temperature inside the building envelope.

In the case of positive values of the outdoor air temperature, the temperature in the
building envelope is less stable and rises due to heat accumulation to levels higher than
the outdoor temperature (cf. Figure 12). At the maximum outdoor temperature of 35 ◦C,
the temperature in the air gap reaches over 38 ◦C. The delay in the temperature change in
layer 2 due to the temperature drop from 16:45 h onwards totals 3 h. The delay totals about
3 h both for negative and positive values of outdoor temperatures.

The performed analyses also drew attention to differences between the theoretical
and the real temperature distribution. They become visible especially if the air relative
humidity is included in the range of 40–50% (cf. Figure 13). The theoretical and real
temperature distributions in the building envelope obtained for the ambient air relative
humidity of 46% and outdoor temperature of 6 ◦C are presented in Figure 13. Figure 14
presents the distributions for a relative humidity of 91% and outdoor temperature of 9 ◦C.
For high values of relative humidity (90–100%), a good agreement can be observed between
the theoretical and experimental temperature distribution (agreement up to 1 ◦C). The
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difference between the values determined experimentally (14.57 ◦C) and theoretically
(18.06 ◦C) for the case with relative humidity at the level of 46% and the air outdoor
temperature of 6 ◦C totals 3.49 ◦C. It is an essential difference, which reappeared in
subsequent measurements.

Figure 11. Time of the building envelope response to a change in outdoor temperature at negative outdoor values.

Figure 12. Time of the building envelope response to a change in outdoor temperature at positive outdoor values.
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Figure 13. Temperature distribution at the humidity of 46% and outdoor temperature of 6 ◦C.

Figure 14. Temperature distribution at the humidity of 91% and outdoor temperature of 9 ◦C.

As already mentioned, optical FBG sensors also make it possible to determine strain
values. Example strain measurement results obtained for a wall under a 5 kN load from
the floor slab placed above it are presented in Figure 15. A relatively small strain of about
7 μstrain (a millionth) can be observed together with n measurements performed by the
FBG-800 optical interrogator with a measuring frequency of 100 Hz. This type of sensor
enables structural monitoring of building structures.
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Figure 15. Strain in the building envelope.

4. Discussion

Correlation analysis (linear correlation) was conducted to establish the relationship
between the air outdoor temperature and the temperature in the three-layer envelope of
the building. The correlation is very strong (>75%) and the results are listed in Table 5 with
respect to individual sensors embedded in the building envelope. The correlation strength
decreases with the analysis of subsequent sensors located closer to the inside of the room.

Table 5. Linear correlation between the temperature inside the building envelope and the outdoor
temperature.

Temperature Sensor
in the Envelope

Linear Correlation (p < 0.05000 N = 2689) in the Winter Period

Outdoor Temperature

Sensor I 0.937465

Sensor II 0.843755

Sensor III 0.760560

Based on the temperature differences inside the analysed building envelope between
the values determined experimentally and theoretically, a correction function was devel-
oped for temperature distributions with the air relative humidity higher than 60% in the
form of a fifth-degree polynomial. The polynomial is expressed as follows:

Δt = y = 83.772x4 − 48.362x3 − 50.793x2 + 29.504x + 0.4736 (2)

where x is the total thickness of the building envelope from the internal wall to the analysed
point of temperature determination (usually the border between the layers).

To correct the theoretical temperature in a given point of the building envelope, a
correction factor has to be added as follows:

tx = tt + ΔtL (3)

where
tx—corrected temperature;
tt—theoretical temperature;
ΔtL—correction factor for the theoretical temperature distribution at a low humid-

ity value.
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Figure 16 presents the implementation of the polynomial approximation of the tem-
perature differences of the envelope.

Figure 16. Polynomial approximation of temperature differences.

Table 6 presents polynomial approximation for an example of the distribution of the
theoretical temperature in the analysed envelope.

Table 6. Polynomial approximation of the temperature distribution.

Theoretical
Temperature on
the Interface of

Layers

Real
Temperature

Temperature
Difference

Polynomial
Approximation
of Differences
(Correction)

Post-Correction
Temperature on
the Interface of

Layers

23.00 23.00 0.00 0.47 22.53

22.72 21.27 1.45 0.90 21.82

22.68 18.91 3.77 3.80 18.88

20.37 16.50 3.88 4.04 16.33

18.06 14.57 3.50 3.61 14.45

15.22 12.23 2.99 3.00 12.23

12.39 9.74 2.65 2.26 10.12

9.55 7.25 2.30 1.48 8.07

6.71 6.76 −0.05 1.03 5.68

6.33 6.42 −0.09 −0.21 6.54

6.09 6.09 0.00 −0.21 6.29

The developed approximation function applied to other temperature distributions
makes it possible to correct the theoretical distribution and bring it closer to the real
one. Figures 17 and 18 present the theoretical and the real temperature distribution
together with the distribution corrected using the developed correction factor for two
selected temperature measurements at the air humidity of 46% and 24% and the outdoor
temperature of 9 ◦C and 8 ◦C, respectively.
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Figure 17. Temperature distribution at the humidity of 46% and outdoor temperature of 9 ◦C together with the corrected
distribution.

Figure 18. Temperature distribution at the humidity of 24% and outdoor temperature of 8 ◦C together with the corrected
distribution.

5. Conclusions

The paper presents an innovative method of monitoring the temperature of the build-
ing envelope using FBG temperature sensors. The following conclusions can be drawn:

1. It is demonstrated that the fibre optic technology based on multiplexed FBG sensors
enables effective measurement of temperature in the building envelope. The thermal
boundary conditions on the outside of the analysed envelope can be obtained by
means of measurements performed using a thermographic camera. FBG sensors
can be used instead of classical temperature sensors, especially if the latter types
are damaged. The hybrid method of the measurement of temperature distributions
consists of implementing various measuring methods, which enhances the effective-
ness of performed measurements and may contribute to a reduction in the costs of
conducting the experiment;

2. The calibration tests demonstrate a linear dependence between temperature and the
wavelength measured using fibre optic sensors;
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3. Differences are observed between the theoretical and the real temperature distribution
in the building envelope for the ambient air relative humidity level of 40–50%;

4. A correction factor is proposed to correct the theoretical temperature distribution
in the building envelope. The factor makes it possible to eliminate the difference
between the theoretical and the real temperature distribution;

5. Considering the latest technological progress in the field of optical interrogators, the
cost is comparable to classical methods of temperature measurements in the building
wall. In fact, it can even be included in the low-cost group, while the computational
cost is acceptable for large facilities;

6. In the future, the system presented in the paper will enable comprehensive thermal
and structural monitoring of building structures. The determined real thermal delays
occurring in the wall will make it possible to optimise the building heating/cooling
strategy. The knowledge of temperature distributions in the building walls depending
on climatic conditions will enable the selection of a heating system suitable for a given
wall configuration, which may reduce energy consumption.
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Abstract: This paper attempts to compare three methods of testing floor slip resistance and the
resulting classifications. Polished, flamed, brushed, and grained granite slabs were tested. The
acceptance angle values (αob) obtained through the shod ramp test, slip resistance value (SRV), and
sliding friction coefficient (μ) were compared in terms of the correlation between the series, the
precision of each method, and the classification results assigned to each of the three obtained indices.
It was found that the evaluation of a product for slip resistance was strongly related to the test
method used and the resulting classification method. This influence was particularly pronounced for
low roughness slabs. This would result in risks associated with inadequate assessments, which could
affect the safe use of buildings facilities.

Keywords: slip resistance; granite floor; slip resistance value; ramp test; acceptance angle; sliding
friction coefficient; comparability of test methods

1. Introduction

Slip resistance of granite floors is a performance that determines the fulfilment of
basic requirement no. 4 (safety and accessibility in use), which, according to Annex I to
Regulation (EU) No 305/2011 of the European Parliament and of the Council (CPR) [1],
is one of the seven basic requirements to be met by construction works as a whole and by
their separate parts. The construction works must be designed and built in such a way that
they do not present unacceptable risks of accidents or damage in service or in operation,
such as slipping.

Individual European countries have defined more or less specific requirements in this
respect. In the UK, the criterion used is the pendulum test value (PTV) of at least 36 units [2].
In Germany, a classification based on the acceptable angle value has been developed,
expressed in classes from R9 to R13 [3]. In Italy, the value of the dynamic coefficient
of friction for which an acceptable threshold of more than 0.4 has been established is
considered for evaluation [4]. In Poland, the issue of slip resistance of granite floors in
rooms intended for permanent human occupation is regulated by technical conditions
that should be met by buildings and their location [4]. They indicate that the surface of
entrances to buildings, external and internal stairs and ramps, passageways in the building
and floors in rooms intended for human occupancy, and garage floors should be made
of materials that do not pose a slipping hazard. Detailed evaluation criteria are further
provided in the Ministry of Investment and Development’s guide, indicating a PTV of at
least 36 units [5].

The inadequate slip resistance of a floor carries a risk of slipping. According to the
Polish Central Statistical Office, it is, together with trips and falls, one of the leading
causes of injuries [6]. These data correspond with the results of analyses conducted by
Kemmlert and Lundholm [7] on behalf of the Swedish Council for Occupational Safety and
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Health, which indicated that slips, trips, and falls account for 17–35% of accidents. Their
consequences can be very serious, and treatment can be lengthy and expensive. The most
common result is a sprain or fracture of a limb, but more severe cases, such as concussion,
have also been reported. It is estimated that one in five slip and fall accidents result in
injuries that cause at least one month period of incapacity for work. The slip resistance of
floors can be considered a socioeconomically relevant problem.

Slip resistance of floors is determined by several factors, including the properties of
the material from which the floor is made, the conditions of its use, the psychophysical state
of the user, and the properties of footwear [8,9]. Statistical data indicates that accidents due
to slipping most often occur in the autumn–winter period, mainly in public buildings [6]
where, as indicated by the analysis of contemporary architectural trends, large-format
stone or ceramic tiles with high gloss and smooth surface dominate (Figure 1).

 
(a) 

 
(b) 

Figure 1. Contemporary floor in public facilities: (a) a commercial function, (b) a service function.

One of the most popular flooring solutions used in public facilities, granite slabs,
was used for this study. Slabs of medium-grained Strzegom granite, light gray in color
and obtained from the Strzegom–Sobótka massif deposits located in the Sudetes Foreland
block, were used. Strzegom granite slabs have been used for flooring in buildings such
as the Peace Palace in The Hague, the Palace of Culture and Science in Warsaw, the 10th-
Anniversary Stadium in Warsaw, the Congress Centre in Berlin, underground stations in
Warsaw, Berlin, and Vienna, numerous office and commercial buildings, railroad stations,
underground passages, as well as boulevards, bridges, markets, and squares [10].

Evaluation of slip resistance is conducted using a variety of test methods. Con-
sequently, it is expressed in different parameters that form the basis for independent
classifications. Among the most popular is the classification based on slip resistance value
(SRV; Figure 2), the acceptance angle value determined by the ramp test (Figure 3), and the
dynamic friction coefficient (μ) (Figure 4).

Figure 2. Slip risk in relation to slip resistance value (SRV).
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Figure 3. Slip resistance depending on the antislip class and the corresponding values of the acceptance angle (αob)
determined by the shoe foot method.

Figure 4. Slip resistance of floors depending on the value of the dynamic coefficient of friction μ.

Classification based on SRV, also referred to as PTV, was developed by the UK Slip
Resistance Group [2] and introduced into the Health and Safety Executive guidelines [11].
It shows the risk of slipping depending on the value of SRV (Figure 2). It is assumed that
the probability of slipping on a floor with an SRV ≥ 36 is 1:1,000,000, while it increases up
to 1:20 with an SRV < 24 [2].

The values of the acceptance angle (αob) determined by the shod ramp test are the
basis for determining the slip resistance class. There are five classes in accordance with
DIN 51130 [3]. Solutions classified as R9 have the lowest slip resistance, while those
corresponding to class R13 have the highest (Figure 3).

A separate classification was developed based on the value of the dynamic coefficient
of friction (μ) (Figure 4). It is assumed that the floors for which the value of μ is higher
than 0.75 can be regarded as antislip [12], while μ above 0.4 is regarded as an acceptable
value [4].

The classification scales associated with the various slip resistance test methods are
not compatible [13–15]. The feelings of people walking on the floors are not always
reflected by the values of the coefficients obtained by methods using only test equipment,
as shown Choi et al.’s work [14]. An additional source of confusion is the fact that subjective
evaluations are expressed on a nominal scale, while measurement results (e.g., sliding
friction coefficient (μ)) are expressed on ratio or interval scales.
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Attempts are being made to create new classification methods. For example, Çoşkun [16]
proposed a new sliding risk scale on natural stones surfaces. Cluster analysis was per-
formed by the author using the k-means method. This resulted in a better resolution
classification (results were assigned to more classes than in the case of standard methods
used). While it would seem appropriate to create a new scale with better resolution that
is universal, habits of a particular type of classification and requirements in higher-level
documents expressed in the classification scales used in a particular country may prevail in
different countries. In view of this, the best way for unification might be to create a matrix
of result dependencies and classifications in the existing set, rather than expanding the set.

Following this pattern, this study compares the results attributed to three different
classifications. One of the research methods used is a subjective evaluation, but the study
results’ obstacle of nominal scale is removed. In the ramp test, the result is expressed
in a physical unit of measure (tilt angle expressed in degrees), although its evaluation is
typically subjective. The acceptance angle values obtained through the ramp test, slip
resistance value, and sliding friction coefficient (μ) are compared in terms of the correlation
between the series, the precision of each method, and the classification results assigned to
each of the three obtained indices. A full comparison of classifications and the creation of
possible conversion factors will be possible after results are obtained for a large group of
different materials.

2. Materials and Methods

2.1. Materials

Granite slabs with different processing textures were used for study, namely pol-
ished (PO), flamed (PL), brushed (SZ), and grained (GR). Their characteristics, including
roughness parameters, are shown in Table 1.

Table 1. Characteristics of granite slabs.

Sample’s Mark Processing Texture
Roughness Parameters, μm

Surface Characteristics
Sa Sz Ra Rz

PO polishing 4.05 213.87 1.85 25.96 high degree of smoothness, shine

PL flaming 37.28 149.19 25.93 130.47

appearance close to natural fracture,
with clear changes in the surface of the
quartz grains caused by temperature

and flame

SZ brushed 38.20 556.38 27.11 294.39 clear roughness with abrasive scratches

GR graining 97.11 839.01 83.75 418.39
even but rough surface with

characteristic regular concaves
and convexities

An Olympus OLS4100 laser scanning digital noncontact microscope (Olympus, Tokyo,
Japan) was used to measure roughness parameters. Sa and Ra values, expressing roughness
parameters, were determined according to ISO 3274 [17] and ISO 4288 [18]. The use of
the noncontact method (laser beam) in the procedure of measuring the parameters of the
geometric structure of the surface, especially the roughness profile, significantly improves
the accuracy of the measurement by eliminating the effect of rounding the measuring tip
used in the contact method. A 5× objective lens was utilized at 864× total magnification in
mixed observation mode. Measurement resolution (laser measurement) was 200 nm. The
observed area was 2560–320 μm. The raw Ra and Sa values were utilized to obtain bulk
surface roughness information. Ra was measured in 10 different regions, with 10 profiles
chosen from each region approximately equidistant from one another. Five equidistant
measurements were taken along the sample’s length. The sample was then rotated roughly
180◦, and a subsequent five additional measurements were taken. The total number of
Ra and Sa measurements were arithmetically averaged to obtain the final value of Ra
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and Sa. To verify the robustness of the method, reproducibility tests were conducted on
five samples.

2.2. Slip Resistance Value

The SRV test was conducted using an instrument (WESSEX, Aldershot, UK) referred
to as a British pendulum (Figure 5). The test technique used was in compliance with
EN 14231 [19], which is in accordance with CEN/TS 16165 [20] Annex C. The test was
to determine the energy loss of the slider due to friction against the test surface. A Type
57 (CEN) slider made of 55–61 International Rubber Hardness Degrees (IRHD) rubber
(WESSEX, Aldershot, UK) was used, with a width of 76.2 mm and a slid length of 126 mm.
The frictional force between the slider and the test surface was determined by measuring
the pendulum deflection while the slider was moving using the C scale. Before testing,
the instrument was calibrated using reference substrates, namely glass, a reference plate,
and polishing paper. Measurements were conducted under dry and wet conditions (after
wetting both the sample and the slider with distilled water). The test was conducted on two
samples of a given solution, with 10 measurements in dry conditions and 10 measurements
in wet conditions taken in each series.

 

 

(a) (b) 

Figure 5. SRV test: (a) polished granite slabs (PO) in wet condition, (b) brushed granite slabs (SZ) in
dry condition.

2.3. Ramp Test

Ramp test was performed using the shoe foot method according to CEN/TS 16165 [20]
Annex B, corresponding to DIN 51130 [3]. The test was to determine the acceptance
angle (αob), which is the maximum angle of the sample in relation to the level at which a
person walking on the floor begins to slip. The researchers walked on ramp (Gabrielli SRL,
Florence, Italy) in an upright posture, forward and backward. At the same time, the angle
of the sample was changed from a horizontal position (Figure 6a) to an angle at which the
researcher no longer felt confident and could not continue walking (Figure 6b). The tests
were conducted independently by two researchers. The subjectivity of their experiences
was reduced using calibration liners, and the resulting corrections were incorporated into
the acceptance angle value. Three standard liners were used for the calibration process.
The liners’ acceptance angles were 8.7, 17.3, and 27.3◦, respectively. Each person walked on
each standard liner three times, and the mean calibration acceptance angle values were
determined. Each individual correction value Δα was calculated as a difference between
the liners’ acceptance angle and the calibration acceptance angles. Each of the individual
correction value Δα was less than the critical differences (≤3.0◦). If one of the absolute
values was greater, the test person in question would be excluded from the test. Correction
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value (Dj) was calculated from the values obtained from the calibration liners’ values. The
calculation of Dj was carried out as follows:

Dj = Δα − 1√
2

(1)

 
(a) (b) 

Figure 6. Ramp test: (a) starting position, (b) position at maximum acceptable angle αob.

The test samples were covered with engine oil during testing, and the researchers
wore standardized footwear with properly profiled rubber sole. The contact pressure
values in the ramp test hovered around the level (1.8–2.0) N/cm2 when in static state.

2.4. Sliding Friction Coefficient

Sliding friction coefficient (μ) test was performed according to CEN/TS 16165 [20]
Annex D. A tribometer (GTE Industrieelelektronik GmbH, Viersen, Germany) equipped
with sliders imitating shoe heels, exercising a total contact pressure of 9 ± 1 N/cm2 when
in static state, was used (Figure 7). Moving along two intersecting paths with a constant
speed of 0.2 m/s, the device recorded the frictional force between the slider and the sample.
The dynamic coefficient of friction (μ) was calculated as the quotient of the frictional force
and the contact force of the slider on the sample. Two different sets of sliders were used in
the study. The first set consisted of three sliders with styrene–butadiene rubber (SBR) with
a density of 1.23 g/cm3 and a Shore D hardness of 50. In the second set, the rear slider was
made of SBR and the front sliders were made of tanned leather with a density of 1.0 g/cm3

and a Shore D hardness of 60. Prior to testing, the instrument was calibrated with reference
substrates, namely glass, high-pressure laminate (HPL), and ceramic tile. Measurements
were carried out in dry and wet conditions (after wetting the sample with demineralized
water). The test was carried out on two samples of a given type, with 10 measurements in
dry conditions and 10 measurements in wet conditions taken for each sample.

  
(a) (b) 

Figure 7. Dynamic coefficient of friction measurement: (a) PO series in dry condition, (b) flamed (PL) series in wet condition.
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3. Results

3.1. Slip Resistance Value

The SRV obtained in this work is summarized in Figure 8 against the arithmetic
mean of the profile deviation from the mean line (Ra) expressing the surface roughness.
Comparing these results to the criteria developed by the UK Slip Resistance Group [2], it
can be concluded that an SRV ≥ 36, which is taken as an indicator of low slip risk (Figure 2),
was achieved in dry conditions by all the tested solutions. The SRV depended on the type
of treatment texture [21,22]. The lowest SRV value was obtained for PO with Ra equal to
1.85 μm (60 units), followed by PL with Ra equal to 25.9 μm (77 units) and SZ with Ra
equal to 27.1 μm (93 units). The highest SRV value was for GR with Ra equal to 83.7 μm
(98 units). The increase in Ra was generally accompanied by a nearly proportional increase
in SRV for polished, flamed, and brushed slabs. For the grained slabs, the increase in Ra
did not fully translate into SRV values. The above may be due to the specific surface profile
of the grained slabs. Out of the tested range, only this type of slab has concavities and
convexities with a circular shape, which may cause a different adhesion of the slider in the
PTV test. As in other works [13,23], a significant reduction in SRV was observed under
wet conditions. However, it remained satisfactorily above 36 units for the flamed, brushed,
and grained slabs. There was a decrease to 22 units for polished tiles, indicating that the
floor poses a very high risk of slipping under these conditions. The SRV results obtained
under dry conditions corresponded with the study of Karaca et al. [24], who obtained SRV
values ranging from 42 to 74 units for granite slabs with slightly lower roughness than
those tested in this study. In contrast, the slip resistance value determined in this study
under wet conditions was significantly more favorable. In the aforementioned work, they
ranged from 9 to 12 units.

Figure 8. Results of pendulum test value (PTV) slip resistance tests for PO, PL, SZ, and grained (GR)
granite slabs under dry and wet conditions against surface roughness expressed as Ra.

3.2. Ramp Test

The above gradation of the slip resistance of granite slabs in terms of SRV values was
quite well reflected in the acceptance angle values determined by the shod ramp method
(Figure 9). It was found that the least resistant to slipping in terms of αob values were
PO slabs, which according to [3] should be regarded as out-of-class (αob ≤ 6◦), followed
by PL of class R10 (10◦ < αob ≤ 19◦) and GR series of class R12 (27◦ < αob ≤ 35◦). The
highest antislip properties were exhibited by SZ slabs with αob equal to 34.7◦; however,
this also places them in class R12. The above classification leads to the conclusion that the
resistance of PL series slabs can be considered normal, while SZ and GR series slabs can
be considered high (Figure 3), which generally corresponds to the classification according
to SRV in dry conditions. However, polished slabs with very low roughness (Ra equal to
1.85 μm) are noteworthy. In the SRV test in dry conditions, they obtained a result of ≥ 36,
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which translates into a high score of slip resistance according to the criteria of the UK Slip
Resistance Group [2]. The result of an αob ≤ 6◦, on the other hand, should be considered
as disqualifying the solution in the context of floor application.

Figure 9. Test results of the acceptance angle (αob) with the shoe foot method for PO, PL, SZ, and GR
granite slabs against surface roughness expressed by Ra.

3.3. Sliding Friction Coefficient

The third method used in this study to verify slip resistance was to measure the
dynamic friction coefficient, which was conducted under conditions analogous to those
used in the slip resistance test. The results obtained with the rubber slider set (μR) are
shown in Figure 10 and those with the leather slider set (μL) are shown in Figure 11. In
both cases, the dynamic friction coefficient values were close to the value of slip resistance.
The lowest μR and μL values under both dry and wet conditions were obtained for PO
slabs at 0.57 and 0.39 and 0.46 and 0.42, respectively, followed by PL slabs at 0.58 and 0.54
and 0.58 and 0.47, respectively. The μR and μL results obtained for brushed and grained
slabs were nearly the same level under dry conditions at 0.68 and 0.73 and 0.67 and 0.72,
respectively, while the values under wet conditions were 0.66 and 0.60 and 0.67 and 0.59,
respectively. Analyzing the obtained μR and μL results in the context of the criteria [25] all
tested solutions except for the PO series in the test with rubber sliders can be assigned to
the level of 0.40 ≤ μ≤ 0.74, which means that the slabs showed a satisfactory slip resistance
in both in dry and wet conditions (Figure 4).

Figure 10. Results of dynamic friction coefficient (μR) of PO, PL, SZ, and GR granite slabs, determined
in dry and wet conditions using a set of rubber sliders against the background of surface roughness
expressed by Ra.
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Figure 11. Results of dynamic friction coefficient (μL) of PO, PL, SZ, and GR granite slabs, determined
in dry and wet conditions using a set of leather sliders against the background of surface roughness
expressed by Ra.

4. Discussion

The variety of methods for evaluating slip resistance creates the need to address the
relationship between test results obtained by different methods and establish links between
classification criteria related to these methods. This issue should be based on testing as
many flooring materials as possible.

For measurement methods for which the results are metrologically comparable (i.e.,
relate to the same physical quantity and are metrologically traceable to the same reference),
the issue is relatively straightforward: a method compatibility assessment can be applied to
determine whether the differences between results of measurements obtained by different
methods are insignificant [23,26].In the present case of slip resistance evaluation, the test
methods were determined by the test process’s convention, and their results do not refer to
the same physical quantity. The compatibility assessment of the methods in such a case
is not justified, and other indirect methods should be used to assess the differences in
trueness and precision.

A comparison of the acceptance angle values (αob using ramp test), SRV, μR (sliding
friction coefficient using rubber slider), and μL (sliding friction coefficient using leather
slider) should also take into account the fact that αob tests were carried out on a surface
covered with engine oil, while SRV and μ tests were carried out on dry surface and on
surface wetted with water. Dry surface and wet surface test results differed but were
subject to the same classification. Due to the fact that the ramp test was conducted on four
surfaces (PO, PL, SZ, and GR) and the other tests were conducted on the same surfaces
but with their number doubled using wet surface and dry surface, we used a method
of comparison that did not treat the wet and dry surface as separate surfaces but rather
considered the tests for wet surface and dry surface as separate test methods.

Pearson’s correlation coefficient within each pair of results was used to compare the
results obtained by the seven methods thus defined. The results are presented in Table 2.
These were determined for 80 results in each method. All values were greater than the
critical value at the confidence level α = 0.05 [27].
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Table 2. Pearson’s correlation coefficient between test methods.

Test Mark SRV (dry) SRV (wet) μR (dry) μR (wet) μL (dry) μL (wet)

Ramp test 0.977 0.970 0.837 * 0.988 0.979 0.955
SRV (dry) - 0.984 0.863 * 0.990 0.978 0.963
SRV (wet) - - 0.783 * 0.981 0.949 0.914 *
μR (dry) - - - 0.852 * 0.879 * 0.904 *
μR (wet) - - - - 0.978 0.953
μL (dry) - - - - - 0.974

If we consider that the results were obtained for four levels (PO, PL, SZ, and GR), the critical value of Pearson’s
coefficient for n = 4 is much higher and values marked * are smaller than the critical value, but in nonstatistical
evaluation such values are usually considered as good correlation.

The interpretation of the Pearson’s coefficient depends on the purpose and context.
For advanced and precise measurement methods, the values shown in the table could
be considered insufficient confirmation of the correlation between the results. Each of
the methods used in this experiment is characterized by specific arrangements and many
noncontrollable factors, namely factors that were not precisely determined in the test model.
These factors may cause variabilities taking the form of differences between the results
under repeatability and reproducibility conditions.

To compare tests in terms of the dispersion of the results obtained, repeatability stan-
dard deviation (sr) and reproducibility standard deviation (sR) according to ISO 5725-2 [28]
are used. However, when the results obtained by different methods are not comparable,
standardization of the results would have to be used to obtain information about the
differences in precision of the methods. However, classical standardization unifies the
dispersion of test results to a standard deviation value of 1. Thus, in this case, quotient
transformations where the normalizing values are maximal values for each test method
were used. This kind of transformation retains the differences in means and standard
deviations [27].

The resulting repeatability standard deviations (sr) and reproducibility standard
deviation (sR) calculated from the results undergoing quotient transformations are shown
in Figure 12.

Figure 12. Precision of methods: repeatability standard deviation (sr) and reproducibility standard deviation (sR) for ramp
test, test of SRV for dry and wet surfaces, sliding friction coefficient using rubber slider (μR), and sliding friction coefficient
using leather slider (μL) for dry and wet surfaces. The values of sr and sR were obtained from the results subjected to
quotient transformations (maximal values for each test method were used as normalizing values).

Analysis of the graph shown in Figure 12 indicates that the ramp test method has fairly
good repeatability compared to other methods. It defines the angle at which the examiner
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researcher stopped feeling confident, so the judgment given by the same researcher (ex-
pressed by the value of the angle, αob) was not significantly different for the same substrate
surface. When another person conducted the research test, their feelings about safety
might have varied somewhat, despite their initial mental and physical state. This was
confirmed by statistical analysis of the difference between the variance of reproducibility
(sR) and repeatability (sr), which is the component of variance derived from intergroup
(interlaboratory) differences:

sL
2 = sR

2 − sr
2 (2)

The SRV test had a low standard deviation value of repeatability and reproducibility,
and the precision of the method depended very little on the surface on which the test was
performed. On the other hand, methods based on the determination of the μ factor showed
clear differences in precision depending on the surface tested. Table 3 shows the values of
the sL deviation.

Table 3. Values of the intergroup deviation (sL). The values of sL for which sL
2 had not met the

condition described by Equation (2) are marked with gray shading.

Test Mark sL (PO) sL (PL) sL (SZ) sL (GR)

Ramp test 0.000 0.018 0.035 0.026
SRV (dry) 0.007 0.007 0.004 0.009
SRV (wet) 0.002 0.002 0.007 0.003
μR (dry) 0.005 0.008 0.004 0.044
μR (wet) 0.017 0.003 0.001 0.027
μL (dry) 0.003 0.009 0.020 0.006
μL (wet) 0.002 0.022 0.011 0.006

To determine the statistical significance of differences in the precision of individual
methods (ramp test, slip resistance value (for dry and wet surfaces), friction coefficients (μR
for dry and wet surfaces and μL for dry and wet surfaces), and differences in the precision
of testing of individual surfaces (PO, PL, SZ, and GR)), chi-squared test (χ2) was performed
for sL

2 variances.
The following criterion was used:

χ2 =
ns2

L
σ2

0
< χ2

α,n (3)

where n is the number of degrees of freedom, n = N − 1 (N = 20 for each value of sL
2). σ2

0 is
the variance of the population. As this value is unknown, it was taken as the mean of all
sL

2 scores. χ2
α,n is the critical value for the significance level α = 0.05 and the number of

degrees of freedom n.
Thus, the χ2 test was used to confirm the hypothesis that the differences of the

interlaboratorty component of variance sL
2 of the results obtained for different types of

surfaces and different types of tests were not statistically significant.
In Table 3, the values of sL for which sL

2 had not met the condition described by
Equation (3) are marked with gray shading. The greatest number of deviating values of
interlaboratory variance was found for two surfaces: SZ and GR. This may mean difficulty
in ensuring the reproducibility of the results of tests carried out on such surface. As
previously established, the SRV method was characterized by the best (as a set for all
surfaces) reproducibility.

The precision of the test method, particularly the interlaboratory variance, is extremely
important because poor reproducibility of the method increases the risk of incorrect evalua-
tion. From this point of view, on the basis of the presented results, the SRV method should
be considered the best (the lowest risk of different assessment by different laboratories).
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On the other hand, to get a complete picture of the slip resistance test method, the
classification method assigned to it should also be considered, including the classification
resolution.

Different scales of safety risk classifications (Figures 2–4) were assigned to the ramp
test, slip resistance value, and sliding friction test methods. Figure 13 shows the test results
against the classifications assigned to the methods.

(a) (b) 

(c) (d) 

(e) 

 

Color Mark 

 PO 

 PL 

 SZ 

 GR 

Figure 13. Slip evaluation for four surfaces (PO, PL, SZ, and GR) depending on the test method and associated classification
criteria. (a) SRV for dry and wet surfaces versus αob results of the ramp test. (b) Sliding friction coefficient using rubber
slider (μR) for dry and wet surfaces versus results of the ramp test. (c) Sliding friction coefficient using leather slider (μL)
for dry and wet surfaces versus results of the ramp test. (d) Dry surface μR and μL versus SRV. (e) Wet surface μR and μL

versus SRV.

The ramp test classification based on acceptance angle values (αob) had the highest
resolution. The three surfaces PL, SZ, and GR were assigned to different classes, with
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the results for PL and SZ surfaces being on the edge of different classes. The PO surface
results were below the lower limit of the acceptance angle, indicating an unacceptable risk
of slipping.

In the scales assigned to the SRV and sliding friction coefficient tests, PL, SZ, and GR
in both wet and dry states as well as the PO floor in dry state were in the same class, i.e.,
low risk according to the SRV value, while the μR and μL values were in the satisfactory
class. Only the wet PO floor in the SRV test results reached the high slip risk class. The μR
and μL values were on the borderline between admissible and satisfactory classes.

The designations for individual classifications were as follows: for ramp test (floor
classes): L: low (R9), N: normal (R10), G: good (R11), H: high (R12), and V: very high (R13);
for SRV (risk of the slip): Lr: low risk, Mr: medium risk, and Hr: high risk; for sliding
friction coefficient (floor classes): d: dangerous, a: admissible, s: satisfactory, and m: model.

The above results indicate that the test method and classification method strongly in-
fluenced the slip risk assessment. This supports the thesis regarding the need for uniformity
of testing and evaluation rules. Various paths may lead to consistency in assessments, all re-
quiring thorough research. This includes assigning a specific test and classification method
to the floor usage conditions; using only one method for all slip resistance assessments;
and creating a new research method and a new, consistent classification. A transitional
phase could be to provide the possibility of converting results and classifications obtained
with different methods to harmonized indices, which could allow comparisons of products
in terms of slip risk in situations where slip resistance results are obtained using different
methods. This paper is an outline of the problem and an embryo of that phase, showing the
relationship between the results and classifications for one type of material with differently
prepared surfaces. Creating a matrix to compare slip resistance results would have to
involve a large number of test results obtained for different flooring materials. The authors
intend to continue to work in this direction.

5. Conclusions

This study analyzed the slip resistance of polished, flamed, brushed, and grained
granite slabs in terms of slip resistance value, acceptance angle in shod ramp test, and
sliding friction coefficients and found that the evaluation of the products in terms of slip
resistance was strongly related to the applied testing and classification method.

The test method’s influence was particularly visible with regard to products with very
low roughness, such as polished slabs. These solutions were classified as low slip risk for
slip resistance value in dry conditions and satisfactory for dynamic friction coefficient. In
the ramp test, they obtained an acceptable angle value at a level that prevented them from
being classified in the lowest slip resistance class.

The test methods were compared in terms of accuracy and resolution of classification.
Neither method had been well assessed on both criteria. The SRV method showed the high-
est precision, resulting in the lowest risk of different classification by different laboratories,
but the resolution of the classification assigned to this method was too low. The ramp test
method had a resolving classification, but the test method reproducibility appeared to be
the worst.

The choice of test and classification method is often dictated by national regulations
related to specific applications. However, a question still remains as to which of the
assessment methods provides the lowest risk of slippage. According to the authors of
this paper, it is not guaranteed by even the most precise method that classifies all surfaces
as providing a low risk of slippage. Thus, the safest of the discussed methods of testing
and classification, both from the point of view of producer and user risk, seems to be the
ramp test.

The testing and classification results indicate an important need to standardize testing
methods and classification methods or to create a matrix that allows comparison of results
obtained by different methods.

The authors will continue research on other types of flooring materials.
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Abstract: Reduced maintenance costs of concrete structures can be ensured by efficient and com-
prehensive condition assessment. Ground-penetrating radar (GPR) has been widely used in the
condition assessment of reinforced concrete structures and it provides completely non-destructive
results in real-time. It is mainly used for locating reinforcement and determining concrete cover
thickness. More recently, research has focused on the possibility of using GPR for reinforcement
corrosion assessment. In this paper, an overview of the application of GPR in corrosion assessment of
concrete is presented. A literature search and study selection methodology were used to identify the
relevant studies. First, the laboratory studies are shown. After that, the studies for the application
on real structures are presented. The results have shown that the laboratory studies have not fully
illuminated the influence of the corrosion process on the GPR signal. Also, no clear relationship was
reported between the results of the laboratory studies and the on-site inspection. Although the GPR
has a long history in the condition assessment of structures, it needs more laboratory investigations
to clarify the influence of the corrosion process on the GPR signal.

Keywords: ground-penetrating radar (GPR); non-destructive techniques (NDT); corrosion of rein-
forcement

1. Introduction

Every structure, depending on its intended purpose, must be designed and con-
structed so that during its lifecycle it fulfils the basic requirements for structures and other
requirements, namely, the conditions prescribed by the Building Act [1]. Unfortunately,
experience has shown that a large number of concrete structures show significant signs of
degradation after only 20 to 30 years due to the joint action of mechanical and environmen-
tal effects [2]. The causes of degradation are mainly the consequence of corrosion, which
on a global scale increases the annual maintenance costs to more than 3% of the world’s
Gross Domestic Product (GDP) [3]. The maintenance and strengthening of bridges in
Europe alone require ₤215 million, not including the costs of redirection and organization
of traffic [4]. The unsystematic approach to maintenance, especially of infrastructure, con-
tributes to its premature deterioration and has a negative impact on safety and reliability.
Particularly worrying is the fact that today, the resources invested in maintenance and
repair are higher than the cost of construction [5]. The question therefore arises: how to
stop or delay the degradation of global infrastructure?

The concern resulting from the problems outlined led to the development of strategies
to mitigate the consequences of the corrosion process. At the design level, strategies are
mainly aimed at improving the durability properties of the concrete cover in terms of its
thickness and quality [6]. Other strategies aim at the preventive use of corrosion inhibitors,
corrosion-resistant steel or other surface treatments [7–9]. However, these have limited
ability to solve the corrosion problem of existing structures.

One of the most promising approaches to delay the degradation of existing structures
is the extensive use of non-destructive techniques (NDT). Increased inspection frequency
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and coverage of larger inspection areas could lead to timely detection of deterioration and,
in sum, better decisions in the maintenance of the structure. In this regard, the progress in
the development of NDT methods towards visualization of results leads to the increased
use of advanced NDT methods in the future [10]. Many NDT methods are currently
available; however, this paper focuses on the application of ground-penetrating radar
(GPR) for corrosion inspection of reinforced concrete structures.

Originally, the radar was designed for military use [11]. Today, its application has
expanded to various disciplines, such as civil engineering, hydrogeology, archaeology,
etc. [12,13]. When combined with other non-destructive methods, it is feasible for evaluat-
ing the condition assessment of the concrete structures [14,15] with increased effectiveness
and speed of inspection. The laboratory investigations have shown that the corrosion
process could be monitored based on observing the changes in the GPR signal [16–20].
Moreover, GPR has a history in the assessment of corrosion and corrosion-related patholo-
gies for on-site inspection [21–25]. The main difference between these two approaches is
that the laboratory investigation was mainly focused on discrete corrosion characterization.
The on-site investigation is based on the observation of several simultaneous effects, namely
the variation of moisture, chlorides, and the formation of corrosion products and cracks.

Previous studies have focused on reviewing the general application of GPR in civil
engineering [26,27] or have focused on on-site inspection for a specific type of construc-
tion [28]. To date, there is no comprehensive critical study that evaluates the use of GPR
for corrosion assessment of reinforced concrete. The main objective of this review paper is
to identify all relevant publications on corrosion assessment of reinforced concrete using
ground-penetrating radar. The authors have attempted to gain more understanding of the
relationship between laboratory testing and the application of GPR on-site. This prompted
the authors to organize the paper into the following sections. Section 2 presents the details
of the literature search in terms of the databases used, the search terms and the rationale
for the publication screening. Section 3 deals with the main topic. It is introduced with
the corrosion process and the main principles of GPR, presenting the characteristics for
corrosion monitoring. Furthermore, it is divided into sections dealing with laboratory
and on-site inspections, with each section ending with conclusions. Finally, Section 4
summarizes the work with recommendations for future studies.

2. Methodology

As a first step, a systematic literature search was conducted. Relevant studies were
searched in the databases of Web of Science [29] and Scopus [30] over a period between 1
January 2000 and 30 October 2020. Initially, the authors began the search with the terms
[(ground penetrating radar OR GPR) AND (corrosion) AND (concrete)]. The authors found
that a number of studies for on-site assessment of concrete structures using GPR were
excluded. They suggest that this is because some of the studies looked at the causes and
consequences of corrosion (e.g., delamination), and it appears that the term corrosion was
not appropriate in this case. For this reason, the term deterioration was included in the
database search. The authors found that the terms [(ground penetrating radar OR GPR)
AND (corrosion OR deterioration) AND (concrete)] expanded the number of studies so
that a better overview of GPR application could be created. Duplicates were then removed,
and the authors briefly reviewed titles and abstracts and excluded studies that did not
meet the following criteria: (a) the study is published in English, (b) the full version of the
study is available to the authors and (c) GPR was used to evaluate reinforcement corrosion
and corrosion consequences (e.g., studies in which GPR was used only to determine cover
thickness were excluded). Full-text articles were obtained, and further selection excluded
studies that were not relevant or were beyond the scope. The final selection included
69 studies. Figure 1 shows the steps described.

246



Materials 2021, 14, 975

Figure 1. Steps in the review process for the selection of articles.

3. Corrosion Monitoring Using Ground-Penetrating Radar

As mentioned earlier, the main causes of degradation are mainly the result of corrosion
of reinforcement [31]. The corrosion of steel in concrete is a balanced electrochemical
mechanism [32] between anodic and cathodic reactions that occur on the surface of the
reinforcing steel. The anodic reaction, the oxidation of iron, occurs in an environment
where the protective passive film of steel is not stable. The instability of the protective layer
is related to the changes in the surrounding concrete and the main cause of these changes
are processes such as chloride penetration or carbonation [32,33]. The time required for
the breakdown of the passive film is called the initiation period in Tuutti’s corrosion
model [34]. The further development of corrosion is called the propagation period and
involves crack initiation, as a result of expansive stresses around the bar induced by rust
formation. The progressive corrosion leads to spalling of the concrete and reduction of the
cross-section of the reinforcement, which may compromise the load-bearing capacity of the
structure [35]. Most corrosion assessment techniques are electrochemical-based [36,37]. In
the field assessment of corrosion probability, the half-cell potential (HCP) and electrical
resistivity (ER) are most used.

The description of the half-cell method and interpretation of the results are given
in ASTM C876 [38] and RILEM recommendations [37]. The Wenner probe is commonly
used to determine the electrical resistivity [39,40]. The resistivity values can be used to
estimate the corrosion risk [41]. Although these methods have long been used successfully
in the condition assessment of concrete structures, they have some drawbacks. The half-cell
potential is a semi-destructive technique, so it requires a connection to the reinforcement.
This is a limitation when a large area is to be inspected. Measuring electrical resistivity does
not provide information about the reinforcement, only about the corrosive environment.
Also, large areas require a lot of time for inspection. These issues can be overcome by
using GPR.

Ground-penetrating radar is a non-destructive technique that emits electromagnetic
waves into the material, with the main objective of locating the buried objects underneath
the surface [12]. Nowadays, its scope broadens to a wide range of materials, and among
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others is concrete [26]. The emitted electromagnetic wave propagates through the host
material, as far as it encounters an interface between different materials, whereupon it
is reflected back. The predominant types of GPR antennas used for civil engineering
investigations are air-coupled and ground-coupled. The second type implies contact of
the antenna with the ground and has a better penetration depth. The reflected wave is
recorded with the receiving antenna and the recording is called an A-scan (Figure 2, right).
When a wave is transmitted, the receiver first records a direct wave propagating through
the air from the transmitter to the receiver. Then, a portion of the electromagnetic wave is
reflected off the surface of the material. In a ground-coupled system, these two components
superimpose to form the wave, called direct coupling, Figure 2. The rest of the wave energy
passes through the material until it reaches the material with different dielectric properties.
The electromagnetic wave is then reflected, and the receiver records it as a reflected wave.
Therefore, the attributes of the A-scan that provide information about the target are the
amplitude of the reflected wave and the travel time from the transmitter to the receiver. In
addition, the most common representation of the results obtained with GPR is a B-scan, the
two-dimensional slice that represents the area under investigation along the line.

Figure 2. Recorded signals for ground-coupled antenna.

The strength of the reflected wave depends on the properties of the host material.
The properties that determine the behavior of electromagnetic waves in the material
are its dielectric properties—dielectric permittivity (ε) and electrical conductivity (σ) [42].
Signal losses are mainly due to electrical conduction and dielectric relaxation [43]. Electrical
conduction arises from the motion of free charges, while dielectric relaxation arises from the
rotation of polar molecules. At the microscopic scale, friction occurs between particles due
to these motions, resulting in energy dissipation. In summary, the propagation behavior of
electromagnetic waves strongly depends on the composition of the pore solution. Changes
in dielectric properties can be expected in the presence of moisture and/or chlorides in the
concrete. The presence of water molecules and chlorides in pores results in an overall loss
of energy and signal [43–45]. However, this attenuation is primarily caused by the presence
of chlorides in the pore solution [46] as a result of the increased electrical conductivity of
concrete. Changes in the concrete microstructure caused by carbonation can also affect
the GPR response. The most noticeable ones are due to a reduction in porosity and ion
exchange in the pore solution. It has been reported that carbonation causes a decrease in
the dielectric permittivity, resulting in reduced attenuation [47].

3.1. Laboratory Simulated Corrosion Inspection

Corrosion assessment using ground-penetrating radar is still a novel approach, there-
fore only a limited number of studies have been conducted under laboratory conditions
(Table 1). There are many challenges to ensure a suitable experimental setup for such a
study, starting with the criteria for corrosion initiation, corrosion monitoring and corrosion
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probability assessment. In order to simulate natural corrosion under laboratory conditions,
various techniques are often used to accelerate the process, such as impressed current
technique, artificial climatic environment, accelerated migration tests, etc. [48]. The most
commonly used method for corrosion acceleration is the impressed current technique,
which is based on exposing the embedded reinforcement to the electric current provided by
an external power supply. The current density and exposure time are controlled to achieve
different degrees of corrosion [49,50]. Besides, corrosion can be enhanced by creating favor-
able conditions such as high temperature, high humidity and cycles of wetting–drying [51].
Even if these methods tend to simulate corrosion well, it is inevitable that the artificial
conditions for corrosion to occur will differ from natural conditions. Recognition of these
limitations is important to ensure adequate correlation between accelerated corrosion inves-
tigations and on-site corrosion assessments using GPR. Therefore, Table 1 summarizes the
corrosion probability studies conducted to date that consider both corrosion acceleration
methods and GPR signal attributes analysis. Two experimental setups were found: (a) GPR
attributes acquired before and after the corrosion process, and (b) GPR attributes monitored
during the corrosion acceleration process. The second setup is more significant as it ensures
information about the different stages of corrosion, starting from the depassivation of the
steel to the appearance of cracks.

Table 1. Previous laboratory investigations on the influence of corrosion on the ground-penetrating radar (GPR) attributes.

Study Year
Technique for
Accelerated

Corrosion Test

Method of
Acquiring

GPR
Attributes

Current
Density, i
(μA/cm2)

Dimension of
Specimens (m)

GPR
(GHz) 1

Hubbard et al. [16] 2003

Impressed
current

technique

Before and after
corrosion

acceleration

- 1.25 × 1 × 0.25 1.2

Raju et al. [53] 2018 - 0.76 × 0.38 ×
0.203 2.6

Zaki et al. [54] 2018 - 1 × 0.5 × 0.2 2

Lai et al. [56] 2010

Monitoring
during

corrosion
acceleration

- 1.5 × 0.5 × 0.5 1.5 and 2.6

Zhan et al. [57] 2011 165,000 0.45 × 0.14 ×
0.135 1

Lai et al. [58] 2011 340 - 1.5 and 2.6

Lai et al. [17] 2013 260 and 760 1.5 × 0.5 × 0.5 1.5 and 2.6

Hong et al. [18] 2014 424 1.5 × 1.5 × 0.3 2.6

Hong et al. [19] 2015 125 0.8 × 0.8 × 0.24 2.6

Wong et al. [20] 2019 650 2 0.548 × 0.4 ×
0.15 2

Hasan et al. [55] 2016

Corroded
rebars

immersed in
emulsion Before and after

corrosion
acceleration

- Water oil
emulsions 2.6

Sossa et al. [52] 2019

Corroded
rebars cast in

concrete
- 0.3 × 0.08 ×

0.08 1.6

Curing
chamber - 0.3 × 0.2 × 0.07

1. All of the antennas are ground-coupled. 2. Level of current density was lowered in the latter stage of experiment.

One of the first studies to have acknowledged the GPR potential for corrosion detection
was published in 2003 by Hubbard et al. [16]. The rebar was subjected to an accelerated
corrosion process for 10 days. The results showed that corrosion causes a reduction in
amplitude, which they attributed to the scattering and attenuation of waves due to the
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roughness at the corroded interface between concrete and rebar. This was also confirmed
in Reference [52], where the amplitude of the signal was also reduced in specimens where
the previously corroded bar was cast in concrete. To extend these observations, additional
specimens were subjected to an accelerated corrosion process in an environmental chamber
at different corrosion levels. It was found that corrosion causes a decrease in amplitude for
each corrosion level. This is explained by the signal scattering in the concrete cover zone
caused by the presence of cracks, corrosion products and the roughness of the corroded bar.
In Reference [53], the influence of the diameter of the anode bar on the signal reflection
was also observed. The increase in amplitude was associated with corrosion development
but was also increased with the increase in diameter. In contrast, Reference [54] attributed
lower amplitudes to the presence of corrosion products, but also indicated that the decrease
could be influenced by the accumulation of chlorides in the concrete cover zone.

In Reference [55], concrete properties were simulated by oil emulsions with different
dielectric permittivity, where corroded bars were immersed in the emulsions. However,
in such an experimental setup, all results are based on the theories and therefore cannot
faithfully represent real structures.

3.1.1. Long-Term Corrosion Monitoring

Long-term monitoring of corrosion may ensure a better understanding of its effect on
GPR signal attributes. Several studies [17–20,56–58] have been conducted to distinguish
and correlate significant attributes of corrosion development and GPR signal. The conclu-
sions from these studies are divided into: (1) initiation phase, (2) formation of cracks and
(3) spalling of concrete cover.

Initiation Phase

The application of electrical current in the accelerated corrosion process induces the
faster motion of chloride ions due to the electrical potential gradient, and this mechanism
is called migration [32]. As this process thrives, a decrease in GPR amplitude is reported
by Lai et al. [17]. According to the authors’ assertation, the accumulation of chloride ions
around the anode absorbs the energy of the electromagnetic wave, which also causes the
delay of the wave.

Formation of Cracks

After the initiation phase, the researchers had noticed a steady trend of change in
the signal’s attributes until the wide crack is visible on the concrete surface. This phase is
characterized by the formation of corrosion products that migrate into the surrounding
concrete. The increased amplitude of the reflected wave was reported in Reference [57].
The rebars were subjected to external power supply until a longitudinal crack was visible
on the concrete surface. The authors claimed that the migration of corrosion products
into the shallower concrete cover zone enlarges the intersection points of the signal with
different interfaces—concrete, microcracks, corrosion products—and leads to the increased
amplitude. This was also confirmed in References [17,56,58]. In Reference [18], the experi-
ment was set up to exclude the effects of moisture and chlorides on the GPR signal. The
specimens were stored for two months to achieve stable moisture and chloride content
before accelerated corrosion. Here, the increased amplitude of the GPR signal was then
attributed to the effect of corrosion only. This was also outlined in Reference [20].

Spalling

In addition to the effect of corrosion development on the GPR amplitude, the effect of
crack propagation and the occurrence of wide cracks on the amplitude of the GPR signal
was also noted by Lai et al. [56]. A decrease in amplitude was observed after the occurrence
of a wide longitudinal crack. This was explained by the scattering of signal energy caused
by additional irregularities when a wide crack propagates through the concrete cover. The
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extension of the experimental setup was presented in Reference [20] to obtain a better
representation of the crack influence on the signal amplitude.

3.1.2. Conclusions from Laboratory Simulated Corrosion Inspection

The corrosion process can be divided into the initiation and propagation phases,
with each phase having specific effects on concrete microstructures. From the long-term
corrosion monitoring experiments, the influence of corrosion promotion on GPR attributes
was summarized, as in Figure 3.

Figure 3. Changes in the GPR signal during corrosion process.

The effects shown in Figure 3 are determined by the accelerated corrosion processes,
in particular the formation of corrosion products on the surface of the reinforcing bar,
their diffusion into the concrete cover and thus, crack propagation. These effects modify
the amplitude in terms of different reflection coefficient and different dielectric proper-
ties of the concrete cover. The ability of corrosion products to migrate depends on the
moisture content in the concrete cover since their movement is favored in the presence
of moisture [59]. Similarly, the ability of their migration depends on the duration of the
acceleration process. When accelerated corrosion with high current density is established
in a short timeframe, it leads to increased crack width due to the sudden accumulation of
corrosion products and increased pressure around the reinforcement [50,60]. Therefore, an
appropriate current density should be selected to ensure the best possible simulation of
natural conditions still within a reasonable timeframe [50,61].

The results of these studies also indicate that laboratory simulated corrosion studies
mentioned above do not provide relevant results unless the level of corrosion is properly
described. In these studies, results were recorded before and after corrosion acceleration
and conflicting results were reported. Some authors reported higher amplitudes at the
end of the experiments, while others reported lower amplitudes. Since these studies
differ in terms of experiments setup, corrosion level and induced damage, it is possible
that the observed changes in the GPR signal were recorded during different stages of the
corrosion processes.

3.2. On-Site Corrosion Inspection

Most of the published research focuses on the application of GPR to the assessment of
bridge decks, while other structures are represented to a lesser extent (tunnels, buildings,
wharves, etc.). In terms of geographic location, most studies using GPR are conducted in
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the United States of America. The authors are sure that this is also a consequence of the
existence of relevant standards [62].

The use of ground-penetrating radar data for condition assessment of concrete bridges
dates back to the early 1980s [63]. The amplitude of the ground-penetrating radar signal
during an inspection is affected by the presence of structural elements, variations in cover
depth, moisture, chlorides [22,64,65] and other variables. Therefore, a simple approach
to evaluating changes in the GPR signal is not practical. Coexisting influences with other
phenomena, such as variations in moisture and chlorides, are unavoidable and prevent the
development of methods for direct location of corroded rebar. Therefore, indirect methods
are used in which the localization of corroded areas is correlated with the areas of high
signal attenuation. Attenuation has been found to be strongly related to the increased
conductivity around the rebar [22] caused by the accumulated chloride ions and corrosion
products [25].

The inspection of concrete piers and wharves is very similar to the inspection of
bridge decks where moisture and chlorides are the main causes of deterioration. The use of
ground-penetrating radar has also been reported in the inspection of tunnels. It was noted
that the complicated design and compound deterioration mechanisms of these structures
made a simple corrosion assessment impossible. Instead, the data was used to assess the
overall condition.

Quantification of attenuation can be determined by numerical analysis of the signal or
by visual analysis of B-scans. These are discussed in more detail in the following sections.

3.2.1. Numerical Analysis of GPR Attributes

The ASTM standard [62] for the evaluation of concrete bridge decks using ground-
penetrating radar proposes two procedures for numerical analysis using GPR data. The first
procedure is based on considering the reflection amplitude from the bridge deck bottom
and the bridge deck surface. The second procedure considers the reflection amplitudes
from the top reinforcement layer. In most cases, the reflection amplitudes from the top
reinforcement are considered for corrosion evaluation. The amplitude is derived from
the A-scan.

Numerical analysis is usually performed by normalizing the amplitude, which repre-
sents the deterioration rate, and is calculated as follows [66]:

Normalized amplitude[dB] = −20 log
signal amplitude

reference signal amplitude
(1)

The signal amplitudes are compared to the reference signal amplitude which is usually
the amplitude with the lowest degree of attenuation and represents sound concrete [66]. The
GSSI [67] suggests 32,767 for 16-bit data and 2,147,483,648 for 32-bit data as the reference
signal amplitude. This approach may be inconvenient when a concrete structure is in an
advanced stage of deterioration and high attenuation is primarily detected. The differences
between amplitudes are then smaller and the deterioration could be underestimated [68,69].
On the other hand, if the structure is in a relatively good condition, the attenuation may be
misinterpreted. In this case, the attenuation could come from a different source, namely
the variation of the concrete cover thickness. In such cases, it is recommended to consider
the whole amplitude and not only the attenuation zones [70]. Other approaches have also
been used, with Dinh et al. [25] using the average direct coupling wave as the reference
amplitude. According to Pashoutani et al. [71], the use of a constant value of a reference
amplitude does not take into account the contribution of concrete surface quality to the
signal amplitude, even to the normalized amplitude. Therefore, a normalization procedure
was proposed in which each signal amplitude is normalized to its own direct coupling
amplitude. In order to eliminate the influence of the cover depth variation on the signal
amplitude, Barnes et al. [21] demonstrated an amplitude correction method. It was shown
that subtracting the depth-dependent amplitude loss gives a better correlation of ground-
penetrating radar amplitude maps with ground truth results than maps without correction.
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The method is based on determining the linear-dependent function of signal loss from
the two-way travel time (TWTT) for the 90th percentile value of normalized amplitude.
The 90th percentile value of the normalized amplitude is supposed to represent the sound
concrete where the attenuation is mainly caused by the propagation of the signal through
the dielectric material, i.e., the dielectric loss [25]. After correction of the amplitude,
the attenuation should represent the signal loss due to chloride and moisture, i.e., the
conductive loss. The method was improved after it was found that the conductive loss was
also depth-dependent, so that an additional correction was necessary [25]. Two automated
methods for depth correction have also been proposed [72]. In these studies, the correction
was performed at the two-way travel time level. A more accurate correction could be
performed if the linear function is determined using the real reinforcement depth instead
of the two-way travel time [71]. This procedure requires the determination of the real
velocities of the signal.

Obviously, it is of interest to establish a threshold for attenuation that is suitable for
identifying the area of deterioration. However, a universally applicable threshold has not
been established. It is usually based on the experience of the analyst and is related to a
specific case [21]. There have been several attempts to relate the attenuation, mostly in
comparison with thresholds of other methods. In References [73–76], ground-penetrating
radar data were correlated with half-cell potential data, with the aim of determining the
threshold value of attenuation. In Reference [75], the ROC (Receiver Operating Charac-
teristic) curve was used, and in Reference [76], the author used statistical parameters to
obtain the threshold value. In the second paper, the relationship between the percentage of
corroded area, based on the results obtained with the half-cell potential at several bridges,
and the product of the mean and skewness of the amplitude of the ground-penetrating
radar, was established. The relationship can be used to predict the corroded area based
on the analysis of the statistical parameters of the amplitudes. In some studies [77,78], the
k-means clustering method was used to determine thresholds values.

Numerical analysis is generally used to obtain the deterioration map, which in most
cases is the spatial distribution of normalized amplitudes. The main steps of the numerical
approach in the condition assessment of concrete bridge decks are shown in Figure 4. The
ability of the numerical approach to provide autonomous assessment of concrete structures
using GPR is one of the reasons for its predominant use, while the algorithms for automatic
reinforcement selection can be found in References [79,80].

Figure 4. Numerical approach in condition assessment of concrete bridge decks.

The results obtained by periodical inspections can be collected in databases, so that the
correlation of successive data allows continuous monitoring of the progress of deterioration.
Dinh et al. [65] also proposed a method based on comparing the complete waveform
(amplitudes and shapes of the electromagnetic wave) at a point with baseline data. The
advantage of this method is that it excludes non-corrosion attenuation causes. However,
baseline data is required for proper detection of deterioration, which is often not available.
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The method was improved in Reference [81] and the waveform was compared with
the simulated waveform. The simulated waveform has the original direct wave, but
it has no reflected wave, so it simulates full attenuation. The higher similarity with the
simulated wave correlates with a higher degree of deterioration. Hong et al. [82] proposed
a method to monitor the corrosion process by comparing different GPR data using the
image registration technique.

Despite the deterioration maps, the statistical distribution of amplitudes had shown
the relationship with the condition of the structure. In Reference [83], where several bridges
with different environmental conditions were observed, it was found that after correcting
the amplitude depth, the distribution of the amplitude of the sound deck was symmetrical
with high kurtosis. In contrast, severely damaged concrete exhibited higher dispersion of
amplitude distribution with lower value of kurtosis. This statistical dependence has been
previously confirmed [74]. An automated crack tracking method based on the analysis of
the processed amplitude of the ground-penetrating radar was presented in Reference [84].
The model considers the amplitude compared with the threshold value. The final result
of the model is a three-dimensional (3D) visualization of the cracks, which provides the
possibility to evaluate their geometry. However, the reliability of the model depends on
the threshold value, which is difficult to determine accurately.

3.2.2. Visual-Based or Combined Analysis of GPR Attributes

In addition to the numerical approach, a visual or combined visual and numerical ap-
proach has been supported by a number of authors [22,77,85]. The visual approach implies
the visual analysis of B-scans. This method is highly dependent on the expertise of the
analyst, especially in the case of severely damaged structures [86], so the final conclusion
is prone to error. As noted by some authors [22], numerical analysis of amplitudes misin-
terprets most anomalies that alter the signal and are not causes of deterioration (surface
anomalies, reinforcement spacing, reinforcement depth, structural variations). Due to of
these drawbacks, a method is proposed in which an analyst reviews the ground-penetrating
radar profiles (B-scans), considers the reflections of the reinforcement and concrete surfaces
and marks the boundaries of deteriorated areas. The profiles are processed, and the final
output is the corrosion map. The detailed procedure is described in Reference [87]. This
method was improved to overcome the subjective opinion of analysts in visual-based inter-
pretation [85]. A set of if/then rules was created to locate anomalies that alter the signal but
do not indicate deterioration. Dinh et al. [77] used visual analysis of ground-penetrating
radar profiles as a tool to determine the number of condition categories as input to the
k-means clustering method. It is a combined method: after determining the number of
condition categories, the amplitudes of the signal are grouped and thresholds between
the groups are determined. The corrosion map obtained in this way was used for the
deterioration modelling of concrete bridge decks presented in Reference [88]. Dawood
et al. [89] presented an improved visual-based analysis of ground-penetrating radar data
for the detection of air and water voids in tunnels. Moreover, an evaluation flowchart based
on inspection of pier structure considering B-scans and GPR signal energy was proposed
in Reference [90].

3.2.3. Condition Assessment by Combination of Multiple NDT

Ground-penetrating radar has a number of advantages over other non-destructive
techniques (NDT), and it is not surprising that it has shown much interest in replacing
other techniques. It is completely non-destructive, and it is rational to give it precedence
over other techniques that make surveying slow and less efficient. In the next sections, a
brief overview is shown on current research results obtained by comparing GPR data with
other test methods, such as electrical resistivity (ER), half-cell potential (HCP), chain drag
(CD), hammer sounding (HS), infrared thermography (IRT), acoustic emission (AE) and
impact-echo (IE). These studies are summarized in Table 2.
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Electrical resistivity and half-cell potential are fundamental tools for determining
the probability of corrosion in the condition assessment of concrete structures. A good
correlation has been found in the analysis of electrical resistivity and GPR data [81,91–93].
However, such behavior is to be expected as both techniques are affected by the conductivity
of the concrete [91].

The comparison between HCP and GPR data can be found in Ref-
erences [21,24,69,73,74,81,92,93]. All observations were obtained by superimposing the
signal attenuation and potential maps. In most studies, a good correlation was found since
the attenuation is indicative of a corrosive environment and coincides with the areas of
extremely negative half-cell potentials [92]. However, when the degree of deterioration is
low, the ground-penetrating radar could overestimate corroded areas [69].

Other techniques can also serve for condition assessment and correctly predict po-
tential deterioration due to corrosion propagation. These techniques include chain drag
(CD), hammer sounding (HS), infrared thermography (IRT), acoustic emission (AE) and
impact-echo (IE). Compared to the chain-drag method, the ground-penetrating radar is
effective while the deterioration level ranged between 10% and 50% [69]. However, the
divergence between the result of the ground-penetrating radar and the acoustic scanning
system was observed in Reference [94], where the authors investigated the suitability of
these techniques for delamination detection. The area of high attenuation was larger than
the delaminated area detected by the acoustic system because the ground-penetrating
radar generally detects the deterioration earlier than the acoustic system. The GPR can
detect deterioration before delamination occurs. Also, the comparative feasibility study
on delamination detection using ground-penetrating radar (GPR) and infrared thermog-
raphy (IRT) based on ROC (Receiver Operating Characteristic) analysis showed that IRT
is more reliable than GPR in detecting delamination [95]. However, the contribution of
IRT is limited to a shallow cover depth, while GPR can provide a deeper insight. Also, the
usefulness of GPR in predicting repair quantities was presented in Reference [96], where
the results of ground-penetrating radar matched the depth of removal measured by LiDAR
(Light Detection and Ranging) method after hydro-demolition.

Table 2. Review of studies that combined GPR with other techniques.

Study Year Other Techniques

GPR (GHz)

Main Findings
Air-Coupled

Ground-
Coupled

Comparison with other NDT

Barnes et al. [24] 2000 HCP, CD 1 -

Agreement on spatial
distribution of deteriorated

areas; 65.1% and 66.2%
correctly predicted

deteriorated areas compared
to HCP and CD, respectively.

Scott et al. [97] 2003 IE, CD 2.4 1.5 GPR systems could not detect
whole delaminated areas.

Barnes et al. [69] 2004 HCP, CD 1 -

GPR was effective in
predicting damaged areas

when the degree of
deterioration is between 10%

and 50%.

Rhazi et al. [73] 2007 HCP - 1.5

The values for the degree of
attenuation were proposed

based on the correlation with
HCP.
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Table 2. Cont.

Study Year
Other

Techniques

GPR (GHz)

Main Findings
Air-Coupled

Ground-
Coupled

Barnes et al. [21] 2008 HCP, CD - 1.5

The correlation between GPR
and HCP and CD was

improved after the depth
correction.

Maser et al. [74] 2012 HCP, IE, HS 1 and 2 1.5 and 2.6

The agreement between GPR
and HCP was 90.2%, and
between GPR and IE was

79.3%.

Simi et al. [98] 2012 IE, CD - 2

Moisture and corrosion maps
produced with commercial

software showed good spatial
agreement with IE and CD.

Gucunski et al. [91] 2013 ER - 1.5

The good agreement between
GPR and ER; 95% of the

locations where ER ≤
40 kΩcm agreed with the

location where GPR
amplitude was <15 dB.

Pailes et al. [93] 2015 ER, HCP, IE, CD,
HS - 1.5

The best spatial agreement
compared to different NDT
was between GPR and ER,

and GPR and sounding
techniques (CD and HS).

Dinh et al. [81] 2017 ER, HCP, IE - 1.5

Correlation between GPR and
other NDT was determined
by a traditional numerical

analysis and a method based
on comparison with a

simulated waveform; better
agreement was found using

ER and HCP than IE.

Sun et al. [94] 2018 AE, CD - 1.5

GPR showed a larger
deteriorated area than AE.
GPR detected deteriorated
areas near joints, while AE

did not.

Sultan et al. [95] 2018 HS, IRT - 1.6
Compared to the IRT, GPR

was less accurate in detecting
delamination.

Dinh et al. [92] 2019 ER, HCP - 1.5

GPR maps produced by the
method based on SAFT

showed good correlation with
HCP and ER. In one case, the
correlation with ER was better

than with HCP.

Combination with other NDT

Maser [99] 2009 GPR, IRT - -

The combination of GPR and
IRT was effective in condition
assessment. The GPR assisted

the IRT in detecting deeper
delamination.
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Table 2. Cont.

Study Year
Other

Techniques

GPR (GHz)

Main Findings
Air-Coupled

Ground-
Coupled

Gucunski et al. [23] 2010 GPR, ER, HCP,
IE, USW - 1.5

This combination of NDT can
characterize different levels of

deterioration. GPR brought
effectiveness in the speed of

inspection as the fastest
technology from these five.

Gucunski et al. [100] 2013 GPR, ER, IE,
USW - 2

GPR deterioration maps were
effectively implemented in a

robotic system for bridge deck
evaluation.

Alani et al. [101] 2014
GPR, deflection
and vibration

system
- 2

GPR results were combined
with the deflection and

vibration system to create a
FEM model; GPR was used to
locate rebar and detect cracks
and potential moisture areas.

Kim et al. [102] 2016 GPR, ER, IE - 2

GPR results were combined
with ER and IE to calculate

the condition index for
estimation of service life.

Abu Dabous [103] 2017 GPR, IRT - 1.6

Maps obtained with GPR and
IRT were overlapped to form

areas of possible
delamination; the detected
area was used to determine

the condition rating.

Omar et al. [104] 2018 GPR, IRT 1 1.6

A method based on the
integrated results obtained

with GPR and IRT was
proposed.

Ahmed et al. [105] 2018 GPR, ER, HCP, IE - -

Data fusion model from GPR,
ER, HCP and IE maps was
developed; fusion was on

pixel and feature level.

Solla et al. [106] 2019 GPR, IRT - 2.3

The paper proposes a
procedure for anomaly
detection based on joint

observation of GPR signal and
IRT temperature.

Kilic et al. [107] 2020
GPR, IRT, laser
distance sensor,

camera
- 2

The effectiveness of the
integrated techniques was
demonstrated on a bridge;

GPR was used to detect water
leakage, large cracks and

corrosion.

Rashidi et al. [108] 2020 GPR, ER, HCP,
IE, USW - 1.5

The results from NDT were
used to determine condition

indices calculated using
divergence from the ideal

distribution using the
Jensen–Shannon method.
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In a very detailed study, Omar et al. [109] presented the weaknesses and advantages
of the most commonly used methods for condition assessment of concrete bridges. The
conclusion was that none of the commonly used techniques are able to detect active
corrosion, delamination and vertical cracking simultaneously, so that the most reliable
condition assessment lies in a combination of multiple techniques. Such an approach
ensures accurate condition assessment as deterioration can be detected from its onset to an
advanced stage [23].

The simultaneously used non-destructive techniques usually consider methods such
as ground-penetrating radar, electrical resistivity, half-cell potential, ultrasonic surface
waves, impact-echo, etc. In References [14,100,110], an example of integration of different
non-destructive testing methods in robotic systems, RABIT (Robotics Assisted Bridge
Inspection Tool), was presented, which ensures real-time visualization of the concrete deck
condition. Here, the evaluation is supported by a Jensen–Shannon probability method
that focuses on the determination of the condition index [108]. Additional support in the
interpretation of GPR data for delamination detection can be provided by infrared ther-
mography (IRT) [99,103,104,107]. Solla et al. [106] demonstrated the technique to inspect a
military base in an advanced stage of corrosion with visible signs of damage such as crack-
ing and spalling. The results obtained with GPR were combined with the IRT technique.
The corrosion assessment was based on the observation of GPR signal attenuation, changes
in signal velocity and amplitude polarity. Overall, high signal attenuation was declared to
indicate the presence of mineral salts and moisture, while reverse reflection polarity could
be a sign of voids. The same parameters have been used in the assessment of wastewater
plants [111], although the corrosion process is different in this case.

Deterioration modelling was part of the study in Reference [102], in which deterio-
ration curves were developed based on the condition assessment of 10 bridges. Similar
assessments were carried out by Alani et al. [101], where finite element models were con-
structed based on inputs from ground-penetrating radar and the deflection and vibration
sensor system. In Reference [105], a data fusion model for bridge deck evaluation was
developed based on the combination of the results from the ground-penetrating radar,
half-cell potential method, electrical resistivity method and impact-echo method. In Ref-
erence [112], the ground-penetrating radar data combined with the capacitive technique
and the impact-echo method were correlated with durability indicators for the overall
assessment of the wharf.

3.2.4. Conclusions from the On-Site Corrosion Inspection

The previous section has shown that corrosion assessment in on-site corrosion testing
is mostly based on the assessment of the attenuated areas identified by signal amplitude
analysis. Most of the studies are carried out on the bridge decks. In terms of comparison
with other NDT, GPR has been compared with various techniques used for the service life
condition assessment of the structures, Figure 5.

The high correlation between the electrical resistivity and the attenuation maps ob-
tained with ground-penetrating radar is to be expected, as the signal depends on the mate-
rial properties, so the conductive medium generated by moisture and chlorides changes
its properties. In general, the GPR has shown good agreement with the HCP. However,
there are certain situations where the GPR does not agree very well with the HCP. In cases
where moisture and chlorides provide a favorable environment for corrosion, but their
concentration is not sufficient to start corrosion, the GPR and HCP maps may differ. The
applicability of ground-penetrating radar in detecting delamination is also uncertain [113].
In many cases, it does not detect delamination directly, and the assessment is based on the
localization of deteriorated areas [114]. Moreover, the visual signs of delamination are not
always visible on B-scans [87]. If the delamination is too thin to be detected by the antenna,
it will not show any detectable change on the scan.

In summary, additional information, such as the age of the structure or the environ-
mental conditions, may be helpful in analyzing GPR results. Moreover, this additional
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information can be obtained with other NDT, so a suitable combination of NDT can be a
very powerful tool for the condition assessment of concrete structures.

Figure 5. Multiple NDT used for the condition assessment.

4. Conclusions

This paper investigated the evaluation of corrosion probability in concrete using
ground-penetrating radar. The study analyzed laboratory and on-site investigations and
the results were related to the evolution of the corrosion process. Advantages and recom-
mendations for future research are presented below.

GPR is a completely non-destructive method, which gives it an advantage over other
techniques for corrosion assessment of reinforced concrete. Its ability to examine large
areas in a short time, together with providing information on the depth and spacing of
reinforcement, makes it a multifunctional NDT. The literature review identified certain chal-
lenges in the use of GPR for corrosion assessment, one of the main being the understanding
of the influence of concrete conditions on GPR parameters. In fact, in most laboratory
studies, moisture and chloride content were controlled after depassivation of the reinforce-
ment. On-site in real conditions, variations of moisture and chloride content are inevitable,
which makes the detection of corroded areas based only on the observation of amplitude
potentially ambiguous. Since opposing data have been reported in the literature, further
laboratory studies are needed to show the influence of the change in dielectric properties
of the concrete cover on the GPR amplitude and the change in reflection coefficient due to
the formation of corrosion products and their migration. Since an absolute comparison of
studies is difficult due to the variance in experimental design and the degree of damage
induced by the accelerated corrosion process, further studies should correlate the degree
of damage with the change in GPR amplitude. Obtaining concluding results from the
proposed research topics could enable the use of GPR as a stand-alone tool for detecting
corroded areas, moving from its use for the detection of corrosive environment towards
detection of corrosion itself.

In conclusion, as the knowledge of the effect of corrosion on the GPR signal increases,
GPR will be a very valuable tool for condition assessment of reinforced concrete structures.
This method will certainly be improved, leading to an upgrade of the construction manage-
ment system and making the assessment more reliable with reduced maintenance costs.
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Abstract: Durability tests against fungi action for wood-plastic composites are carried out in accor-
dance with European standard ENV 12038, but the authors of the manuscript try to prove that the
assessment of the results done according to these methods is imprecise and suffers from a significant
error. Fungi exposure is always accompanied by high humidity, so the result of tests made by such
method is always burdened with the influence of moisture, which can lead to a wrong assessment
of the negative effects of action fungus itself. The manuscript has shown a modification of such
a method that separates the destructive effect of fungi from moisture accompanying the test’s de-
structive effect. The functional properties selected to prove the proposed modification are changes
in the mass and bending strength after subsequent environmental exposure. It was found that
intensive action of moisture measured in the culture chamber of about (70 ± 5)%, i.e., for 16 weeks,
at (22 ± 2) ◦C, which was the fungi culture, which was accompanying period, led to changes in the
mass of the wood-plastic composites, amounting to 50% of the final result of the fungi resistance
test, and changes in the bending strength amounting to 30–46% of the final test result. As a result of
the research, the correction for assessing the durability of wood-polymer composites to biological
corrosion has been proposed. The laboratory tests were compared with the products’ test results
following three years of exposure to the natural environment.

Keywords: wood-plastic composites; methods of testing resistance to fungi; methods of assessment

1. Introduction

In recent years greater attention has been paid to the aspects of sustainable devel-
opment in construction. It is assumed that buildings are designed, constructed, and dis-
mantled to enable sustainable use of natural resources, ensures the building structures’
long life, and allows environmentally friendly raw and secondary materials. On the one
hand, there is a drive to develop materials that are more susceptible to biodegradation
processes [1], but on the other hand, works are carried out on improving the durability of
building materials. Although accelerated biodegradation of different types of materials
improves the effectiveness of waste management, the drive to protect building materials
against the impact of microorganisms results from two factors. First and foremost, the cor-
rosion which occurs due to biodegradation may pose a hazard to the life and health of
the users of these materials because of the toxic influence of fungi [2,3]. The other aspect
means the need to ensure the required durability of the materials, which has a tremendous
impact on their appearance. The issue applies to wood, too. Natural fibers have low
densities and are biodegradable, and they are highly available and cheap, making them
more attractive than traditional synthetic fibers. Still, there are some disadvantages of
using these fibers, i.e., low thermal stability, susceptibility to moisture absorption, and bio-
logical degradation [4]. Wood-plastic composites [5], called WPC in short, used for terrace
surfaces and wall cladding, result from the efforts to develop a product whose performance
combines the advantages of wood and plastics [1]. The polymer material in WPCs is the
matrix, whereas particles of plant origin are the filler. Typical polymer matrices include

Materials 2021, 14, 697. https://doi.org/10.3390/ma14030697 https://www.mdpi.com/journal/materials

265



Materials 2021, 14, 697

polyethylene, polypropylene, polyvinylchloride, and high-density polyethylene (HDPE),
whereby polypropylene (PP) is most prevalent in Poland. The fillers include but are not
limited to various lignocellulose-based particles, usually wood, in the form of flour, fibers,
or fine chips. Other fibers of plant origin such as rice hulls [6] are also used. The process
of fiber modification results in the end product being less capable of water absorption.
It is crucial from the point of view of resistance to biological factors that develop on a
damp substrate [7,8]. The decay can be caused by fungi, which develop favorable condi-
tions for their growth [9]. Optimum environmental conditions mean humidity measured
in the culture chamber of ca. 70%, adequate temperature, and pH ranging from 5.6 to
6.5 [10]. Wood-plastic composites are more resistant to biodeterioration than untreated
wood; however, several laboratory and field studies have shown that the wood in these
materials remains susceptible to decay for example Silva et al. [11], Morris and Cooper [12],
Mankowski and Morrell [13], Pendleton et al. [14], Verhey et al. [15], and Schirp et al. [16].
Mentioned reports indicate that decay does occur, but destruction rates are slower than
found with untreated wood of the same species. While moisture levels eventually reach the
point at which biological attack is possible, the wetting rate is slow and most of the moisture
is confined to a zone within 5 mm of the WPC surface [11,17]. Wang and Morrell [18] stated
that the rate of moisture sorption and ultimately decay rate depends on the wood’s particle
size and geometry, wood/polymer ratio, and the presence of other compounds that may
repel water. Ibach et al. [17], in contrast to the information mentioned above, have done
clinical magnetic resonance imaging and found a significant amount of water distributed
randomly all across the board cross-sections of the decayed WPC, including the core of
the samples. They explained that this phenomenon was caused by both the transport of
moisture by fungal mycelia to a particular area of activity and by the generation of water
as decay fungi metabolize wood, releasing bound water.

The development of specific fungi species depends on the substrate’s character and
properties where they develop (the content of minerals, salination) [19]. The polymer mate-
rial’s susceptibility to biodegradation processes results, e.g., from the polymer’s chemical
structure and molecular weight, its physical and chemical characteristics, and the kind
and intensity of the microorganisms’ impact [20,21]. Some literature findings indicate that
thermoplastic material fully closes the composite’s wooden component, protecting it from
moisture and decomposition caused by fungi, because synthetic polymers that typically
demonstrate a lack or negligible susceptibility to biodegradation are the matrix of polymer
composites [22]. It results, e.g., from the chemical structure and hydrophobic character of
the material surface. Many papers suggest that natural fiber coating with a polymer matrix
is incomplete [23,24]. It turns out that the fibers reach moisture content levels that enable
fungi attack [25]. Schirp et al. [16] stated that if the wood filler’s moisture content can be
kept out or at least below 20%, WPC decay may be prevented. This could be achieved by
complete encapsulation of wood particles by the plastic matrix, hydrophobation of the
WPC surface, or by chemical the wood substrate’s modification. They also stated that voids
between wood and plastic represent entry points and proliferation pathways for microbes;
thus, these should be eliminated or reduced. Morris and Cooper [12] were the first to prove
the presence of touchwood and discoloration caused by fungi on WPC terrace decking
profiles. In the conditions of use, terrace decking profiles made of wood-plastic composites
are susceptible to simultaneous influence of biological corrosion, variable positive and
negative temperatures in the presence of water and moisture, UV radiation, and additional
mechanical functional loads [21,22]. Previous studies assumed that deterioration of the
measured property by more than 50% disqualified the material for further use [26].

Of course, when evaluating the tests’ results, it is necessary to consider how they were
performed. Biological corrosion tests are mainly performed using two methods. In North
America, the soil-block test for wood [27–29] has been adopted for fungal durability tests
of WPC in which weight loss serves as an indicator of decay. In Europe, the agar-block
test, according to ENV 12038 [30], is commonly used in fungal decay testing. While
American Standards [27,28] aims at determining the natural decay resistance of woods,
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ENV 12038 [29] is intended to determine the efficiency threshold of wood preservatives
against wood-decay fungi. Schirp and Wolcott [30] compared the North American and
European methods for WPC fungal durability testing. The agar-block test was modified
such that no support rods were employed to accelerate moisture uptake by WPC specimens
that had not been pre-treated, only steam-sterilized in an autoclave. It was determined
that modified agar-and soil-block tests are equally suited for determining weight loss in
WPC, but that agar-block tests can be completed in a shorter period. Basidiomycetes fungi
are recommended in the method according to ENV 12038 [29]. The group Basidiomycetes
fungi, mentioned above, belong among others white-rot decay Coriolus versicolor and brown
rot decay fungi, Coniophora puteana. Lignin and cellulose fibers are the fungi’s food. Coriolus
versicolor fungus attack lignin primarily, whereas Coniophora puteana fungus decomposes
cellulose [31]. The mold growth is observed on composites; the mold uses contaminants
on the surface as its food and reduces the material appearance rather than damage the
material [32].

The aims of this manuscript are twofold: first to prove that the assessment of tests
results obtained in tests done by European method used in fungal decay testing does not
allow separate the destructive effect of fungi from the destructive effect of the moisture
accompanying the test, second: propose a new method of assessing the test results. The re-
search subject of the research was the decking WPC profiles used only on the ground’s
surface, without contact with the soil; therefore soil-block method was not included in
the tests. A fungus from the Basidiomycetes group called Coniophora puteana was the
trigger of biological corrosion in the study. The presented tests were carried out in two
stages. In the first stage, the changes in the reference material characteristics under the
influence of the fungus mentioned above were determined in laboratory conditions. On the
second stage, the assessment was extended to cover aging tests carried out in natural
conditions for three years, i.e., including climate loads. The natural tests were carried out
under climate load conditions corresponding to mid- European transitional climate Since
the literature reports [4,5,20,23,33–35] suggested that the negative impact of destroying
fungi might cause changes in the mechanical characteristics of the tested materials and a
change in their weight, the change in the characteristics after the impact of aging factors
was taken as a biodegradation measure; the research methodology intended to assess the
characteristics was verified. The obtained results showed that intensive action of moisture
of about (70 ± 5)%, i.e., for 16 weeks, at (22 ± 2) ◦C, which was accompanying the fungi
culture period, led to changes in the mass of the wood-plastic composites, amounting to
50% of the final result of the fungi resistance test, and changes in the bending strength
amounting to 30% ÷ 46% of the final test result.

2. Materials and Methods

2.1. Materials

Wood-plastic composites are primarily used in Poland for the production of decking
profiles intended for balconies and terraces. That is why decking profiles were used for
the tests. Since the most common solutions employed for the production of wood-plastic
composites include polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC),
and high-density polyethylene (HDPE), materials with such matrixes were used for the
tests. Products with similar content of wood material were used in all tested cases.

The following materials were used in all tests:

� Sample I—decking profiles made of a composite containing wood flour (45%), polyvinyl
chloride (PVC) (45%), pigments (5%), stabilizers, absorbents, fillers (5%),

� Sample II—decking profiles made of a composite containing wood flour (60%), HDPE
plastic (30%), stabilizers and pigments (10%),

� Sample III—decking profiles made of composite with low content of wood flour (49%)
and polypropylene (PP),

� Sample IV—decking profiles made of a composite containing wood flour (49%) and
polyvinyl chloride (PVC) (51%).
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Additionally, water absorption values of the samples I-IV are shown in Table 1. These
values were determined after 14 and 28 days of immersing the samples in distilled water,
at temperature (22 ± 2) ◦C. Mentioned characteristics are supplemented with samples’
water absorption values after removing fungi, i.e., after completion of the environmental
exposures.

Table 1. Water absorption of samples I–IV.

Test Sample

Water Absorption, % m/m

After Immersion in Water for:
After Completion of

Environmental
Exposures (after

Removal of the Fungi)14 Days 28 Days

I 5.78 6.93 16.98

II 3.47 4.90 15.40

III 5.44 4.14 16.01

IV 5.12 6.32 16.50

2.2. Environmental Exposure

To determine the influence of destroying Basidiomycetes fungi, i.e., Coniophora puteana,
on the durability of wood-plastic composites, compared to other functional impacts,
the samples were exposed to various aging factors. Coniophora puteana fungus was se-
lected because it is typically used in tests on wood protected with preservatives and it
causes relatively large losses of the wood mass. That is why it was considered useful for
the assessment of wood-plastic composites. The test samples were exposed according to
the diagram shown in Figure 1.

Figure 1. Schematic presentation of the samples of wood-plastic composite exposure patterns.

The exposures mentioned above involved:
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• exposure to high humidity and culture medium—16 weeks (further marked as “media
alone”). The samples are exposed in pairs in a Kolle flask on a culture medium, i.e.,
a substance composed of 40 g of malt extract, 35 g of agar, and water to 1000 mL at
the test conditions at (22 ± 2) ◦C and (70 ± 5)% humidity, for 16 weeks. The medium
(nutrient) is the food and source of moisture for the fungi during the test and simulta-
neously affects the test samples.

• leaching—14 days + 16 weeks of exposure to high humidity and culture medium
(further marked as “leaching plus media”). The samples were immersed in water at
(20 ± 2) ◦C for 14 days, according to the description given in EN 84 [36]. The samples
were soaked in water, five volumes of water for one volume of sample, for two
weeks. The water was replaced nine times during the cycle. After the end of the
cycle, the samples were placed in flasks on maltose agar medium and incubated in the
culture chamber at (22 ± 2) ◦C and (70 ± 5)% for 16 weeks. The leaching aging test
according to EN 84 [36] is obligatorily used in tests of impregnated wood for exterior
applications;

• exposure to high humidity and culture medium, and Coniophora puteana fungus action
(further marked as “media plus Coniophora puteana”)—16 weeks. The samples were
placed in Kolle flasks in two, on glass plates on the culture medium completely covered
with fungus Coniophora puteana. The flasks with the samples were placed in the culture
chamber and incubated for 16 weeks at (22 ± 2) ◦C and (70 ± 5)% humidity’

• leaching 14 days + exposure to Coniophora puteana fungus on the culture medium—
16 weeks (further marked as “leaching plus media plus Coniophora puteana”). The sam-
ples were leaching in water for 14 days and then were placed in Kolle flasks in two,
on glass plates on the culture medium completely covered with fungus Coniophora
puteana. The flasks with the samples were placed in the culture chamber and incubated
for 16 weeks at (22 ± 2) ◦C and (70 ± 5)% humidity;

• aging in natural conditions (further marked as “outdoor exposure”). Three mocks
made of decking profiles screwed to composite ground beams were prepared in the
test station in natural conditions, on the supports made of hollow bricks. After three
years of exposure, the test samples were cut out from the profiles. The arrangement of
the samples during the test in natural conditions is shown in Figure 2.

• aging in natural conditions and action of Coniophora puteana fungus (further marked as
“outdoor exposure plus Coniophora puteana”). After exposure in natural conditions for
three years, test samples were cut out from the profiles and placed in test vessels on
the medium covered with Coniophora puteana fungus and exposed in a culture chamber
for 16 weeks, as described above.

 

Figure 2. The view of wood-plastic decking profiles during exposure in natural conditions.
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All types of composite decking profiles selected for the tests were exposed according
to the first three patterns. Aging tests in natural conditions were carried out only for
samples marked as sample III and sample IV.

Ten samples (10 mm × 80 mm, 5 mm thick) cut out from the face profiles’ surface any
type of material (I-IV) were exposed according to each of the exposures listed above.

Simultaneously with the test samples, control samples were also used to determine
the fungus activity. Ten virulens control test specimens (50 mm × 25 mm × 15 mm) with
Scots pine wood were placed in Kolle flasks in two, on glass plates on the culture medium
completely covered with fungus Coniophora puteana and were incubated like research
samples. The loss in mass of the samples was obtained 38% ÷ 45% with the required
≥20%.

2.3. Methods of Tests
2.3.1. Testing the Change in the Mass

Before exposing the samples to the aging process, their mass was determined. The sam-
ples cut out from the decking profiles were seasoned in a climatic chamber at (20 ± 2) ◦C
and (65 ± 5)% humidity until obtaining a constant mass. Eight samples of each type of
WPC material were dried in an oven at (103 ± 2) ◦C to constant mass and the initial dry
matter (mo) of the test samples was calculated. The samples were exposed according to the
patterns mentioned above. Following the exposure to fungus, the surface of the samples
was cleaned of the mycelium. Once the aging processes were completed, the samples were
dried at (103 ± 2) ◦C, and the end dry mass (m) of the samples was determined. The loss
of the samples’ mass was the measure of the material decay caused by each exposure and
was calculated based on the following Formula (1):

U = (mo − m) × 100/mo (1)

For all tested samples the assessment was carried out after the following exposures:

- exposure to high humidity and culture medium—16 weeks,
- exposure to high humidity and culture medium and Coniophora puteana fungus action—

16 weeks,
- leaching—14 days + 16 weeks of exposure to high humidity and culture medium,
- leaching 14 days + exposure to Coniophora puteana fungus on the culture medium—

16 weeks.

Additional tests were carried out for samples III and IV after aging in natural condi-
tions and for three years, followed by exposure for 16 weeks in high humidity conditions
on the medium overgrown by fungus.

2.3.2. Bending Strength Tests

The bending strength tests of the samples following their exposure to aging factors
were carried out according to EN ISO 178 [37], using eight samples of each material and for
each test option. The tests were carried out at (23 ± 2) ◦C once different samples’ exposure
patterns were completed. The samples’ surfaces were cleaned of any surface mycelium and
dried to constant mass at (20 ± 2) ◦C and (65 ± 5)% humidity before the tests. The bending
strength of the samples not subjected to aging (σ) was additionally identified to determine
the change in the bending strength after exposure to aging processes (σi), according to the
Formula (2):

Zσ = [(σi − σ)/σ] × 100 (2)

The tests were carried out on INSTRON strength tester after:

- exposure to high humidity and culture medium—16 weeks,
- leaching—14 days + 16 weeks of exposure to high humidity and culture medium,
- leaching 14 days + exposure to Coniophora puteana fungus on the culture medium—

16 weeks.
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Additional tests were carried out for samples III and IV after:

- aging in natural conditions,
- aging in natural conditions for three years, followed by 16 weeks of exposure to

fungus on the culture medium.

3. Results

Table 2 summarizes the percent change in the mass after exposure to, sequentially:
leaching, exposure to fungus, leaching and exposure to fungus, and three years of exposure
in natural conditions at later exposure to the fungus.

Table 2. Effect of combination of exposure over agar in Kollar flask, 14 days of leaching, and 16 weeks of exposure to
Coniophora puteana on mass loss of selected wood plastic composites.

Test Sample

Average Mass Loss after Exposure to % m/m/Coefficient of Variation [%]

Media Alone
Leaching Plus

Media
Media Plus

Coniophora puteana

Leaching Plus
Media Plus

Coniophora puteana

Outdoor Exposure
Plus Media Plus

Coniophora puteana

I −1.29/(13.0) −1.4/(6.4) −2.3/(18.7) −2.8/(17.9) -

II −1.34/(35.8) −1.7/(28.2) −2.4/(3.8) −2.5/(19.6) -

III −1.58/(10.1) −1.4/(25.7) −2.7/(5.6) −2.6/(5.4) −2.98/(13.8)

IV −1.01/(8.9) −1.2/(2.5) −2.6/(5.4) −2.8/(5.4) −2.85/(10.2)

Figure 3 shows samples of wood-plastic composites after 16 weeks of exposure to
Coniophora puteana fungus.

Figure 3. Samples made of the wood-plastic composite after 16 weeks of exposure on Coniophora puteana fungus (a)
sample II, (b) sample III.

Table 3 summarizes the bending strength test results for the exposed samples.

Table 3. Effect of combination of exposure over agar in Kollar flask, 14 days of leaching, and 16 weeks of exposure to
Coniophora puteana on mean bending strength values of selected wood plastic composites.

Test Sample

Bending Strength after Exposure: MPa/Coefficient of Variation [%]

Original Media Alone
Leaching Plus

Media

Leaching Plus Media
Plus Coniophora

puteana

Outdoor
Exposure

Outdoor Exposure
Plus Media Plus

Coniophora puteana

I 36.5/(8.8) 32.5/(4.6) 28.7/(6.6) 24.2/(10.7) - -

II 35.4/(11.0) 32.7/(5.5) 30.1/(3.7) 27.3/(4.4) - -

III 29.3/(2.7) 26.5/(3.4) 23.2/(4.3) 23.3/(7.3) 29.0/(6.6) 23.1/(3.4)

IV 36.4/(4.1) 33.1/(6.3) 31.7/(2.2) 28.2/(7.1) 35.8/(5.9) 27.8/(4.7)
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4. Discussion

Figure 4 shows the percent changes in the samples’ mass in reference to their original
mass, resulting from different exposure patterns. The obtained results suggest that expo-
sure in high humidity conditions of ca. (70 ± 5)% at (22 ± 2) ◦C in the presence of culture
medium causes a significant change in the mass (weight) of wood-plastic composite sam-
ples already during testing the material susceptibility to biological corrosion. The change in
the mass of wood-plastic composites following long-term exposure to increased humidity
amounts to 1.31% on average and increases slightly, within the measurement error range,
if the samples are soaked in water for 14 days before the exposure. In the latter case,
the mean loss of the mass is 1.35%.

 
Figure 4. Influence of environmental exposure on the loss of mass in wood-plastic composites.

Further comparison of the effects of exposure to different factors leads to a conclusion
that the mean loss of the mass caused by exposure to fungus, following the exposure on
the culture medium, amounts to 2.5%, whereby 50% of the value, i.e., 1.31%, is the negative
influence of the test conditions, namely high humidity in the presence of the medium.
The presented calculation suggests that the loss of the mass caused by the fungus’ actual
impact amounts to 1.19%. The same is true for another factor—exposure to fungus after
subjecting the samples to a long-term water impact. In this case, the mean values of the
change in the mass after combined exposure to all the factors mentioned above amounts to
2.68%, which means that the fungus influence on the destructive process is 1.33% for the
value of the loss in the wood-plastic composite mass.

The decay mechanism of WPC is often described in the literature [38] as the forma-
tion of a network of larger voids mainly through the connection of microvoids that are
inherently present in the material. The mentioned process occurs as a result of an action of
moisture alongside fungal activity or without the presence of fungi, only in moist condi-
tions combined with elevated temperature. It was proved [39] that conditioning not only
supplies the moisture needed for fungal growth but also effectively creates larger voids,
assumably formed by the interconnection of smaller voids, which accelerates the decay
process.

The exposure to natural use factor has shown to have no significant impact on the
Coniophora puteana fungus growth. This has been confirmed by the observations made
by Sun et al. [39], showing that the period of 3 years of storage of WPC in natural condi-
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tions is insufficient for fungal growth on the surface because of the low water absorption.
They found out that in the field, an extensive time was required to initiate fungal colo-
nization that results in wood weight loss, which may explain the deficiencies in some
laboratory evaluations of WPC for fungal decay resistance [39]. Considering the above,
samples after being exposed to natural conditions were exposed to Coniophora under
laboratory conditions for 16 weeks. It seems that the influence of the fungus on the samples
previously exposed to natural atmospheric conditions for 3 years on the increase in the loss
of wood-plastic composite mass is minor. The comparison of the same samples subjected
to natural aging and then exposed to the fungus on the sample medium with the samples
exposed only to the fungus on the culture medium in laboratory conditions clearly shows
that the increase in the loss of the mass following environmental exposure amounts to
0.27%, which means it is within the measurement error range.

The obtained values of the loss of mass after exposure to aging factors were compared
with the content of wood flour in the composite. Figure 5 shows the graphic representation
of the values.

 

Figure 5. Comparison of the losses of mass after environmental exposure compared with the wood material content in the
composite and polymer type in the matrix.

The summary reveals that the increase in the wood flour quantity has no significant
influence on the composite susceptibility to the loss of mass due to biological corrosion,
and the wood flour is the ingredient most sensitive to such exposure effects. Unfortunately,
this conclusion does not confirm previous literature reports [13], but the obtained result
may be affected by stabilizers, the composition of which is not known to the authors of
the manuscript. The most significant losses of mass following the exposure to Coniophora
puteana fungus were discovered for decking profiles with the polyvinyl chloride matrix,
even though in both cases the content of the wood flour was the lowest among all tested
products. The obtained results indirectly confirm the previous literature findings [19] that
the thermoplastic material in a polypropylene and high-density polyethylene matrix closes
the composite’s wooden component and thus protects it from moisture and decay caused
by fungi.
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The results obtained for a polyvinyl chloride matrix (samples I and IV) are not so
unequivocal. Sample I and sample IV are characterized by the highest absorbability values
and they are accompanied by the loss of mass after exposure to environmental factors
(Figure 6).

 

Figure 6. Comparison of the losses of mass after environmental exposure compared with the composite absorbability and
polymer type in the matrix.

The observations mentioned above from laboratory studies confirm the observation
related to the product’s behavior during natural conditions. Continuous dampness, i.e.,
using the product in shaded areas, with limited air circulation, at a simultaneous water
accumulation possibility, often contributed to the surfaces being overgrown with house
fungi. Not only does it deteriorate the appearance but may also cause a loss of the product’s
performance.

The presented tests confirmed that the destructive action of Coniophora puteana fungus
in the environments mentioned above, observed as a loss of mass, has a minor impact
on the product life and should not contribute to the damage discovered during regular
inspections of the building substance. Comparing the results with the limit values of the
acceptable loss of mass for impregnated wood amounting to 3% reveals that the composites
fall within the range, even if the influence of higher humidity exposure during the test on
the final results is not eliminated.

In light of the above, the gradual loss of the tested material’s strength can be even
more worrying. The test composites’ bending strength was tested on the following stage
of the study, after their environmental exposure (Figure 7). It is evident that the negative
impact of the environment with higher humidity of ca. (70 ± 5)% in the presence of
the culture medium has an equally strong influence on reducing the bending strength of
wood-plastic composites and on their loss of mass. In all studied cases, the test products’
bending strength decreased from 7.6% up to 11% in the environment with (70 ± 5)%
humidity, which amounts to 30–46% of the total test result. This action is intensified when
the medium exposure in high humidity conditions is preceded by 14 days of immersion in
water. It reduced the bending strength from 12.9% to 21.4%. In both presented cases the
medium is the food for the fungi and maintains a specific moisture level. The obtained
values of the bending strength reduction after the exposure mentioned above should not
pose any significant problems related to the maintenance of structures made of the tested
products within the evaluated range of functional loads. These findings are consistent with
the results of studies and other scientists. Ibach et al. [38] also showed that the major factors
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degrading the mechanical properties of the tested composite under detected field exposure
conditions were elevated temperature and moisture exposure, whereas UV radiation from
the sun had a low impact, if any, on the flexural properties of a WPC board exposed for
almost 10 years.

 

Figure 7. Reduction in the bending strength of wood-plastic composites after environmental exposure.

Thus, it seems justified to eliminate the influence of the exposure condition on the test
result final assessment.

Taking the above into consideration, the authors proposed to apply Equation (3) for
the evaluation of the wood-plastic composite susceptibility to the action of destroying fungi,
defined by the change in the mass and bending strength after environmental exposure;
it was also suggested to neglect the negative influence of the initial, 16 weeks’ exposure to
the high humidity of (70 ± 5)%, at (22 ± 2) ◦C, in the presence of the medium.

Zmg = (Zx − Zp) (3)

where:

Zmg—loss of mass/bending strength reduction as a result of exposure to house fungi, %
Zx—loss of mass/bending strength reduction after combined exposure of all studied aging
factors, %
Zp—loss of mass/bending strength reduction after exposure to high humidity environ-
mental conditions—(70 ± 5)%, at 22 ± 2 ◦C, in the presence of the medium, %.

The proposal is also justified by changes in the wood-plastic composite bending
strength after three years of exposure to natural environmental conditions. After the
exposure mentioned above, the changes in the bending strength value did not exceed
2%. Once the samples were exposed to the fungus, and consequently the exposure on the
culture medium, the obtained bending strength values were similar to those for the samples
subjected to washing out in laboratory conditions for 14 days, followed by 16 weeks of
exposure to the fungus. The same is true for the assessment of the change in the wood-
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plastic composite mass after environmental exposure. These observations conclude that for
the assessment of wood-plastic composite resistance to Coniophora puteana fungus similar
research outcomes can be obtained by substituting a long-term exposure cycle in the natural
condition with a much quicker test carried out in the laboratory conditions.

5. Conclusions

The paper presents tests’ results on four randomly selected commercial wood-polymer
composites exposed to environmental impacts related to Coniophora puteana fungi’s ac-
tion on the reference products’ durability. Based on the obtained results, the following
conclusions can be drawn:

• The proposed assessment method of wood-polymer composites resistance to destroy-
ing fungi introduces bending strength test as a supplement to the weight change
assessment of samples exposed to environmental impacts both in the laboratory and
natural conditions. The assessment of the bending strength decrease renders more
accurate results than the method involving loss of mass because the coefficient of
variation is lower for such series of results,

• The manuscript presents a modification of assessment of the resistance of wood-
polymer composites to destroying fungi which allow one to separate the destructive
effect of fungi from the destructive effect of the moisture accompanying the test. It was
proved the negative impact of high humidity for 16 weeks constitutes a significant
percentage of the test result. In the case of the mass change assessment, it exceeds 50%,
whereas for the bending strength change assessment it ranges from 30% to 46%.

• The method of testing wood-plastic composites’ resistance to destroying fungi in
laboratory conditions, presented in the paper, renders the results similar to those after
three years of use in a natural environment and then infecting them with destroying
fungi.

The performed tests confirm the high resistance of wood-plastic composites to de-
stroying fungi.
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1. Prochoń, M.; Witczak, M.; Biernacka, A. Wood as a Component of Polymer Biocomposites (In Polish: Drewno Jako Składnik Biokompozytów
Polimerowych); Technical University of Łódź: Łódź, Poland, 2017.
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22. Faruk, O.; Błędzki, A.K.; Fink, H.P.; Sain, M. Biocomposites reinforced with natural fibers: 2000–2010. Prog. Polym. Sci. 2012, 37,
1552–1596. [CrossRef]

23. Kamdem, D.P.; Jiang, H.; Cui, W.; Freed, J.; Matuana, L.M. Properties of wood plastic composites made of recycled DHPE and
wood Flour from CCA- treated wood removed from service. Composites Part A 2004, 35, 347–355. [CrossRef]

24. Yildiz, U.C.; Yildiz, S.; Gezer, E.D. Mechanical properties and decay resistance of wood polymer composites prepared from fast
growing species in Turkey. Bioresour. Technol. 2005, 96, 1003–1011. [CrossRef] [PubMed]

25. Clemons, C.M.; Ibach, R.E. Effects of processing method and moisture history on laboratory fungal resistance of wood-HDPE
composites. Prod. J. 2004, 54, 50–57.
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Abstract: The windblown sand-induced degradation of glass panels influences the serviceability and
safety of these panels. In this study, the degradation of glass panels subject to windblown sand with
different impact velocities and impact angles was studied based on a sandblasting test simulating a
sandstorm. After the glass panels were degraded by windblown sand, the surface morphology of the
damaged glass panels was observed using scanning electron microscopy, and three damage modes
were found: a cutting mode, smash mode, and plastic deformation mode. The mass loss, visible light
transmittance, and effective area ratio values of the glass samples were then measured to evaluate
the effects of the windblown sand on the panels. The results indicate that, at high abrasive feed rates,
the relative mass loss of the glass samples decreases initially and then remains steady with increases
in impact time, whereas it increases first and then decreases with an increase in impact angle such
as that for ductile materials. Both visible light transmittance and effective area ratio decrease with
increases in the impact time and velocities. There exists a positive linear relationship between the
visible light transmittance and effective area ratio.

Keywords: degradation of glass panels; effective area ratio; relative mass loss; visible light transmit-
tance; windblown sand

1. Introduction

Glass panels are widely used, play an important role in curtain walls, and directly
affect the performance of curtain wall structures. One cause of glass panel degradation
is windblown sand. As they are exposed to windblown sand, glass panels are affected
continuously by grit. Slight damage (such as hollows and scratches) may occur and
gradually accumulate, affecting the safety and serviceability of the panels. The deterioration
behaviors of glass panels are of significant interest to engineers and researchers in the
context of curtain wall structures, e.g., for the reasonable maintenance and timely repair or
for the replacement of glass panels and prolongation of the service time of glass curtain
walls.

There have been many studies on the degradation behaviors of building materials
owing to the effects of windblown sand. Li [1] measured the parameters for evaluating
the windblown sand resistance of concrete using an airflow sand-carrying jet test method.
Wang et al. [2,3] and Ju [4] studied the windblown sand resistance of cement paste, mortar,
and concrete under different impact wind velocities and impact angles using the same test
method and determined the mass loss rate and period when entering the steady erosion
stage. Jiang [5] and Guo [6] studied the variation rule of the relative mass loss, impact
angles, and impact velocities of cement mortar under the effect of salt soaking erosion
and multiple factors of freeze–thaw and dry–wet cycles in a compound salt solution.
Zhang [7] modified the epoxy resin with the addition of SiC micro-powder or both SiC
micro-powder and polyurethane toughener and evaluated the mechanical properties and
erosion wear properties of the modified epoxy resin. Based on the Taguchi method, Hao
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et al. [8] found that the impact angle had the largest impact on concrete erosion, which
reached 72.48%. Hao et al. [9], Li [10], and Zhang et al. [11,12] used the same method to
simulate windblown sand and analyzed the surface morphology by scanning electron
microscopy (SEM), thereby studying the degradation behaviors and mechanisms of the
surface coatings on steel structures and nano-titanium dioxide films on glass surfaces,
respectively. There are many experimental studies on the erosion wear of new materials,
e.g., glass fiber/unsaturated polyester composites [13], WC-Co cemented carbide [14],
glass-ceramic composite coating [15], fluoroplastic-steel composite tubes [16], carbon fiber
reinforced polymer [17], and glass fiber reinforced plastics [18].

The windblown sand that degrades glass materials has also been studied. Li [19]
conducted an experimental study and finite element simulations of the windblown sand
erosion of toughened glass under temperature and humidity fluctuations and ultraviolet
rain. Fan et al. [20] studied the erosion mechanism, surface pattern, and process perfor-
mance of micro-abrasive water jets on brittle glass. Hao et al. [21] designed the experiment
of toughened glass based on the Taguchi method. It was found that the degree of effect on
the relative mass loss of toughened glass was mainly due to the impact angle, the impact
velocity, and the abrasive feed rate. Zhao [22] and Hao et al. [23] studied the damage
mechanism of tempered glass by windblown sand erosion under the combined effect of the
freeze–thaw cycle and ultraviolet radiation. Bouzid and Azari [24], and Ismail et al. [25]
explored mechanisms of glass degradation. They pointed out that erosion pits caused by
mass loss are formed when transverse cracks of the subsurface stratum develop along the
direction parallel to the surface until they intersect the surface; radial cracks are formed
when cracks on the subsurface stratum develop upward along the vertical direction of the
surfaces, ultimately intersecting with the surface (as shown in Figure 1). Ismail et al. [25]
also found an exponential function relationship between the sizes of the damage hollows
and impact velocities; the exponents were between 1.65 and 2.

Figure 1. Erosion damage mechanisms of glass [25].

The degradation of glass panels under a gas–solid two-phase flow was explored
by Hao et al. [26] using the airflow sand-carrying jet test method. The results showed
that there were many damage modes in the damage process of glass panels by Scanning
Electron Microscopy (SEM). Then, Hao et al. [26] pointed out that the meso-damage modes
of engineering glass have two types: a combination of low-angle micro-cutting and high-
angle elastic-plastic deformation or a combination of low-angle micro-cutting and damage
from high-angle fatigue crack propagation.
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In summary, the test methods for windblown sand damage are relatively mature
and have been introduced into the research field of glass panel damage. However, since
the existing studies on the windblown sand damage of glass panels have focused on
the degradation mechanism, there have been few studies on the degradation behavior
(s) of glass panels. Therefore, in this study, the windblown sand-induced degradation
of glass panels was studied using the airflow sand-carrying jet test method. Focusing
on the safety and serviceability changes in glass panels, our experiments explored the
long-term performance degradation of glass panels caused by windblown sand. Based on
the value obtained, the tendencies of the relative mass loss, the visible light transmittance,
and effective area ratio have been obtained, which predict the state of glass panels under
service conditions.

2. Experimental Program

2.1. Materials

The test material was a 6 mm thick piece of float glass; float glass is widely used in
curtain walls, owing to its good smoothness and transparency. The basic information on
the material is shown in Table 1, based on the initial state of the glass panels.

Table 1. Basic information of glass.

Thickness
T/mm

Gravity Density
γg/(kN/m3)

Initial Visible
Transmittance

τv0/%

Design Strength
fg/(N/mm2)

Modulus of
Elasticity

Eg/(N/mm2)

Poisson Ratio
V

6 25.6 92.34 28 0.72 × 105 0.20

2.2. Specimens

The specimens were 50 mm × 50 mm float glass panels with 6 mm thickness, as listed
in Table 2. The specimens of the Pa group were used for studying the mass loss of the glass
panels, whereas the specimens of the Ps group were used for studying the visible light
transmittance and effective area ratio.

Table 2. Specimens of the glass panels.

Specimen Type
Specimen
Number

Abrasive Feed
Rate

m (g/s)

Impact Velocities
v (m/s)

Impact Angles
a (◦)

Impact Time
t (s)

Pa

Pa-1-30 15.5 17.40 30

0, 30, 60, 90, 120

Pa-1-60 15.5 17.40 60
Pa-1-90 15.5 17.40 90
Pa-2-30 15.0 26.34 30
Pa-2-60 15.0 26.34 60
Pa-2-90 15.0 26.34 90

Ps

Ps-1-30 15.5 17.40 30

0, 2.5, 5, 7.5, 10

Ps-1-60 15.5 17.40 60
Ps-1-90 15.5 17.40 90
Ps-2-30 15.0 26.34 30
Ps-2-60 15.0 26.34 60
Ps-2-90 15.0 26.34 90
Ps-3-30 14.8 35.28 30
Ps-3-60 14.8 35.28 60
Ps-3-90 14.8 35.28 90

2.3. Experimental Equipment

A sandblasting machine was applied to simulate windblown sand damage. An air
compressor was used as the air power source, as schematically illustrated in Figure 2.
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The high-speed air provided by the air compressor flowed through the pipe connected to
the sandbox, causing local low pressure. Then, sand in the sandbox was sucked into the
pipeline owing to the pressure difference, forming the sand flow. The gas–solid two-phase
flow mixed with the high-speed flow and the sand flow impinged on the samples.

 

Figure 2. Schematic drawing of the sandblasting equipment.

In the testing box, the specimens were clamped at different heights and angles using a
specimen bracket, as shown in Figure 3. The angles and distances of the specimens were
adjustable. After the specimens were clamped, the angles (i.e., the acute angles between
the upper surface of each specimen and central axis of the corresponding nozzle) were
adjusted to the target impact angles listed in Table 2. The distance between the center of
the upper surface of each specimen and the nozzle was adjusted to 20 cm.

Figure 3. Location of the glass sample.

2.4. Testing Methods

The specimens were clamped on the brackets, as shown in Figure 3, and then, they
were adjusted to the target heights and impact angles. To keep the air–sand phase flow
stable, it was necessary to keep the sandblasting machine on for two minutes before eroding
the specimens. After the impact time of each group of Pa and Ps specimens reached the
target time in Table 2, the specimens were removed from the specimen bracket.

2.4.1. Mass Loss

An electronic balance was used to weigh the remaining mass of the Pa specimens.
The mass was weighed after blowing off the remaining sand and debris on the surface to
ensure that the weighed mass did not contain the masses of such sand and debris.

2.4.2. Visible Light Transmittance

After weighing the mass, the surfaces of the Ps specimens were cleaned with water and
an acetone solution. Then, the spectral transmittance of the Ps specimens was measured by
the visible light transmittance ratio and shading coefficient detector.
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2.4.3. Meso-Morphology

The surface morphology of the Ps specimens was observed via TM3000 desktop SEM
(Hitachi, Japan), and photographs were taken. The photographs were then processed using
an image processing software (Image J, version 1.48, developed by National Institutes of
Health) to extract the damaged area. The percentage of damaged areas with respect to the
total area was calculated using the software.

3. Results and Discussion

3.1. Damage Mode

The mechanism of glass panel degradation is characterized by accumulation of the
meso-damage of the glass panel. Hao et al. [26] conducted an experimental study on
windblown sand damage of glass panels, pointing out that the meso-damage modes of
engineering glass have two types: a combination of low-angle micro-cutting and high-
angle elastic-plastic deformation or a combination of low-angle micro-cutting and damage
from high-angle fatigue crack propagation. In our study, these damage modes can be
observed on the surface of the damaged specimens using SEM, as shown in Figure 4, and
are similar to those described by Hao et al. [26]. Ismail et al. [25] and Li [27] introduced
these meso-damage modes and their generation mechanisms. Based on these studies, the
damage modes in Figure 4 can be classified into three modes: cutting, smashing, and plastic
deformation. Cutting is the removal of surface material caused by the tangential forces
of the impact particles. Smashing is material breaking caused by the normal force of the
impact particles, as transverse microcracks in the subsurface layer propagate to the surface.
Plastic deformation is the plastic extrusion deformation caused by the normal force of the
impact particles.

   
(a) (b) (c) 

Figure 4. Damage modes of glass specimens: (a) cutting, Ps-10-30; (b) smashing, Ps-10-90; and (c) plastic deformation,
Ps-12-30.

These three damage modes coexist in the erosion process and are affected by the
impact angle and impact velocity. When the impact angles are small, the tangential force of
the impact particles is dominant and the cutting mode develops well. When the impact
angles are large, the normal force plays a larger role, and smashing and plastic deformation
become the main failure modes. In addition, with the growth of the wind force, the
impact velocity of the particles increases and the plastic deformation develops better than
the smashing mode (brittle damage), owing to the increase in strain rate at high-speed
impact [27].

3.2. Relative Mass Loss

The degree of erosion impact is evaluated based on the relative mass loss. The relative
mass loss of the specimens is related to the impact time, impact angles, and impact velocities
and is defined as follows:

E =
ΔM
mT

(1)

where E represents the relative mass loss (mg/g), ΔM is the mass loss of the specimens
after impact (mg), m is the abrasive feed rate (g/s), and T is the impact time (s).
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3.2.1. Effect of Impact Time on Relative Mass Loss of Glass Specimens

By subtracting the mass measured at each time from that measured at the initial time
(impact time of 0 s), the mass loss ΔM of the Pa specimens at each impact time t can be
obtained. Then, according to Equation (1), the relative mass loss is calculated at different
impact velocities and impact angles with the increase in impact time, as shown in Figure 5.

 

Figure 5. Relative mass loss of glass specimens with an increase in impact time.

From Figure 5, the relative mass loss of the specimens can be divided into two stages:
decreasing stage and steady stage. Nearly all curves have a tendency to proceed in two
stages, except for the group at 17.4 m/s and 90◦. This can be explained as follows: at the
beginning, the surfaces of the glass specimens are smooth, meaning that cutting (at low
impact angles) and smashing/plastic deformation (at high impact angles) develop well.
Therefore, the value of the relative mass loss is high. Then, with the specimens degraded,
the surfaces gradually become rough. Rough surfaces are detrimental to the development
of cutting, causing a decrease in the relative mass loss at low impact angles. As for the
specimens at high impact angles, the rough surfaces caused by the sand of the specimens
appear as many erosion pits, which cause the particles to bounce off in all directions and
to collide with the incident particles, reducing the impact velocities of incident particles.
Therefore, it causes a reduction in the relative mass loss of the specimens. Therefore,
the relative mass loss of the specimens at high impact angles gradually decreases. After
degradation for a long time, the rough surfaces remain stable, corresponding to the steady
stage.

It can also be seen from Figure 5 that the relative mass loss at 26.34 m/s is higher than
that at 17.4 m/s, which should be evident: degradation at a high kinetic energy is more
significant than that at low kinetic energy. Thus, the kinetic energy of sand particles at
26.34 m/s is higher than that at 17.4 m/s, causing a higher relative mass loss.

3.2.2. Effect of Impact Angles on Relative Mass Loss of Glass Specimens

There are two main types of materials with respect to fracture damage modes: ductile
and brittle. According to Sheldon and Finnie [28], the ductile and brittle mode curves for
the erosion (relative mass loss) with an increase in the impact angle are shown in Figure 6.
The relative mass loss of a ductile material includes two stages: in the initial stage, the
relative mass loss increases with an increase in impact angle. In the second stage, the
relative mass loss decreases with an increase in the impact angle. Therefore, the maximum
relative mass loss of the ductile materials appears at an impact angle of 20◦ to 30◦. In
contrast to ductile materials, the relative mass loss of brittle materials increases with an
increase in the impact angle, and the maximum relative mass loss appears at an impact
angle of 90◦.
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Figure 6. Relative mass loss of ductile and brittle materials with an increase in impact angle [28].

The relative mass losses at different impact velocities and impact times with the
increase in impact angle are shown in Figure 7. It can be seen from Figure 7 that the relative
mass loss initially increases with an increase in the impact angle and then decreases.

 
Figure 7. Relative mass loss of glass specimens with increase in impact angle.

Despite being a typical brittle material, the tendency of the float glass in Figure 7
is not in accordance with the curve of typical brittle materials (shown in Figure 6). This
can be explained as follows. As compared with 110 g/min (1.83 g/s) in the reference of
Hao et al. [29], the abrasive feed rates in this experiment are very high, i.e., 15.5 g/s at
an impact velocity of 17.4 m/s and 15.0 g/s at 26.34 m/s. According to Section 3.2.1, the
rough surfaces (caused by the sand) of the specimens exhibit many erosion pits, limiting
the reversal of sand particles and reducing the mass loss of the specimens at high impact
angles. The higher the impact angles, the lower the mass loss. Therefore, the relative mass
loss at 90◦ is much lower than that at 60◦.

3.3. Visible Light Transmittance

The full spectral transmittance τ (λ) of the Ps specimens was measured by a visible
light transmittance ratio and shading coefficient detector, as shown in Figure 8a. The visible
spectral transmittance τ (λ) (wavelength from 380 nm to 780 nm) of the Ps specimens was
intercepted from the full spectral transmittance τ (λ) for analysis, as shown in Figure
8b. Based on this, the visible light transmittance τv for each specimen was calculated in
accordance with the specification in GB/T 2680-1994 [30].
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(a) (b) 

Figure 8. Spectral transmittance τ (λ) of the glass specimens without and with erosion for 5 s: (a) full spectral transmittance
τ (λ) (300 nm ≤ λ ≤ 3000 nm) of glass specimens without and with erosion for 5 s and (b) visible spectral transmittance τ

(λ) (380 nm ≤ λ ≤ 780 nm) of glass specimens without and with erosion for 5 s.

The visible light transmittance values are obtained for the Ps specimens, as shown in
Figure 9. It can be seen from Figure 9 that the visible light transmittance τv of the specimens
decreases gradually with an increase in the impact time owing to the damage accumulation.
In addition, the visible transmittance τv decreases with an increase in the impact velocity v.
This is the result of the increase in erosion damage strength. As known, a higher velocity
means higher destructive power, causing the decrease in visible light transmittance.

Figure 9. Visible light transmittance of the glass specimens τv.

3.4. Effective Area Ratio

After the damage area is extracted by the Image J software, the percentage of damaged
areas to the total area is calculated using the software. The value after deducting the
proportion of damaged areas from the total area (100%) is defined as the effective area ratio
RAE (%).

The effective area ratio was obtained with the image J software, as shown in Figure 10.
From Figure 10, it can be seen that the effective area ratio RAE decreases with the increase
in impact time, as expected; RAE also decreases with increases in the impact angle α and
impact velocity v.

286



Materials 2021, 14, 607

 
Figure 10. Relationship between the effective area ratio RAE of glass specimens and impact time t.

The decrease in effective area ratio RAE with the increase in impact velocity v is the
result of the increase in erosion damage strength. The decrease in effective area ratio
RAE with the increase in impact angle α may be owing to the fact that, when the normal
direction component of the impact particles is large, additional cracks will appear on
the subsurface stratum, promoting further development of cracks. It may make more
areas of the surface vulnerable to damage. With an increase in the impact angle α, the
normal direction component of the impact particles increases; thus, smashing and plastic
deformation develop better, resulting in a decrease in the effective area ratio.

Assuming that the effective area ratio RAE of the panel is 100% without damage, then
each RAE-t curve passes through the point (0, 100). By fitting the experimental data in
Figure 8 with data processing software (Origin 8.0, developed by OriginLab and 1stOPT8.0,
developed by 7D-Soft High Technology Inc.), an equation for the effective area ratio and
time can be obtained, as follows:

RAE =
1

0.01 + KRAEt
(2)

where KRAE is a parameter related to the impact angle α and impact velocity v and is
defined as the effective area erosion coefficient. Based on the test data, the values of KRAE
are obtained by fitting, as follows:

KRAE =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

3.04 × 10−4 v = 17.40 m/s α = 30◦
4.21 × 10−4 v = 17.40 m/s α = 60◦
4.91 × 10−4 v = 17.40 m/s α = 90◦
5.98 × 10−4 v = 26.34 m/s α = 30◦
6.87 × 10−4 v = 26.34 m/s α = 60◦
7.79 × 10−4 v = 26.34 m/s α = 90◦
8.63 × 10−4 v = 35.28 m/s α = 30◦
1.02 × 10−4 v = 35.28 m/s α = 60◦
1.07 × 10−4 v = 35.28 m/s α = 90◦

According to the above values of KRAE, an equation can be obtained by data processing
software (1st OPT) fitting, as follows:

KRAE = −1.169 × 10−4 + 7.616 × 10−6vlnv + 2.328 × 10−4 sin2.5 α (3)

where sin α reflects the erosion effect of certain physical quantities in the normal direction
of the specimens and “vlnv” reflects the relationship between the erosion effect and erosion
impact velocity v.
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3.5. Relationship between Visible Transmittance and Effective Area Ratio

It is reasonable that, with an increase in the damaged area, the visible transmittance
τv will decrease. Therefore, the visible transmittance τv is positively correlated with the
effective area ratio RAE. The quantitative relationship between the visible transmittance τv
and effective area ratio RAE is discussed below.

Figure 11 plots the tested data of the visible transmittance τv and effective area ratio
RAE for each specimen. As shown, an approximately positive linear relationship exists
between τv and RAE.

Figure 11. Relationship between visible light transmittance τv and effective area ratio RAE.

To obtain their quantitative relationship, the analysis needs to be extended to a non-
damaged condition of the glass specimen. For a non-damaged specimen, the effective area
ratio is defined as 100% whereas the visible light transmittance is 92.34%, as shown in
Table 1. However, if the impact time is long enough, the entire surface of the glass panel
will be damaged and the effective area ratio can be regarded as 0; however, the panel still
transmits light. This means that the relationship between the visible light transmittance
and effective area ratio is different between low and high effective area ratios. Therefore,
it is assumed that, when the effective area ratio is 0, the visible light transmittance of the
specimen has a threshold. This threshold needs to be studied in the future.

Based on the above boundary conditions, a simplified equation for the visible light
transmittance τv and effective area ratio RAE is obtained using data processing software,
as follows:

τv(RAE) = −110.902 + 2.085RAE

(
54.419 ≤ RAE ≤ 97.431, R2 = 0.872

)
(4)

where the value of the effective area ratio RAE ranges from 54.419 to 100. The value of
54.419 is determined based on the minimum visible light transmittance. The value of 97.431
is determined based on the maximum visible light transmittance.

According to Equation (4), for every 1% decrease in the effective area ratio RAE, the
visible light transmission ratio τv decreases by 2.085% when the effective area ratio ranges
from 54.419 to 97.431.

4. Conclusions

Based on a simulation of a sandstorm using a gas–solid two-phase flow, a windblown
sand experiment was conducted to explore the degradation law (s) of glass panels. The
following conclusions can be drawn:

(1) There are three damage modes in the glass panels subject to windblown sand: cut-
ting, smashing, and plastic deformation. At low impact angles, the cutting mode
predominates, whereas under high impact angles, the smashing and plastic defor-
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mation modes are dominant. In addition, with the growth of the wind force, the
impact velocity of the particles increases and the plastic deformation develops better
than the smashing mode (brittle damage), owing to the increase in strain rate at
high-speed impact.

(2) With an increase in the impact time, the relative mass loss initially decreases and
then remains steady. In contrast, with an increase in the impact angle, the relative
mass loss initially increases and then decreases, which exhibits the properties of
ductile materials.

(3) With increases in the time or impact velocity, the visible light transmittance decreases
gradually owing to damage accumulation, as expected.

(4) The tendency of the variation in the effective area ratio under different situations is
similar to that of the visible light transmittance. There exists an approximately positive
linear relationship between the visible light transmittance and effective area ratio.

In summary, the experiment simulated the degradation of glass panels subjected to
windblown sand. We can get the tendencies of the relative mass loss, the visible light
transmittance, and effective area ratio, which are similar to the degradation of glass panels
under service condition. However, further study is needed on damage accumulation to
predict the service life of glass panels.
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Abstract: The reduction in natural resources and aspects of environmental protection necessitate alterna-
tive uses of waste materials in the area of construction. Recycling is also observed in road construction
where mineral–cement emulsion (MCE) mixtures are applied. The MCE mix is a conglomerate that can be
used to make the base layer in road pavement structures. MCE mixes contain reclaimed asphalt from old,
degraded road surfaces, aggregate improving the gradation, asphalt emulsion, and cement as a binder.
The use of these ingredients, especially cement, can cause shrinkage and cracks in road layers. The article
presents selected issues related to the problem of cracking in MCE mixtures. The authors of the study
focused on reducing the cracking phenomenon in MCE mixes by using an innovative cement binder with
recycled materials. The innovative cement binder based on dusty by-products from cement plants also
contributes to the optimization of the recycling process in road surfaces. The research was carried out
in the field of stiffness, fatigue life, crack resistance, and shrinkage analysis of mineral–cement emulsion
mixes. It was found that it was possible to reduce the stiffness and the cracking in MCE mixes. The use of
innovative binders will positively affect the durability of road pavements.

Keywords: complex modulus; shrinkage analysis; reclaimed asphalt; mineral–cement emulsion
mixtures; cement dusty by-products (UCPPs)

1. Introduction

The issue of environmental protection is very important, especially due to the progres-
sive degradation and exploitation of the surrounding nature. For the construction of road
pavements, not only new, unprocessed materials can be used but also those from recycling.
Recycling used in road construction provides many tangible benefits: it reduces the need
for mineral resources, lowers the cost of aggregate transport, and significantly reduces or
even completely eliminates waste landfill from damaged road surfaces.

Recycling of road surfaces enables the reuse of road materials, which, after appro-
priate grading and mixing with binders such as asphalt or cement with their appropriate
percentage, create full-value material products.

1.1. Protecting the Environment by Using Recycled Materials

For economic and ecological reasons, at the end of the last century in Europe, attempts
were made to explain the problem of using building rubble as a building component. It
was shown in [1] that the rubble from recycled masonry intended for the production of
cement concrete should be precisely sorted. Despite the lower compressive strength, higher
water absorption, and thus lower frost resistance of cement concrete containing aggregate
derived from masonry, laboratory tests and experience in construction practice have clearly
shown the suitability of recycled aggregate for the production of structural concrete also.

Aggregates recovered from the demolition of single-family houses, including foun-
dations and walls, did not pose a threat to the environment when used in layers of road
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surfaces not bound with binder. As a mineral component, they did not meet the require-
ments specified in Spanish standards (grain size, Los Angeles abrasion), however, in the
mineral mix, the recycled aggregates showed better structural behavior and less degrada-
tion and higher module values than the mix of natural aggregates. On the other hand, the
durability was not lower than that obtained for natural aggregates [2].

Chinese experiments [3,4] confirmed the possibility of using concrete slag and brick
slag for the construction of highway embankment surfaces. However, the humidity of the
embankment should be controlled, as damaged or improperly drained pavement elements
and slope inclinations may rapidly increase the humidity in the areas of water infiltration,
and may also lead to its uncontrolled settlement. Construction and demolition waste
(CDW) can be used in road embankments according to [5–7]. The use of demolition waste
materials (CDW) in unbound layers of the foundation is confirmed by studies [8–13].

In Beijing, the authors of [14] analyzed the impact of construction waste on the function
of the subgrade. Based on the determination of the degree of compaction, observation of
settlement, and plate loading test, it has been shown that recycled CDW aggregates with
appropriate sorting and appropriate construction technologies are useful. Based on the
life cycle assessment, it was concluded that the use of recycled CDW can provide better
environmental quality and economic benefits compared to direct disposal.

In [15], the results emphasize the possible technical benefits of using CDW materials
instead of natural raw materials in applications such as roadside or unpaved roads. The
monitored parameters were density, bearing capacity, and frost resistance. Assessment of
the physical state and mechanical properties of CDW as waste from landfills [16] showed
the possibility of using them as a base material.

Recycled mixes containing aluminum waste obtained better mechanical values (com-
pressive strength, California bearing ratio (CBR) parameter) than the recycled mixes with-
out this waste content [17].

The addition of metallic waste in the form of steel fibers to cement mortars resulted in a
decrease in their bulk density and an increase in porosity [18]. Moreover, these metal wastes
can modify the electrical resistance and thermal conductivity of the mortars, regardless of
the type and amount of metal wastes. Such materials can be adopted, e.g., in self-de-icing
road pavements where controlled temperature of the road layers is necessary.

In turn, the use of recycled fibers reduces the cost of the finished product by up to 50%
in relation to the use of virgin fiber [19], without deteriorating the mechanical properties.

1.2. Waste Disposal—Asphalt, Rubber, and Concrete Reclaimed Waste

Chinese researchers [20] have shown in their research that reclaimed asphalt together
with the recovered stabilized cement substrate can be used as a secondary raw material of
aggregate for the preparation of cement-stabilized mixes in the cold recycling technology.
Although the increase in the content of recycled materials resulted in a decrease in the
value of mechanical properties, these mixes were characterized by sufficient durability and
good performance.

The use of used tires for mixes with modified asphalt in pavement construction,
according to [21,22], results in a large energy saving and reduction of carbon dioxide
emissions. Such a solution provides many economic and environmental benefits, lead-
ing to the sustainable development of pavement infrastructure. Car rubber in the form
of crumbs as a modifier improves the rheological and mechanical properties of rubber–
asphalt mixtures [21]. Small pieces of rubber mixed with the soil obtain a beneficial effect
in geotechnical engineering applications, such as providing better elastic deformations,
improved shear strength, increased permeability, and better dynamic characteristics [23].

Increasing the reclaimed asphalt pavement (RAP) content in the mix reduces the
strength of the mixtures but has no significant effect on drying shrinkage, erosion suscepti-
bility, and capillary flow characteristics [24].
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In Flanders (Belgium), up to 20% of coarse natural aggregates, as a component of
concrete mixes, can be replaced with high-quality materials from recycling concrete aggre-
gates [25].

In Malaysia [26], the results of the tests of intermediate tensile strength and modulus
of elasticity showed that the addition of recycled concrete aggregate in the amount of 40%
of the mineral mix to asphalt mixes is optimal and recommended.

In Hong Kong, a mix of recycled fine aggregate (RFA) and recycled concrete aggre-
gate (RCA) [27] was used for construction applications using the coupled Taguchi–RSM
optimization approach. Durability results confirmed the possibility of using this type of
waste in building structures.

In [28], the authors showed that, for concretes with compressive strength up to 45 MPa,
the type of aggregate used did not matter. It was based on several hundred designs of
mixes with recycled concrete and natural aggregate.

Roughness and load-bearing capacity tests carried out on two sections of unpaved
rural road showed no significant differences [29]. The surface layer of one section was
made of a layer of recycled concrete aggregate and the surface layer of the other section was
made of limestone aggregate. This type of waste can be used as an alternative to natural
aggregates on unpaved country roads.

A significant influence of asphalt binders on physical and mechanical parameters,
such as intermediate tensile strength, creep modulus, stiffness, or free space content, of
mixes recycled using the cold method was demonstrated in the works [30,31]. The type of
binder had a significant impact on the compaction properties of the tested mixes, which
resulted in obtaining different values of mechanical parameters. The obtained results
confirmed the possibility of applying cold recycled mixes with foamed asphalt to the layers
of pavement structures [32].

1.3. Waste Utilization—Dusts

In Denmark [33], the environmental impact of stored ash and ash in road structures
was estimated. The ecotoxicity in water showed a slight difference in their environmental
impact. Dusts from electric furnaces do not deteriorate the strength parameter of asphalt
concrete and at the same time improve its stiffness [34]. The use of dust as a substitute
for Portland cement in the production of concretes dramatically reduces the compressive
strength but results in lower sound permeability, which can be used for acoustic insula-
tion [35]. Dust-containing mixes provide better thermal comfort, contributing to a reduction
in operating energy in buildings.

Not only does the type of waste [36,37] used have an impact on the properties of road
mixes, but the order and method of mixing and the conditions for mixing and compacting
these components also have an impact on the obtained values of mechanical parameters,
such as intermediate tensile strength or dynamic modules [38–40].

Road managers and policy makers should bear in mind the economic and environmen-
tal effects of mining rock raw materials, the demand for which is constantly growing. Only
the configuration of an optimal model describing the production processes of obtaining
rock raw materials or providing material data by producers [41,42] will enable the supply
of aggregates in an economical and environmentally friendly manner and eliminate legal,
technical, and market barriers [27].

1.4. Effect of Waste on Shrinkage and Stiffness

According to [43], it was noticed that the cracking sensitivity of mixes with recycled
concrete decreased, despite a slightly lower tensile strength, compared to that of mixes
containing natural gravel and sand. Moderate content of recycled aggregate (<30%) has
little effect on tensile strength values, while complete replacement of natural aggregate
with recycled materials reduces tensile strength by 20%.

Improvement of the properties of recycled mixes can be achieved not only by appro-
priate additives [44,45] but also thanks to “carbonization,” which improved mechanical
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properties and resistance to dry shrinkage for mixes containing recycled concrete aggregate
(RCA) [46,47]. The carbonation process is relatively long but provides a more effective
yield improvement.

It was observed that with the increase in the content of RFA and RCA, the contraction
value increased [27,48], and with the increase of the water–cement ratio (WCR), the coeffi-
cient of the contraction value decreased. Similar observations are presented in [20]. The
increase in the content of recycled aggregate resulted in an increase in optimal humidity,
and its increase, in turn, increased the shrinkage value.

In [49], it was shown that cold recycled mix (CRM) achieved similar dry shrinkage
values to cement stabilized macadam (CSM) mixes with only virgin aggregate. Higher
cement content increases the dry shrinkage, which was also observed in [24]. As the
temperature rises, the value of thermal shrinkage (TS) increases. CRM blends show worse
TS resistance than CSM blends. Lower cement content is beneficial for the improvement of
TS. Significant addition of coarse natural aggregate improves mechanical strength, frost
resistance, resistance to dry shrinkage (DS), and CRM resistance to TS. However, the
addition of fine aggregate makes CRMs more prone to shrinkage cracking, and freezing
cycle failure [49]. The setting time is crucial in the initial phase; therefore, optimal humidity
of the recycled layer must be maintained during this process to avoid high shrinkage on
drying [24].

The properties of the mixes with the content of Portland cement were compared
to mixes with lime-based low-carbon cementitious materials in [50]. It was found that
not only the shrinkage value was lower in the mixes based on lime, but their strength
increased after adding sodium sulfate to them. The RCA-containing blends achieved
similar performance to the virgin aggregate blends through internal bonding caused by
the release of moisture contained in the porous aggregate to allow further hydration of the
cement [48]. Lower shrinkage was also observed in carbonized cement–slag mortars than in
standard cement–slag mortars [46]. In [51], granulated blast furnace slag was replaced with
fly ash and various types of fibers, and it was found that the addition of these materials did
not adversely affect the setting time of the cement, slightly reduced strength, and reduced
shrinkage compared to the slag mix. The mixes with fibers were characterized by increased
strength and obtained the required resistance to freezing. Attempts were made to use
kitchen waste oil and asphalt emulsion in mixes with recycled concrete aggregate stabilized
with cement [52]. The results of the compressive and tensile strength tests showed that both
additives caused an acceptable reduction in the strength of the mix in the early curing stage
(7 days), but later, the treated mix showed a relatively fast increase in force to compensate
for this deficiency, with a slightly higher value in the mix with the asphalt emulsion. These
additives also reduced the stiffness of the mix and the amount of shrinkage. Moreover, the
use of used oil and asphalt emulsion is ecologically friendly.

2. Materials and Methods

2.1. Purpose of the Research

The main objective of the research presented in this article is to assess the impact of
an innovative binder on the physical, mechanical, and rheological properties of a recycled
base layer made of mineral–cement emulsion (MCE) mixes. The result of this recognition
is the development of a dedicated binder in the form of a hydraulic binder for the MCE
substructure. The flowchart of the research approach is shown in Figure 1.
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Figure 1. Research methodology flowchart.

2.2. MCE Material as a Conglomerate for the Subbase Layers

The tests were performed for a total of 14 MCE blend variants, i.e., seven combinations
for the fine-grained blend (MCE-D-1V, MCE-D-2V, MCE-D-3V, MCE-D-4C, MCE-D-5C,
MCE-D- 6C, MCE-D-7C) and seven for coarse-grained mix (MCE-G-1V, MCE-G-2V, MCE-
G-3V, MCE-G-4C, MCE-G-5C, MCE-G-6C, MCE-G-7C). The number of combinations equal
to seven results from the plan of the simplex-centroid experiment [53,54]. Each point of
the experiment describes the composition of the binder formed by combining the three
basic components (cement, slaked lime, and cement dusty by-products). They differed
from each other in the content of three components: cement, slaked lime, and cement
dusty by-products (UCPPs). Cement dusty by-products are fillers made from wastes (blast
furnace slags) obtained from heating plants. The test plan also used two reference mixes
(MCE-D-Ref, MCE-G-Ref) using Portland cement as a binder.

The MCE mixtures are based on three main ingredients–aggregate, cement, and
asphalt emulsion. The MCE mixtures are semi-rigid materials. When in the material there
is only the cement, this material has high stiffness. After adding the asphalt emulsion
and replacing part of the cement with cement dusty by-products (UCPPs), the reduction
in stiffness and improvement in the fatigue durability of the road construction layer will
be possible.

The compositions of the mixes were determined as assumed, i.e., for two types of
mixes: fine-grained (marked with the symbol D) and coarse-grained (marked with the
symbol G). The fine-grained mix consisted of natural grading aggregate with continuous
graining 0/31.5 mm (melaphyre), natural grading aggregate with continuous graining 0/2
mm (sand), and recycled basalt aggregate with asphalt binder (recycled asphalt) 0/10 mm.
On the other hand, the coarse-grained mixture contained natural grading aggregate with
continuous graining 0/31.5 mm, natural grading aggregate with continuous graining 0/2
mm, and recycled basalt aggregate with asphalt binder (recycled asphalt) 0/31.5 mm.

This binder was designed to reduce stiffness and ensure service life for the MCE
mix. The compositions of individual binders are presented in Table 1 and graphically in
Figure 2 [54].
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Table 1. Designation and composition of the composed binders.

Symbol of Binder
Ingredient (–)

Cement Lime UCPP

1V 0.20 0.20 0.60
2V 0.20 0.60 0.20
3V 0.60 0.20 0.20
4C 0.20 0.40 0.40
5C 0.40 0.20 0.40
6C 0.40 0.40 0.20
7C 0.33 0.33 0.33
Ref 1 0 0

UCPP—cement dusty by-product.

 

Figure 2. Plan of a simplex-centroid experiment [53,54].

The adopted research plan in the field of physical, mechanical, and rheological prop-
erties was aimed at assessing the impact of the composition of the innovative binder on
the change in the properties of the recycled base, which resulted in the development of
nomograms (regression models) that were used to optimize the binder composition. The
optimization made it possible to determine the most favorable configuration of the binder
composition, taking into account the limitation of the stiffness of the foundation and ensur-
ing the appropriate operational durability of the recycled foundation. The binder of the
selected composition was then used to perform the experimental section, which enabled
the assessment of its suitability in real conditions, i.e., as a binder in the foundation layer
made of MCE in the construction of the road pavement.

2.3. The Scheme of the Recycled Substructure Composition

The design of the MCE mix should be correlated with the design of the pavement
structure and the organization of works, depending on the method of its execution. The
following materials were used to produce mineral–cement emulsion mixes: reclaimed
asphalt, grading aggregate, hydraulic binder, asphalt emulsion, and water.
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2.3.1. Selection of the Optimal Grading Curve

The strength and deformation properties of MCE mixes are significantly influenced by
the grain size composition of the mineral mix itself, in accordance with the requirements of
the MCE mixes designing manual [55].

The conducted analyses show that the grading curve of the fine-grained and coarse-
grained mineral mix meets the conditions of the MCE boundary curves and that the
percentage of its individual components (natural aggregate and reclaimed aggregate) in
both types of mixes is the same. In the design of mineral mixes, the percentage of asphalt
waste was assumed on a level of 40%, natural aggregate 0/31.5 mm in the amount of 50%,
and natural aggregate 0/2 mm in the amount of 10%—Table 2.

Table 2. Composition of mineral mixes.

Components of the Mineral Mix
Fine (MCE_D) Coarse (MCE_G)

(%) (%)

0/10 reclaimed asphalt 40 -
0/31.5 reclaimed asphalt - 40

0/31.5 crushed aggregate improving the
gradation—melaphyre 50 50

0/2 natural aggregate improving the gradation—sand 10 10
MCE_D—fine-grained mineral–cement emulsion mixture; MCE_G—coarse-grained mineral–cement emulsion mixture.

The grading of the mineral mixes was within the field of good grading—Figure 3 [55].
The grading of such a mineral mix was determined without taking into account the cement.
The optimal percentage of reclaimed asphalt was adopted based on the analyses [54,56].

 

Figure 3. Mineral mixes’ grain size distribution and boundary curves.

Both the fine and coarse mixes are grain continuous and comply with the boundary
grading curves specified for MCE mixes intended for base layers.
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2.3.2. Designing the Optimal Amount of Hydraulic Binder (Cement) and Water

The mutual proportions between the individual components (recycled aggregate,
material improving the gradation, hydraulic binder, and asphalt binder) determine the
strength and deformation properties of MCE mixtures.

In the design of MCE mixes, based on own experience [57–60] and information
recorded in world literature [52,61,62], the percentage of cement was assumed to be 3%.
The designed MCE mixes use CEM II class 32.5 Portland cement.

2.3.3. Designation of Optimum Moisture and Maximum Density of the Mix Skeleton

The optimal moisture content of the mix was determined by the Proctor method,
based on the standard [63]. The optimal moisture and the maximum bulk density of the
mix skeleton were determined.

From the tests [54,56], it was determined that for a fine-grained mix, the optimum
humidity is 8.0%, with the maximum density of the mineral skeleton of the mixtures of
2.142 g/cm3. In turn, for a coarse-grained mixture, the optimal humidity is 7.8%, with the
maximum density of the mineral skeleton of the mixes of 2.198 g/cm3.

Designing the Optimal Amount of Asphalt Emulsion

Having a specific cement content and knowing the optimum humidity of the mixes
in question, it was possible to determine the percentage of asphalt emulsion. For the
analyzed MCE mixes, the asphalt emulsion 60/40 (AE 60/40) was used in accordance with
the requirements of the standard [64]. Additionally, according to the MCE mix designing
guide [55], it is recommended that the emulsion meets the following conditions: asphalt
type 50/70 or 70/100.

In the design of MCE mixes, using own experience [57–60] and knowledge taken from
the world literature [65–67], the percentage of asphalt emulsion 60/40 at 5% was set. Such
emulsion content allowed to obtain the total binder content in fine-grained mixtures at
the level of 5.1%, and in coarse-grained mixes at the level of 4.9% (taking into account the
binder contained in the emulsion and the destructor).

The amount of water added to the MCE resulted from the optimal moisture content of
the mineral–cement mixes and the amount of water from the emulsion.

2.3.4. The Composition of MCE Mixes

With the screening data prepared for all mineral materials in the MCE mix and after
determining the appropriate content of cement, asphalt emulsion and water, the final
design of the composition of the recycled fine-grained and coarse-grained MCE mixes
was prepared. These mixes were called reference mixes. The percentages of individual
components are presented in the Tables 3 and 4.

Table 3. Composition of the fine-grained mix.

Components

Mineral Mixture
(MM)

Mineral–Cement Emulsion
Mixture (MCE_Ref)

(%) (%)

0/10 reclaimed asphalt 40 34.4
0/31.5 crushed aggregate improving the

gradation 50 43.0

0/2 natural aggregate improving the
gradation 10 8.6

Cement - 3.0
Asphalt emulsion 60/40 - 5.0

Water - 6.0
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Table 4. Composition of the coarse-grained mix.

Components

Mineral Mixture
(MM)

Mineral–Cement Emulsion
Mixture (MCE_Ref)

(%) (%)

0/31.5 reclaimed asphalt 40 34.5
0/31.5 crushed aggregate improving the

gradation 50 43.1

0/2 natural aggregate improving the
gradation 10 8.6

Cement - 3.0
Asphalt emulsion 60/40 - 5.0

Water - 5.8

The next step in the research was to determine the composition of MCE mixes, which
instead of cement contained an innovative binder. Seven such binders were used, and they
differed in their content of three components: cement, lime, and dust.

This binder was designed to reduce stiffness and ensure service life for the MCE mix.
The compositions of individual binders are presented in Table 1.

2.4. Research

Mechanical properties for the established compositions of MCE mixes (16 mixes—14
with the innovative binder plus two with cement binder only) were determined. The use
of an innovative cement binder in recycled materials resulted in the reduction of cracking
in MCE mixes. In the research cycle, the following tests were taken into account:

• Tests of the complex module by the four-point bending test on prismatic materials
(4PB-PR) method according to [68] at temperatures of −10, +5, +13, +25, and +40 ◦C;

• Module tests using the indirect tension test on cylindrical specimens (IT-CY) method
according to [68] at temperatures of −10, +5, +13, +25, and +40 ◦C;

• Tests of shrinkage by the ring method according to [69] at a temperature of +25 ◦C.

2.4.1. Reduction of Stiffness after Using Dusts Instead of Cement (Stiffness Tests)

Tests of the indirect tensile stiffness modulus, IT-CY, were carried out according
to the standard [68]. Four cylindrical (Marshall) samples with a nominal diameter of
101.5 mm and a height of 63.5 mm were used for the analyses for each test and characteristic
temperature. The tests were carried out at the following temperatures: −10, +5, +13, +25,
and +40 ◦C. The samples were compacted using 2 × 75 blows in a Marshall automatic
compactor (MULTISERW-MOREK, Brzeznica, Poland). Due to the presence of cement
mixes and hydraulic binders in the composition, the curing period of the samples was
28 days. The view of the Marshall samples is shown in Figure 4.

During the tests, detailed registration of the loading vertical force and horizontal
displacement was made, which was used to determine the stiffness modulus of the tested
material—Equation (1).

EIT−CY =
F · (ν + 0.27)

(z · h)
(1)

where EIT-CY—stiffness modulus (MPa), F—maximum vertical force (N), ν—Poisson’s ratio
of the material (–), z—amplitude of the obtained deformation (mm), h—average thickness
of the sample (mm).

The sample loading scheme is shown in Figure 5.
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Figure 4. Marshall samples.

 

Figure 5. Scheme of the indirect tension test on cylindrical specimens (IT-CY) study.

The tests of the complex module by the bending method of a four-point beam
were performed according to the standard [68], and the fatigue life tests according
to the standard [70]. The same test samples are used in both cases. Six samples in
the form of bars with nominal dimensions of b = 60 mm, h = 50 mm, Ltot = 400 mm
(according to the equipment’s limitation) were used for the analyses, for each test and
characteristic temperature. The tests were carried out at the following temperatures:
−10, +5, +13, +25, and +40 ◦C. The samples were compacted with a roller with the use of
skid plates according to the standard [71] to obtain the volumetric density determined
on the Marshall samples. Then, bars were cut from the compacted slab to the required
nominal dimensions. Due to the presence of cement mixtures and hydraulic binders in
the composition, the curing period of the samples was 28 days. The view of the sample
in the form of a bar is shown in Figure 6.
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Figure 6. Sample for testing with the four-point bending test on prismatic materials (4PB-PR) method.

During the tests with the method of bending a four-point beam, a detailed registration
of the vertical loading force and the vertical displacement in the middle of the beam span
was made. The obtained data were used to determine the complex modulus—Equation (2).

E4PB−PR =
√

E1
2 + E22 (2)

where
E4PB−PR—dynamic complex modulus of MCE mixture (MPa),
E1—the real component—Equation (3),
E2—the imaginary component—Equation (4).

E1 = γ·
(

F
z
· cos(ϕ) +

μ

106 ·ω2
)

(3)

E2 = γ·
(

F
z
· sin(ϕ)

)
(4)

where F—load (kN), z—deflection in the middle of the sample’s span (mm), ϕ—phase
angle (◦), ω—loading frequency (rad/s), μ—mass factor (g), γ—form factor (mm−1).

In the case of testing the complex module, a constant load was applied in the form
of a given micro-strain at the level of ε = 50 × 10−6 m/m with a frequency of 10 Hz. The
sample loading scheme is shown in Figure 7.

 

Figure 7. Scheme of the 4PB-PR test.
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2.4.2. Cracking Reduction Caused by Shrinkage and Stiffness (Shrinkage Test)

Shrinkage analyzes of the tested materials were performed using the ring method
according to [69] as for concrete conglomerates. For tests, a mixture of calibrated sand
with cement binder is prepared, in which shrinkage is generated as a result of setting. The
appropriate proportions of the ingredients (sand, binder, water) were determined on the
basis of the consistency tests presented in [72].

Table 5 shows the w/s (water to binder) coefficients necessary to obtain slurries and
mortars of standard consistency for individual binders. The consistency of the mortars was
determined by the drop cone [73] and spreading method [74].

Table 5. Ratios w/s (water to binder).

Binder w/s for the Mortar

3 V 0.60
1 V 0.79
4 C 0.75
5 C 0.68
2 V 0.76
7 C 0.66
6 C 0.62

After the mortars were made, they were placed in the [69] ring. The method of
compaction was vibrating for a period of 15 s. The test temperature was 25 ◦C. The curing
periods of the samples were from 14 to 122 days. An example of how the ring is connected
(view of the test apparatus) with an example of the test run is shown in Figure 8.

  
(a) (b) 

Figure 8. (a) View of the test apparatus and (b) the test run.

3. Results and Discussion

3.1. Different Methods for Stiffness Comparisons (4PB-PR and IT-CY)

On the basis of the obtained detailed results, the average values of the indirect
tensile stiffness modulus, IT-CY, along with the standard deviations of the results were
determined for all tested MCE mixes, divided into coarse-grained and fine-grained
mixes—Figures 9 and 10.
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(a) (b) 

Figure 9. IT-CY stiffness modulus—coarse-grained MCE mix: (a) binder dependency, (b) temperature dependency.

 

 

 

(a)  (b) 

Figure 10. IT-CY stiffness modulus—fine-grained MCE mix: (a) binder dependency, (b) temperature dependency.

Based on the analyses of the test results, it was found that the test temperature had a
significant impact on the IT-CY stiffness modulus of MCE mixes. The stiffness of the mixes
decreases with increasing test temperature. Depending on the grain size and binder 1V,
2V, 3V, 4C, 5C, 6C, 7C, and cement (Ref) used, MCE mixes may have a different material
specification. The use of innovative binders made it possible to reduce the stiffness of
individual MCE mixes compared to that of reference mixes containing classic cement in
the entire temperature range—Figure 11.

Depending on the binder used, both for fine-grained and coarse-grained mixtures,
the decrease in the value of the modules was from 40% to 80% of the value of the module
of the reference mixture with cement only. The values of modulus of fine-grained and
coarse-grained mixes for mixes with the content of a given binder were similar.

The greatest reduction in stiffness was achieved by using 2V, 4C, and 7C binders, both
in coarse-grained and fine-grained mixes.

Based on the detailed results obtained, the mean values of the complex modulus
and fatigue life along with the standard deviations of the results were determined in the
four-point beam test for all tested MCE mixes, divided into coarse-grained and fine-grained
mixes—Figures 12 and 13.
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(a) (b) 

Figure 11. IT-CY module: (a) coarse-grained mixtures, (b) fine-grained mixtures.

  

(a) (b) 

Figure 12. 4PB-PR complex modulus—coarse-grained MCE mix: (a) binder dependency, (b) temperature dependency.

  

(a) (b) 

Figure 13. Complex modulus 4PB-PR—fine-grained MCE mix: (a) binder dependency, (b) temperature dependency.

The obtained test results indicate that with the increase in test temperature, the values
of the complex modulus 4PB-PR decrease. Both for coarse-grained and fine-grained mixes,
the lowest values of modulus were observed for 2V and 4C mixes. In turn, the highest
values of the complex modulus were obtained by the mixes of 3V and 5C. The same mixes
achieved the maximum values of the IT-CY stiffness modulus. The use of innovative
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binders made it possible to reduce the stiffness of individual MCE mixes compared to that
of reference mixes containing classic cement in the entire temperature range—Figure 14.

  
(a) (b) 

Figure 14. 4PB-PR module: (a) coarse-grained mixes, (b) fine-grained mixes.

3.2. Correlation of the Results of 4PB-PR and IT-CY Tests—Conversion Factors

As a result of the analyses carried out and the observation of similar dependencies
between the stiffness of the tested material obtained by the 4PB-PR and IT-CY methods,
an attempt was made to obtain a correlation for these two types of modules, Figure 15.
Such correlation will allow for the future use of these tests to estimate the durability of the
pavement road layer in MCE technology.

 

Figure 15. Correlation of modules obtained by 4PB-PR and IT-CY methods.

Correlations in Figure 15 were set for different compositions of MCE mixtures (fine
grained and course grained). The results are shown for all tested temperatures with
application of different UCPPs (cement dusty by-products) content. In spite of different
variables in the tests, obtained correlations can be set as linear functions with a high
coefficient of determination, R. On the basis of the conducted analyses, a good correlation
was obtained between the stiffness determined according to the IT-CY indirect tensile
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method and the stiffness of MCE mixes determined by the bending method of a four-point
beam, 4PB-PR—Equation (5).

E4PB−PR = A·EIT−CY + B (5)

where
E4PB−PR—dynamic complex modulus of MCE mixture (MPa),
EIT−CY—stiffness modulus of MCE mixture (MPa),
A—slope factor depending on the grain size of the mix, A = 0.2067–0.2681 (-),
B—directional form factor depending on the grain size of the mix, B = 584.9–702.65 (-).
These dependencies will allow the interchangeable application of the above-mentioned

tests, which can be used in the fatigue life prediction of road surfaces, taking into account
the same test conditions.

3.3. Shrinkage Analysis

The phenomenon of shrinkage is observed during curing of samples of mixes with
cement binders. As a result, it leads to the appearance of cracks in the material—Figure 16.

 

Figure 16. The occurrence of shrinkage cracks.

In order to reduce the occurrence of shrinkage cracks, innovative waste binders were
used instead of classic cement. The appropriate stiffness was maintained. In the shrinkage
analyses, the cement binder was used as a reference against three innovative binders 1V, 2V,
and 7C, which clearly differed in the properties demonstrated in the stiffness tests using
the 4PB-PR and IT-CY methods. The tests were carried out at the temperature of 25 ◦C. The
relationship between the curing time of the samples and the micro-contraction deformation
is shown in Figure 17.

A significant decrease in destructive strains was observed after the use of innovative
binders. At the same time, the curing time to destructive cracks was significantly longer.

As a result of the tests, it was possible to establish the relationship between the stiffness
of the tested material and the shrinkage generated during its curing. The relationship
between 4PB-PR stiffness and shrinkage is shown in Figure 18, while the relationship
between IT-CY and shrinkage is shown in Figure 19. The analyses relate to the curing
temperature of 25 ◦C. The minimum level of stiffness for MCE mixtures is 2000 MPa
according to the criteria specified in [58]. This condition was met for the fine-grained
mixture with the binder 7C.
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Figure 17. Increase in shrinkage micro-strain during material curing time.

 

Figure 18. 4PB-PR stiffness vs. shrinkage.

Estimated levels of micro-strain for a minimum stiffness level of 4PB-PR = 2000 MPa
are between −30 and −20 micro-strains. For such a range of shrinkage strains, it is possible
to assume the IT-CY stiffness level—Figure 19.

As a result of the analyses, it was found that the minimum level of IT-CY stiffness
modulus for MCE mixes should be in the range of 5000–6000 MPa. The obtained data made
it possible to estimate the plane of stiffness of the tested recycled materials. As the stiffness
increases, the probability of contraction cracks occurring in it increases. Micro-strain
shrinkage (ms) dependency on IT-CY stiffness modulus and 4PB-PR complex modulus for
fine-grained mix is presented in Figure 20. This dependency is shown in the Equation (6)
with the coefficient of determination, R2 = 0.99.

ms = 19.8525 − 0.0134·E4PB−PR − 0.0024·EIT−CY (6)

where
ms—shrinkage of MCE mixture (μm),
E4PB−PR—dynamic complex modulus of MCE mixture (MPa),
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EIT−CY—stiffness modulus of MCE mixture (MPa).
The use of materials from the central area of the plane in the road surface will allow

for adequate durability of the layer with the maximum reduction of shrinkage cracks.

 

Figure 19. IT-CY stiffness vs. shrinkage.

Figure 20. Stiffness plane of MCE mixes.

4. Practical Application of MCE Mixes

As part of the research on the use of recycled materials and the assessment of the
actual suitability of waste in the form of cement by-products (UCPPs) in combination
with reclaimed asphalt (RAP) for the structural layers of road pavements, an experimental
section was made in the arrangement of layers of the flexible pavement structure. The
thicknesses of the individual layers are shown in Table 6. The foundation uses MCE with a
cement binder and MCE with an innovative type 5C binder.
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Table 6. Layout of pavement construction layers used in the experimental section.

Layer Type Material
Layer Thickness

(m)

Wearing/base course layer SMA (stone matrix asphalt) 0/16 mm 0.08
base layer MCE and MCE + binder 0.20

natural subsoil

The stiffness tests of the executed layers will be correlated with laboratory tests and
will be used to estimate the fatigue life of the pavement layers. The results of these studies
will be the subject of further publications.

5. Conclusions

The conducted analyses for MCE mixes (16 mixes—14 with the innovative binder plus
two with cement binder only) showed the following:

• Coarse-grained and fine-grained mixes containing cement binder marked as MCE_G_Ref
and MCE_D_Ref were adopted as reference MCE mixes. Then, instead of cement, in-
novative road binders were used, containing cement, hydrated lime, and cement dusty
by-products (UCPPs). All mixes can be used to make the road surface foundation.

• The analyzes of the IT-CY stiffness modulus showed that the test temperature had a
significant impact on the stiffness for MCE mixes. With increasing test temperature,
the stiffness of the mixes decreased. The use of innovative binders allowed to reduce
the stiffness of individual MCE mixes compared to that of reference mixes containing
classic cement in the entire temperature range. The greatest reduction in stiffness was
obtained after using 2V, 4C, and 7C binders both in coarse-grained and fine-grained
mixes. The reduction in the value of the modules accounted for 40–80% of the value
of the modulus of the reference mixture only with cement.

• Based on the analyses of the results of the 4PB-PR complex module, it was found that
the value of this module was significantly influenced by the grain size distribution
of the MCE mix. Fine-grained mixes were characterized by greater homogeneity
and higher complex modulus as compared to coarse-grained mixes. Despite the
microscopic cracking phenomenon, the MCE layer will be able to take loads and
ensure adequate fatigue life of the entire road surface structure.

• With the increase in temperature, the percentage decrease in the values of the modules
obtained by the 4PB-PR method was slightly lower than that determined by the IT-CY
method. In the case of both described modules for fine-grained and coarse-grained
mixes with the content of all the binders used for the tests, depending on their value
on the temperature change, they maintained the same curvilinear course.

• As the stiffness of the material increases, the likelihood of shrinkage cracking increases.
The research showed a good correlation between the stiffness test results and the
shrinkage strains. The higher the stiffness of the material, the greater the shrinkage
deformation. The use of innovative binders allowed to reduce shrinkage cracks
and extend the time to maximum deformation. For a minimum accepTable 4PB-PR
stiffness level of 2000 MPa, the shrinkage value is between −20 and −30 micro-strains.
Further reduction of the material stiffness is not desirable due to its too low fatigue
life [58,75]. For the determined level of deformation, it was possible to estimate
the minimum stiffness level in the IT-CY method. The IT-CY stiffness modulus of
mineral–cement emulsion mixes should be reduced as much as possible but not less
than 5000–6000 MPa.

• The developed relationships between the stiffness of 4PB-PR and IT-CY will allow the
maximum use of various types of research equipment in the process of designing and
making MCE mixes in road surfaces.

• Observation of the experimental section and identification of the stiffness modules
of the foundation layer with the MCE will allow the correlation of the results of the
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modules of the built-in layer and those determined in the laboratory for the same
materials. The results of the work will be the subject of further publications.

• The demonstrated reduction of shrinkage cracks in MCE mixes, through the use of
cement dusty by-products (UCPPs), allows for the conclusion that the layers of road
pavements containing these binders will have a higher fatigue life compared to that of
conventional solutions based on cement binder.

• The use of cement dusty by-products (UCPPs) and reclaimed asphalt (RAP) to make
pavement layers can significantly reduce the amount of unprocessed waste that causes
environmental degradation. At the same time, the use of recycled products allows
reducing the consumption of natural resources in road construction.
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Abbreviations

The following acronyms are used in this paper:
MCE mineral–cement emulsion mixture
UCPP cement dusty by-product
CDW construction and demolition waste
RAP reclaimed asphalt pavement
CBR California bearing ratio
RFA recycled fine aggregate
RCA recycled concrete aggregate
WCR water–cement ratio
CRM cold recycled mix
CSM cement stabilized macadam
TS thermal shrinkage
DS dry shrinkage
AE 60/40 asphalt emulsion (60% asphalt and 40% water)
4PB-PR four-point bending test on prismatic specimens
IT-CY indirect tension test on cylindrical specimens
SMA stone matrix asphalt
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Abstract: After obtaining the value of shear wave velocity (VS) from the bender elements test (BET),
the shear modulus of soils at small strains (Gmax) can be estimated. Shear wave velocity is an
important parameter in the design of geo-structures subjected to static and dynamic loading. While
bender elements are increasingly used in both academic and commercial laboratory test systems, there
remains a lack of agreement when interpreting the shear wave travel time from these tests. Based on
the test data of 12 Warsaw glacial quartz samples of sand, primarily two different approaches were
examined for determining VS. They are both related to the observation of the source and received BE
signal, namely, the first time of arrival and the peak-to-peak method. These methods were performed
through visual analysis of BET data by the authors, so that subjective travel time estimates were
produced. Subsequently, automated analysis methods from the GDS Bender Element Analysis Tool
(BEAT) were applied. Here, three techniques in the time-domain (TD) were selected, namely, the
peak-to-peak, the zero-crossing, and the cross-correlation function. Additionally, a cross-power
spectrum calculation of the signals was completed, viewed as a frequency-domain (FD) method.
Final comparisons between subjective observational analyses and automated interpretations of BET
results showed good agreement. There is compatibility especially between the two methods: the
first time of arrival and the cross-correlation, which the authors considered the best interpreting
techniques for their soils. Moreover, the laboratory tests were performed on compact, medium, and
well-grained sand samples with different curvature coefficient and mean grain size. Investigation of
the influence of the grain-size characteristics of quartz sand on shear wave velocity demonstrated
that VS is larger for higher values of the uniformity coefficient, while it is rather independent of the
curvature coefficient and the mean grain size.

Keywords: shear wave velocity; sand; bender elements test; grain-size characteristics

1. Introduction

Shear wave (S-wave) velocity (VS) is a very important parameter in the field of geotech-
nical earthquake engineering [1,2]. The magnitude of shear wave velocity is determined
from both in situ and laboratory tests, and this is used for computing the low-strain shear
modulus (Gmax) [3]. Gmax is an essential input parameter for dynamic stability analysis of
slopes, embankments, dams, etc. The most versatile and portable method to assess Gmax in
the laboratory is the study of shear wave propagation through bender elements (BE) tests
or the ultrasonic method [4]. The other group of methods is based on vibrations such as
torsional shear (TS) and resonant column (RC) tests [5].

This paper is dedicated to the bender elements test (BET) as a non-destructive test that
has gained popularity in the laboratory determination of the low-strain shear modulus, due
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to its simplicity in use, low cost, and aforementioned non-destructive operation [6]. Bender
elements are made of two piezoelectric ceramic sheets with a central shim of usually ferrous
nickel alloys to enhance its strength. Bender elements operate as an electromechanical
transducer. When a small voltage is applied to one element, it will bend due to the
polarization that has induced across its plates, and thus it will act as a transmitter element.
On the contrary, when an element bends, a voltage is generated and so it will act as a
receiver one [7]. As the strain induced in soil due to bender element movement is in
the elastic strain range of soils behavior (<10−3%), based on the theory of elastic wave
propagation [8], the low-strain shear modulus can be derived from Equation (1):

Gmax = ρ·V2
S (1)

where ρ is soil density and VS is shear wave velocity. The transmitter and receiver elements
are inserted at the two opposite ends of soil specimens and the time lag(t), between the
input and output wave signals, is measured by triggering and propagating a wave impulse
through the soil specimen at a certain frequency and voltage [9]. Shear wave velocity is
then computed using Equation (2):

VS =
Ltt

t
(2)

where Ltt is the tip-to-tip distance between transmitter and receiver [10].
Research methods with the use of piezoelements, although known and applied for

several decades [11], have not received any formal standards. They were developed
according to the criteria created for the needs of subsequent research centers and may not
necessarily be universally adopted. The multitude of design solutions for apparatus does
not help in unification. In addition to the few solutions available commercially, there are
many devices constructed mainly in research centers. Apart from the same main principle
of operation, these apparatuses differ quite significantly in terms of detailed hardware
solutions and software. To systematize this issue and try to estimate the impact of the
methodology on results under the auspices of the Japanese Technical Committee TC-29, a
parallel study was conducted and published the results provide insight into the scale of
the problem [12].

Two aspects of the methodology of BET are of fundamental importance: (1) inter-
pretation of the wave’s arrival time and (2) selection of the wave’s frequency. First of
all, adequately detecting the time travel (t) is one of the most important obstacles in data
interpreting of BET. Many studies were made considering this issue and many testing and
interpretation methods have been proposed so far. To diverse methodologies created over
the years, there can be included the simplest methods built on the immediate observation
of the wave traced and measurements of the time interval between starting points. For
interpretation of the received signals, more elaborated techniques, supported by signal
processing and spectrum analysis tools. can be also applied [13]. All the methods created
a deal with “appropriate” criteria to select the arrival time. The initial classification of
such methods appears in Arulnathan et al. [14]. Viana Da Fonseca et al. [13] updated
this classification more recently including developed methods and presenting a combined
framework taking advantage of both time and frequency domain interpretations. Time
domain methods are direct measurements based on plots of electrical signals versus time,
whereas the frequency domain methods involve analyzing the spectral breakdown of
the signals and comparing phase shifts of the components [15]. Several researchers, like
Greening and Nash [16], prefer the frequency domain methods because they potentially
allow the automation of signal processing and avoid the difficulties associated with picking
the first arrival. On the other hand, they are either unreliable or require considerable user
intervention to provide a reasonable result [17]. It was found that there is no specialized
technique with an adequate level of accuracy and reproducibility to be adopted as a stan-
dard. The time domain and frequency domain analysis applied in this work to estimate the
travel time is presented in detail later in the article. Experimental Results and Discussion.
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Considering the determination of the exact travel time of shear wave between the
transmitter and receiver, it is also necessary to raise the issue of the wave’s shape transmit-
ted through the soil sample. Most early studies using BET generated a single square-wave
pulse [13]. The problem with the square wave is that it is composed of a wide spectrum of
frequencies [18]. From the received signal of the square wave alone, it is uncertain whether
shear wave arrival is at the point of first deflection, the reversal point, or some other point.
To reduce the degree of subjectivity in the interpretation, and to avoid the difficulty in
interpreting the square wave response, Viaggiani and Atkinson [15] suggested using a
sine pulse as the input signal. Sine-wave pulses have become more popular, as these have
shown to primarily give more reliable time measurements [19].

The second analyzed methodological aspect is the choice of the wave frequency used
in the study. Different frequencies give different results, and not all devices suitable for
testing have a choice of frequencies. Unfortunately, due to the apparatus diversity, but
also the diversity of the soil material, again, it is not possible to adopt a uniform approach.
There is one very important and widely commented guideline in the literature, related
to the useful frequency range [20], described in detail further in the manuscript (part 3).
Nevertheless, it is worth mentioning that it is related to the useable frequency range [21]. It
is a condition that the travel distance (LTT) to the wavelength (λ) should not be less than 2,
in some cases and some types of soil 3 (reaching according to some authors even range.

2 < LTT/λ < 9 [21]). It is all due to a strong near-field effect, which can distribute the
received signal in a manner preventing correct interpretation. The recommendation of
TC-29 [12] in this aspect is to perform research in a broader scope of frequency spectrum
and analyze the results in terms of their consistency. The authors’ examples illustrating
this issue are shown in part 3 of the article.

Among the factors affecting the accuracy of BET are also sample geometry and its
size [21]. Arroyo [22] stated that the sample size could produce (a) effects introduced by
end rebounds which provoke interferences and signal overlap, and (b) effects due to the
cylindrical boundary that produce and interfered with signal where each frequency travels
at a different velocity especially when wavelengths are comparable with the size of the
specimen. Rio [23] in his thesis stated that the best results are obtained for slenderness
ratios greater than 2. Therefore, specimens with small diameters are more affected by
reflections from lateral boundaries [21].

To conduct BET, BE transducers are plugged into both ends of the specimen [24].
Historically there has been concern over whether the installation of BEs may cause some
degree of disturbance to the examined samples. Boonyatee et al. [25] in their study inves-
tigated the effects of BE installation on VS measurements. The effects were inspected by
comparing tVS obtained before and after the receiver, BE is penetrated into the soil sample.
The penetration tests, performed by varying the rate of penetration, size of the sample, and
consolidation pressure, revealed that the installation of piezoelectric transducers generates
almost no disturbance.

Wave velocity depends on various soil parameters, namely, confining stress, void ratio,
moisture content, etc. In recent years, there has been growing interest in understanding
the potential influence of grain-size characteristics on VS or Gmax, such as, e.g., the effect of
particle size [26], the effect of gradation [27], and the effect of fines [28].

Cho et al. [29] conducted notable studies on the effect of grain shape, reporting
a summary from the literature about natural and crushed sands and quantified shape
parameters for these sands. A database of shape parameters was created using the reference
shape chart proposed by Krumbein and Sloss [30]. One of the significant findings of their
study [28] was that a decrease in the roundness of sand grains leads to a decrease in shear
wave velocity or stiffness. It is worth noting that analyzed data cover a range of sands
with different size distributions. A careful examination of the database showed that the
coefficients of uniformity (Cu) of these sands vary from as low as 1.4 to as high as 5.5.

Quick communication about the fundamental question as to whether shear wave
velocity (VS) of sand is dependent on particle shape is a work by Liu and Yang [31]. The
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authors proved that a sand specimen with angular particles tends to exhibit higher VS or
Gmax values than a sand specimen with rounded particles.

One of the particular studies of the effect of particle-size distribution on the stiff-
ness of sand using the resonant column technique has been conducted by Wichtmann
and Triantafyllidis [32]. It has been demonstrated for a constant void ratio that in the
investigated range (0.1 mm ≤ d50 ≤ 6 mm, 1.5 ≤ Cu = d60

d10
≤ 8) the small strain shear

modulus (Gmax) does not depend on the mean grain size (d50), but significantly decreases
with an increased coefficient of uniformity (Cu), where d60 and d10 represent the particle
sizes that 60% and 10% of the sand mass are smaller than, respectively. This result is in
agreement with that of Iwasaki and Tatsuoka [33], which was also derived from several RC
tests on the sand. For poorly graded sands (Cu < 1.8, 0.16 mm ≤ d50 ≤ 3.2 mm) without
a fines content (i.e., no grains smaller than d = 0.074 mm), the values of Gmax(e) did not
depend on d50. Furthermore, Iwasaki and Tatsuoka [33] could not observe a significant
influence on the grain shape. Similar Gmax values were measured for sands with round,
subangular, and angular grains. However, the works of Wichtmann and Triantafyllidis [32]
and Liu et al. [27] raise concerns that the variation of VS reported by Cho et al. [29] may
not be a true reflection of the shape effect, but rather be associated with varying gradation.

The experimental work of Patel et al. [34], showing an appreciable size dependence
of small-strain stiffness, does not agree with that of Witchmann and Triantafyllidis [32]
and Iwasaki and Tatsuoka [33]. It does, however, appear to be consistent with that of
Bartake and Singh [35], who performed BE tests on three dry samples of sand with similar
gradation and found that the Gmax value increased as d50 of sand decreased. It is worth
recalling the laboratory observations of Sharifipour et al. [36], where the BE technique was
used to measure shear wave velocity but in glass beads. This work adds further uncertainty
viz., for glass beads of three different nominal sizes (1.0, 2.0, and 3.0 mm) the authors
obtained an opposite result to Patel et al. [34]. The value of VS increased with increasing
particle size.

Another interesting research work was done by Menq and Stokoe [37] who performed
RC tests on natural river sand with different d50 and Cu values without fines content. For
each sand, three different initial densities (loose, medium dense, and dense) were studied.
In contrast to Iwasaki and Tatsuoka [33], a slight increase in Gmax with increasing d50 was
measured when void ratio (e) and mean effective stress (p) were kept constant. Furthermore,
the curves of Gmax(e) were steeper for the coarse material. Then, the authors observed that
Gmax increases with Cu for constant relative density (Dr). It should also be mentioned a
study of Lontou and Nikolopoulou [38], where they showed a slight increase of Gmax with
the mean grain size up to d50 = 1.8 mm. Significantly higher values for d50 > 1.8 mm may
be influenced by the small specimen size (diameter of the specimen equal to 4.8 mm).

However, it should be as well emphasized that the experimental data from BET in
the literature always seem to indicate that particle size affects Gmax, although opposite
trends were observed in the Gmax variation with grain size. On the other hand, still, the RC
test data always seem to suggest that there is not any particle size effect. In this respect, a
question appeared: Does the testing method have any effect on small-strain stiffness? Yang
and Gu [26] tried to find the correct answer. For the fine glass beads, the BE measurements
of Gmax are comparable to the RC measurements, with differences being less than about
10%. Both tests showed a trend that Gmax decreases slightly with d50, particularly for glass
beads at a loose state.

In a more recent study, Altuhafi et al. [39] introduced a new shape parameter SAGI to
collectively account for aspect ratio, convexity, and sphericity of sand grains and showed
for a database of natural sand that Gmax, normalized for size and gradation, increases
with SAGI. In the current context, whether shear wave velocity or the associated stiff-
ness depends on the particle size distribution and/or grain shape remains still an open
question [29,40,41].

In this paper, an experimental investigation is performed to study some aspects of
proper selection and verification of the test conditions for BET methods of shear wave
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velocity (VS) determination. Moreover, for laboratory research Warsaw glacial quartz sand
with different grain-size distribution was chosen. An extensive array of bender element
tests in triaxial apparatus is performed on saturated compacted natural sands. The main
test results are presented along with their interpretation and discussion. These results
show the complex nature of determining VS using the BET method. Despite the increasing
popularity of BET, considerable uncertainty remains in signal interpretation, and thus
in the estimated shear wave velocity and shear stiffness [26]. A good example of large
scatter in VS results evaluated from a single BE test on a specimen of natural clay is shown
in the work of Clayton [42]. Similar results were obtained from international parallel
bender element tests on uniform Toyoura sand [43]. These observations, together with the
contradictory results in the literature for stiffness variation with particle size, underline
the need for a careful examination of BET, especially for granular material, in which wave
propagation is complex owing to its particulate nature. Therefore, the authors made some
efforts to clarify several issues closely related to the reliability of BE measurements:

• the characteristics of received signals in both the time and frequency domains over a
wide range of excitation frequencies and wavelengths;

• how changes of particle size alter the characteristics of received signals;
• the performance of different interpretation methods under a variety of combinations

of test; and
• conditions (i.e., grain size, excitation frequency, and confining stress).

2. Materials and Methods

2.1. Characterization of Materials Used

To explore the influence of grain-size distribution on the shear wave velocity of satu-
rated compacted sand, several series of experiments were performed on twelve different
soil samples. These samples were made of fractionated glacial quartz sand with particle
sizes ranging from 100 to 4000 μm. The research material was obtained from the Vistula
river valley from the area of Warsaw. To receive the material with different grain size,
i.e., medium-grained (coefficient of uniformity, Cu, should be in the range from 6 to 15)
and well grained (Cu should be bigger than 15) [44], sand samples with the coefficient of
uniformity of 12.0, 14.0, and 16.0 were prepared. Moreover, it was assumed that some of
the tested soils, on the one hand, will compact well and be suitable, e.g., construction of

embankments (coefficient of curvature, Cc =
d2

30
d10·d60

, should be in the range from 1 to 3).
On the other hand, some of the samples will not be susceptible to compaction and there-
fore of little use for construction purposes (Cc should not be between 1 and 3) [45]. To
meet these requirements, sand samples with Cc equal to successively 1.0, 2.0, 3.0, and 4.0
were prepared.

The method of organizing samples for laboratory tests included several phases. First,
the sand was sieved through sieves with the following mesh sizes: 4.0, 2.0, 1.0, 0.5, 0.25,
0.125, and 0.063 mm (7 gradations). Then, the grain size distribution curves shown in
Figure 1 were mixed from these gradations in the correct proportions to receive the samples
planned. Following Eurocode 7 [46], the material was classified as coarse sand (CSa). The
sands S1 to S4 (Figure 1a) have the uniformity coefficient of Cu = 12.0, the effective particle
size of d10 = 0.063 mm, the equivalent diameter of particles d60 = 0.760 mm, different mean
grain sizes in the range 0.50 ≤ d50 ≤ 0.70 mm, and different curvature coefficient in the
range 1.0 ≤ Cc ≤ 4.0. The materials S5 to S8 (Figure 1b) have the uniformity coefficient of
Cu = 14.0, the effective particle size of d10 = 0.063 mm, the equivalent diameter of particles
d60 = 0.885 mm, different mean grain sizes in the range 0.62 ≤ d50 ≤ 0.72 mm, and different
curvature coefficient in the range 1.0 ≤ Cc ≤ 4.0. The sands S9 to S12 (Figure 1c) have
the uniformity coefficient of Cu = 16.0, the effective particle size of d10 = 0.063 mm, the
equivalent diameter of particles d60 = 1.0 mm, different mean grain sizes in the range
0.70 ≤ d50 ≤ 0.90 mm, and different curvature coefficient in the range 1.0 ≤ Cc ≤ 4.0.
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Figure 1. Tested grain size distribution curves for the group of sands with Cu equal to (a) 12, (b) 14,
and (c) 16.
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The basic properties of the test materials are summarized in Table 1. These are data
on equivalent particle sizes: d10, d30, d50, d60, the minimum and the maximum void ratios
(emin, emax) (determined according to Polish standard code [47], and the optimum moisture
content (mopt) and the maximum dry density (ρdmax) (from Proctor test).

Table 1. Basic properties of the soils tested in the experimental investigation.

Sample Name
Gradation

d10 (mm) d30 (mm) d50 (mm) d60 (mm) emin (-) emax (-) mopt (%) ρdmax (g/cm3)

S1 0.063 0.220 0.50 0.760 0.221 0.568 6.7 2.22
S2 0.063 0.310 0.61 0.760 0.227 0.577 7.3 2.20
S3 0.063 0.379 0.65 0.760 0.233 0.596 8.4 2.17
S4 0.063 0.440 0.70 0.760 0.244 0.596 9.1 2.12
S5 0.063 0.240 0.62 0.885 0.221 0.577 6.8 2.22
S6 0.063 0.340 0.70 0.885 0.244 0.596 7.2 2.20
S7 0.063 0.410 0.72 0.885 0.238 0.596 7.6 2.16
S8 0.063 0.480 0.68 0.885 0.233 0.587 7.5 2.16
S9 0.063 0.250 0.70 1 0.227 0.596 7.3 2.21
S10 0.063 0.355 0.78 1 0.233 0.577 7.1 2.21
S11 0.063 0.435 0.82 1 0.221 0.523 6.9 2.21
S12 0.063 0.500 0.90 1 0.238 0.559 7.0 2.19

According to literature-empiric diagrams [30] and after observing the individual parti-
cles of representative samples through a microscope (magnification 20 times), the natural
glacial quartz sands from Warsaw comprise sub-rounded to particles. Images of the individ-
ual particles of representative samples are given in Figure 2. The shape of the particles in
terms of roundness and sphericity [28] were both estimated to range from 0.5 to 0.7.

2.2. Experimental Equipment, Specimens Preparation, and Testing Program

In this study, shear wave velocity was directly measured for sand specimens using
piezoelectric bender elements (the GDS Bender Element system) installed in the modified
triaxial apparatus. The set-up of the apparatus, manufactured by the British company
GDS Instruments Ltd. (Hook, Hampshire, UK), is shown in Figure 3. All the samples
had a cylindrical shape with the same diameters and heights. The apparatus can accom-
modate a soil specimen 70 mm in diameter and 140 mm high, with a water-filled cell
pressure and an internal linear variable differential transducer of high resolution. Diameter
D = 70 mm is the maximum achievable diameter for which our specimens can be easily
molded. The size and proportions of all examined specimens were in agreement with
the suggestions of previously reported works (see Introduction). The modified triaxial
apparatus is mounted with vertically placed piezo-element inserts, produced by the afore-
mentioned company GDS Instruments Ltd., on the top cap and the pedestal, respectively,
which work as both bender elements and extender elements, similar to the configuration
described by Leong et al. [48]. This allows the propagation of S-waves (bender element
configuration) and P-waves (extender element configuration) through the body of the
specimen. Consequently, measurements of the shear and compression wave velocities
(VS and VP, respectively) can be carried out based on the obtained wave arrival times with
the wave propagation direction along the specimen axis.

The length of the bender element inserted into the soil specimen was optimized
(always about 1.5 mm) to avoid compromising the power transmitted or received by the
elements. This is achieved by fixing the element further down inside the insert and then
filling the remaining volume with flexible material. This allows the element to achieve
maximum flexure at its tip, while only protruding into the sample by a reasonable distance.
Advantages of this include prolonged life by increased resilience to breakage and easier
sample preparation, particularly on very stiff samples where only a small recess for the
element is required.
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Figure 2. Microscopic images of individual particles of representative samples of this study: (a) S2,
(b) S8, and (c) S9.

322



Materials 2021, 14, 544

 

Figure 3. Set-up of dynamic testing system at Water Centre in Warsaw University of Life Sciences:
(1) back pressure controller, (2) cell pressure controller, (3) data logger, (4) PC and control software,
(5) frame, (6) cell, (7) water tank.

When performing BET, one of its most important aspects is the phase orientation of the
elements [24]. The authors always checked the relationship between the received signals
concerning the source signal. The desirable orientation was “n-phase”. If the orientation
was correct, the source and received traces were exactly “in-line”.

During BET, shear wave velocity was calculated from the simple measurement of
propagation distance (Δs) and propagation time (Δt). Based on several previous works, it is
generally accepted that the travel distance is the distance between the tips of two BEs [21].
Therefore, in the presented research the travel distance was the tip-to-tip length, which is
the height of the specimen minus the length of each BE.

Specimens of Warsaw glacial quartz sand were prepared using the moist tamping
method by under compaction technique, which is similar in principle to the methods used
by several researchers in testing granular soils (see, e.g., in [49]). The optimum moisture
content was adopted to receive moist specimens. A predetermined mass of soil was mixed
with an appropriate amount of water to obtain a moisture content close to the optimal
one. Each soil specimen was prepared in five layers, and it was compacted using a tamper
after placing each layer [27]. No obvious segregation was observed during specimen
preparation. After sample preparation, the drive head and the load cell were installed. To
stabilize the specimens, a suction of 35 kPa was applied to the specimens. The dimensions
of the specimens were measured accurately and the initial void ratio was determined. The
cell and back pressure were then increased simultaneously to keep a constant isotropic
effective stress of 35 kPa.

When a triaxial cell was assembled a specimen was flushed with CO2 and then with
de-aired water. The specimens were saturated with a Skempton’s pore-water pressure
parameters B-value over 95%. Subsequently, to reach the target, the confining and back-
pressure were raised step by step with a difference of 30 kPa. All the specimens were tested
in a fully saturated state. After saturation, they were subjected to an isotropic stress path
(compression), and the dynamic tests (S-wave and P-wave measurements by bender ele-
ments) were conducted at mean effective stress p′ = 45 kPa for specimens S1–S10, except for
specimens S11 and S12. These were tested at progressively increasing mean effective stress
equal to p′ = 45, 90, and 180 kPa. During each consolidation process, the volume changes
of the specimen and the corresponding deformation were measured. In the next step, after
the completed consolidation, wave velocities measurements were performed under a range
of systematically changing excitation frequencies. The frequency range was selected based
on the literature review and the authors’ own experience. This article focuses primarily on
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shear wave velocity using one type of signal input: sinusoidal signal. However, for most of
the specimens, compression wave velocity was also estimated. Note that specimens S1–S10
were tested in one series, at one confining stress (45 kPa). In contrast, specimens S11 and
S12 were subjected to multi-stage consolidation, each one with increasing confining stress.
In Table 2, the summary of the test series is presented.

Table 2. Summary of test series.

Test Series Sample Name
Wave Period (ms); Mean Effective Stress (kPa)

(TS; p′) (TP; p′)

I S1 (0.2, 0.25, 0.4, 0.45; 45) (0.02, 0.05; 45)
II S2 (0.2, 0.25, 0.4, 0.45; 45)
III S3 (0.2, 0.25, 0.4, 0.45; 45) (0.05; 45)
IV S4 (0.2, 0.25, 0.4, 0.45; 45) (0.02, 0.05; 45)
V S5 (0.2, 0.25, 0.4, 0.45; 45) (0.02, 0.05; 45)
VI S6 (0.2, 0.25, 0.4, 0.45; 45) (0.02, 0.05; 45)
VII S7 (0.2, 0.25, 0.4, 0.45; 45)
VIII S8 (0.2, 0.25, 0.4, 0.45; 45) (0.02, 0.05; 45)
IX S9 (0.2, 0.25, 0.4, 0.45; 45) (0.02, 0.05; 45)
X S10 (0.2, 0.25, 0.4, 0.45; 45)

XI -1

S11

(0.06, 0.08, 0.1, 0.2, 0.3, 0.4, 0.5; 45)
XI - 2 (0.04, 0.06, 0.08, 0.1, 0.2, 0.3, 0.4, 0.5; 90) (0.03; 90)
XI - 3 (0.06, 0.08, 0.1, 0.2, 0.3, 0.4, 0.5; 180)
XII - 1 (0.04, 0.06, 0.08, 0.1, 0.2, 0.3, 0.4, 0.5; 90) (0.02; 90)
XII - 2 (0.04, 0.06, 0.08, 0.1, 0.2, 0.3, 0.4, 0.5; 180) (0.02, 0.03; 180)
XIII - 1 (0.04, 0.05, 0.06, 0.08, 0.1, 0.2, 0.25, 0.3, 0.4, 0.45, 0.5; 180) (0.01, 0.02, 0.03, 0.04; 180)
XIV -1

S12

(0.04, 0.05, 0.06, 0.08, 0.1, 0.2, 0.25, 0.3, 0.4, 0.45, 0.5; 45) (0.03, 0.04, 0.05, 0.06; 45)
XIV- 2 (0.04, 0.05, 0.06, 0.08, 0.1, 0.2, 0.25, 0.3, 0.4, 0.45, 0.5; 90) (0.03, 0.04, 0.05, 0.06, 0.08; 90)
XIV - 3 (0.04, 0.05, 0.06, 0.08, 0.1, 0.2, 0.25, 0.3, 0.4, 0.45, 0.5; 180) (0.03, 0.04, 0.05, 0.06, 0.08; 180)
XV - 1 (0.04, 0.05, 0.06, 0.08, 0.1, 0.2, 0.25, 0.3, 0.4, 0.45, 0.5; 90) (0.08, 0.1; 90)
XV - 2 (0.04, 0.05, 0.06, 0.08, 0.1, 0.2, 0.25, 0.3, 0.4, 0.45, 0.5; 180) (0.02, 0.03, 0.04, 0.06, 0.08, 0.1; 180)
XVI - 1 (0.04, 0.05, 0.06, 0.08, 0.1, 0.2, 0.25, 0.3, 0.4, 0.45, 0.5; 180) (0.04, 0.06, 0.08, 0.1; 180)

3. Experimental Results and Discussion

3.1. Synopsis of Experimental Results
3.1.1. Piezo-Elements Signal Analysis

The estimation of the wave velocities from the bender/extender elements was per-
formed primarily by adopting two different approaches related to the observation of the
source and received bender/extender element signals, namely, the first time of arrival
method (FTA; a different name for start-to-start method) and the peak-to-peak method
(PTP). They are both considered as typical techniques applied in the time-domain (TD).
The time-domain methods generally determine the travel time directly from the time lag
between the transmitted and received signals [24,43,50].

The first above-mentioned method is based on the visual inspection of the received
signal and is still quite controversial and subjective due to the complex received signal,
wave’s reflection, and the near-field effect. Many studies reported that the near-field effect
decreases with the increase of frequency or the ratio of wave path length to wavelength
( Ltt

λ ). Arulnathan et al. [14] reported that the near field effect disappears when this ratio
is larger than 1.0. Pennington et al. [51] pointed out that when the Ltt

λ values range from
2.0 to 10.0, a good signal can be obtained. Wang et al. [52] advocated a ratio greater than or
equal to 2.0 to avoid the near field effect. Similarly, a value of 3.33 was recommended by
Leong et al. [53] to improve the signal interpretation.

The peak-to-peak method is also widely applied in signal interpretation. In this
technique, the time delay between the peak of the transmitted signal and the first major
peak of the received signal is regarded as the travel time [54]. As the frequency of the
received signal may be slightly different from that of the transmitted signal, and the nature
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of the soil and size of the sample often affect the shape of the signal which could present
more than one peak, great attention should be paid to the calculation of travel time using
this method.

Typical plots of the input and output waves from bender and extender element tests
for the specimens with code name S11 and S12 are given in Figure 4a,b. A wave was
produced by a displacement in the source transducer due to applied excitation voltage
equal to 10 V or 14 V. Wave transmission created a displacement in the receiver, which in
turn resulted in a voltage that could be measured. The frequency of the input signal was
variable and decreased from the value f = 25 kHz to f = 2.0 kHz for S-wave velocity and
from f = 100 kHz to f = 10 kHz for P-wave velocity. For each test frequency, five separate
source element triggers were applied to the specimen, with the received signal output then
stacked in the time domain to remove random signal noise [55].

(a) 

(b) 

Figure 4. Example of the signal analysis/interpretation for (a) the bender element tests for specimen
S11, p′ = 45 kPa, f = 10 kHz, and (b) the extender element tests for specimen S12, p′ = 90 kPa,
f = 12.5 kHz.

From the data shown in Figure 4a, it can be easily seen that the maximum and first
peaks do not coincide for tested sandy soils. These oscillations are derived from ambiguous
peaks observed at the beginning of the received signal. This behavior [43] is due to reflected
P-waves and does not represent the arrival of an S-wave [55]. The effect of the reflected
wave is more pronounced for sandy soils than for any other kind of soil because of long
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reverberations and low damping. At this place, there is also a phenomenon called the
near-field effect observed. The near-field component of the wave causes the transmitted
wave to be distorted at its origin point and the wave starts with downward or upward
deflection [56]. To minimize the near-field effect, as suggested in the literature [57,58], the
higher input frequency and wavelength were used. However, in some examined cases,
despite the triggering frequency higher than 2 kHz, the Ltt

λ ratio was around 1 or even
slightly less. At that time, the near-field effect was not avoided.

A comparison between the two selected different interpretation methods of shear
and compression wave velocities is given in Figure 5. The data shown in this figure are
clustered around the 45

◦
lines, indicating an excellent agreement between the two analyzed

methods. For more than half the number of the specimens (around 55% of the test results),
higher shear wave velocity values were obtained from PTP method. The situation is similar
in the case of compression wave velocity values. Here, for 61% of the data, VP from the PTP
method is greater than VP from the FTA technique. Nevertheless, the differences between
the results from both compared methods, for 99% of the results, are up to 10% for S-wave,
and up to 20% for P-wave. The minimum difference between studied techniques in the case
of VS is 0.1 m·s−1, whereas the maximum is −42.1 m·s−1. In the case of VP, the minimum
difference is equal to 2.0 m·s−1, whereas the maximum is –223.0 m·s−1. From Figure 5 can
be also seen that the FTA method of identification results in a relatively smaller variation
as compared with PTP method.

 

(a) 

 

(b) 

Figure 5. Comparison of (a) S-wave and (b) P-wave velocities, between the first time of arrival (FTA)
and peak-to-peak (PTP) methods of signal analysis.
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In Figure 6, shear wave velocities obtained for different source wave frequency for the
test specimens S11 and S12 are presented. In this exemplary figure, a clear scatter of the
results of VS calculated based on two selected signal analysis methods depending on the
source frequency can be perceived. In the case of the lowest frequencies used (f < 3.3 kHz),
the significant variation of the results was obtained (from around 4 m·s−1 to 30 m·s−1

—specimen S11 and from around 11 m·s−1 to again around 30 m·s−1 —specimen S12). It is
most likely related to the aforementioned phenomenon of the near field effect. This was
explained, e.g., in the work of Sánchez-Salinero et al. [59]. The authors suggested the lower
limit of frequency of 3.3 kHz as the value which corresponds to an approximate propagation
distance-to-wavelength ratio equal to two, avoiding data that may include near field effects.
In the case of specimen S11, a relatively large discrepancy between the S-wave velocities
was noted for f = 5 kHz (average 14.5 m·s−1), whereas for specimen S12, the scatter in
estimated VS values for this frequency as well for frequency f = 10 kHz was the minimal
(average 0.1 m·s−1). Therefore, for the investigated soils, it seems appropriate to choose a
frequency closest to 10 kHz as the characteristic frequency. Generally, for all tested Warsaw
glacial quartz sands, as the source frequency increases from the characteristic frequency,
comparable VS values can be received, regardless of the travel time determination technique
adopted (here, FTA and PTP).

 

(a) 

 

(b) 

Figure 6. Shear wave velocities for different source frequencies and different mean effective stress,
data for the test specimen: (a) S11, test series XI, steps 1, 2, 3, and (b) S12, test series XV, steps 1, 2.
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In Figure 6, the variations in shear wave velocity values for different mean effective
stress (p′ = 45, 90, and 180 kPa) are shown beside. Shear wave velocities increase as the
effective stress increases, as expected. On average, this increase for all obtained data is
16–17%.

To verify any possible influence of multi-stage consolidation process on the VS results,
shear wave velocities of specimen S12 from three consecutive consolidation stage, for mean
effective stress p′ = 180 kPa, corresponding to the test series, with numbers respectively XIV,
XV, and XVI, are summarized in Figure 7. Based on the analysis of the results, it was found
that the differences between the respective VS values from individual test series of the
same soil specimen were on average 4 m·s−1 (around 1%). The multi-stage consolidation
procedure seems to be in fairly good agreement with the conventional one.

Figure 7. Shear wave velocities from multi-stage consolidation process.

3.1.2. Multi-Method Automated Tool for Travel Time Analyses—GDS BEAT

A lack of agreement when interpreting the S-wave travel time from the bender el-
ements test triggered the development, by the British company GDS Instruments, of a
new software tool to automate the interpretation process using several analysis methods
recommended in the literature [12,14,60]. The main aim of this tool was to allow travel
time estimations to be conducted objectively via a simple user interface, providing both
visual and numerical representations of the estimated travel times. Implementation of the
tool was completed by creating Add-Ins for Microsoft Excel: The Interactive Analysis tool
and the Batch Analysis tool, a decision based on the ubiquitous use of the software. The
details of the GDS Bender Element Analysis Tool user interface can be found in the work
of Rees et al. [55].

For implementation, variations of the three different approaches were chosen:

• observation of points of interest within the received wave signal via software algorithm
(time-domain technique),

• cross-correlation of the source and received signals (time-domain technique), and
• a cross-power spectrum calculation of the signals (frequency-domain method).
• The operation of the program is mainly based on one specific method of numerical

analysis of the obtained results, using three factors:
• objective marking of points A, B, C, D (Figure 8) with the help of a software algorithm;
• mutual connection of generating and receiving elements signals; and
• calculation of the signal power curve spectrum for time estimation in the frequency-

domain method.

The major first peak (point D) is located by scanning the received signal and determin-
ing the maximum, as well as the most positive output. The corresponding time signature
defines point D. Next, point B is defined by scanning the wave signal from time zero up to
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point D and locating the minimum, as well as the most negative output. The time signature
corresponding to this minimum thus describes point B. To find point C, it is required to
scan the received wave signal between points B and D in such a way as to locate the output
closest to zero. The corresponding time on the timeline is the one that is assigned to point C,
whereas point A is computed during the interaction of the individual values. Starting at
time zero, the mean and standard deviation of 10 consecutive outputs (e.g., n1–n10) are
calculated, followed by 5 consecutive outputs (n11–n15). Subsequently, it is judged whether
at least 3 standard deviations are more negative than the calculated mean. If it is true, the
time signature of the first of the 5 subsequent outputs (i.e., n11) is used to define point A. If
it is false, the iteration proceeds by determining the mean and standard deviation of the
next set of 10 consecutive outputs (i.e., n2–n11) until a “true” condition are reached [55].

Figure 8. Receiver time charts: (A) the first deflection, (B) first bump, (C) zero-crossing, and (D) first
major peak. An example of the test results from specimen S1, f = 4 kHz.

It is interesting how within BEAT the cross-correlation and the cross-power spectrum
calculation of source and received wave signals work. Cross-correlation values are calcu-
lated from the source and received element signals at each data time stamp. The time at
which the maximum calculated cross-correlation value occurs is then used as an estimate
of the shear wave travel time. The cross-power spectrums, obtained via a Fast Fourier
Transform (FFT), are used to create a phase angle versus frequency plot. The slope of this
plot is then used to estimate the shear wave travel time, based on a linear best fit across
a defined frequency window. Note, GDS BEAT automatically uses a frequency window
of 0.8 to 1.2 times the specified source element frequency; however, this can be manually
altered by the user when running the Interactive Analysis.

In Figures 9 and 10, a summary of the VS values obtained by various techniques of
travel time determination is presented. The data combined in Figure 9 concern the first ten
specimens, namely, from S1 to S10, tested at p′ = 45 kPa. Those in Figure 10, however, relate
to two specimens, S11 and S12, isotropically consolidated to three mean effective stresses,
p′ = 45, 90, and 180 kPa, and additionally subjected to multi-stage consolidation. All the
results are resumed here, regardless of the value of the Ltt

λ ratio. By performing the GDS
BEAT program, the results concerning the following four automated analysis methods were
received: three time-domain techniques, namely, peak-to-peak, zero-crossing, and cross-
correlation, and one frequency domain technique, i.e., cross-spectrum. These four methods
were subsequently compared with two non-automated subjective analyses, including the
first time of arrival method and the peak-to-peak technique (discussed in 3.1.1. Piezo-
elements signal analysis). From both Figures 9 and 10, it can be noted that the VS values
are nonuniform for different source frequencies.
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Figure 9. Shear wave velocities calculated from various methods of interpretation of BE test results, data for specimens S1–S10.

The values of VS in Figure 9 indicate significant variation in the cost estimates obtained
using the cross-spectrum calculation. The dispersion of the results for this method ranges
from 15.8 m·s−1 (specimen S6) to 76.2 m·s−1 (specimen S1). The scatter observed from
the zero-crossing method is also noteworthy, especially in the case of two specimen S5
(ΔVS = 124.4 m·s−1) and S6 (ΔVS = 236.4 m·s−1). For the rest of the tested specimens,
however, these are the values at the level of around 20.0 m·s−1. Conversely, the difference in
the results obtained from the peak-to-peak automated analysis made by BEAT (±3.7 m·s−1)
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and the cross-correlation function (±5.0 m·s−1) is relatively minimal. The VS results in
Figure 9 show also that in the case of Warsaw glacial quartz sand tested at the preset
pressure of 45 kPa the smallest dispersion of shear wave velocity (±16.0 m·s−1) was
recorded for the smallest source frequencies, i.e., f = 2.2 kHz and f = 2.5 kHz.

 
Figure 10. Shear wave velocities calculated from various methods of interpretation of BE test results, data for specimens S11–S12.
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Inspection of Figure 10 indicates that the largest scatter of the results was obtained
again for the cross-spectrum calculation, ranging from 193.3 m·s−1 (specimen S12/XV-2)
to 593.2 m·s−1 (specimen S12/XIV-2). Analyzing the other methods, the zero-crossing
technique is also characterized by a quite large discrepancy in the VS values, where
ΔVS,min = 23.8 m·s−1 and ΔVS,max = 356.3 m·s−1. It may be suggested that estimates taken
from these two above mentioned methods may be unreliable. In particular, the scatter
observed from the cross-spectrum analyses has been previously reported following other
studies [49]. Furthermore, the authors of the article themselves in their research devoted
shear wave velocity of two types of anthropogenic material [42] received quite a large
scatter in the submitted data from the frequency domain method. Therefore, it is quite
dangerous to identify the arrival time only with this method. A significant decrease in
the discrepancy of the results (±15.0 m·s−1), for specimens S11 and S12, was obtained
for the peak-to-peak method specified by the user. The scatter in calculations from the
cross-correlation function for these two specimens was also rather small (±40.0 m·s−1).
These values suggest each method is relatively robust, an observation also made for the
cross-correlation function after reviewing recent studies comparing analysis methods [15].
In the case of specimens S11 and S12, tested at three preset pressures (45, 90, and 180 kPa),
the smallest dispersion of shear wave velocity (±131.0 m·s−1) was recorded for the source
frequencies equal to f = 3.3, 4.0, and 5.0 kHz. The highest scatter of the results were
obtained in the case of both the lowest (f = 2 kHz) and the highest (f = 25 kHz) frequencies
set in BET.

In Figure 11, the mean values of VS calculated for all methods of interpretation listed in
the article, after applying the frequency criterion, are presented. Therefore, wave velocities
from the frequency of 3.3 kHz were used for further discussion of the results, avoiding
data that may include near-field effects [59]. For most of the tests of Warsaw glacial quartz
sands (for 99% sand specimens), the lowest average values of VS were obtained from the
peak-to-peak methods produced by BEAT. The highest VS values for 11 specimens were
gained from the frequency domain technique, whereas the remaining 9 specimens had
their highest values from the zero-crossing method.

In the next order, the statistical analysis of all the data presented in Figure 11 was
executed. The use of the frequency criterion did not significantly affect the obtained results.
The notable variation in the mean VS values resulted again in applying the cross-spectrum
technique (±775.6 m·s−1). A small spread of the results was once more provided by
the peak-to-peak method specified by the user (±107.7 m·s−1) and the cross-correlation
function (±108.0 m·s−1). The smallest one, however, was obtained using the first time
of arrival method (±103.8 m·s−1). This technique of travel time identification in BEs
testing also gave the lowest standard deviation, amounting to 31.8 m·s−1. After estimating
standard error, for the first time of arrival method and the cross-correlation method, the
standard error is insignificant: just 1.2 m·s−1. This can mean that these two above analyzed
interpretation methods are correct. An analysis of uncertainty was also required, to approve
the precision and credibility of this study. The relative uncertainty in the range of 0.1% to
10% is typical for laboratory experiments [42]. Based on the data summarized in Figure 11,
lower uncertainty of the results were gained for the time domain techniques, at the level
of 16% (the first time of arrival method) and of 18% (the cross-correlation method and the
peak-to-peak specified by user).

In this study, the comparison of four time-domain methods, namely, the user-specified
peak-to-peak together with the peak-to-peak by BEAT (Figure 12), as well as the user-
specified first time of arrival together with the zero-crossing (Figure 13), was completed.
For each pair, the same methods are analyzed, but the first one is the subjective analysis
made by the authors themselves during BE tests, whereas the second one is the automated
analysis by the performance of BEAT. The minimum and maximum differences in the shear
wave velocity values are included in the figures below. It is visible that these differences
depend on the tested sand specimens. The average difference between the two peak-to-
peak techniques was around 22.2 m·s−1, which is 11%. The average difference between
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the first time of arrival and zero-crossing techniques was around 33.4 m·s−1, which is 14%.
The results obtained can be considered as preliminary results suggesting the use of BEAT
may decrease subjectivity when interpreting travel times using standard observational
techniques, while still allowing accurate estimates of the shear wave velocity values,
keeping in mind the type of soil tested.

(a) 

(b) 

Figure 11. Summary of mean values of shear wave velocities from different interpretation methods
when f < 3.3 kHz, data for specimens (a) S1–S10 and (b) S11–S12.

For further analysis, i.e., the influence of grain size characteristics on shear wave
velocity of Warsaw glacial quartz sand, the mean values of VS obtained for p′ = 45 kPa
were chosen. Moreover, such results were selected for which the quality of received signals
was found to be satisfactory, also near-field effects and attenuation were found to be
reduced. Then, the focus was put only on two interpreting travel times method: on the
standard observational technique—the first time of arrival method (FTA)—and on the
cross-correlation (CC) function obtained via BEAT analyses. These are the methods that
provide the most consistent results for the studied soils.
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(a) 

(b) 

Figure 12. Mean values of shear wave velocities from peak-to-peak methods when f < 3.3 kHz, data
for specimens (a) S1−S10 and (b) S11–S12.

(a) 

Figure 13. Cont.
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(b) 

Figure 13. Mean values of shear wave velocities from the first time of arrival and zero-crossing
methods when f < 3.3 kHz, data for specimens (a) S1–S10 and (b) S11–S12.

3.2. Effect of Grain Size Characteristics

In Figure 14, the values of mean shear wave velocity obtained for all tested Warsaw
glacial quartz sands at p′ = 45 kPa, from two selected time-domain methods for determining
the wave travel time, versus the coefficient of curvature, are presented. This parameter took
values from 1 to 4, whereas the test material was divided into three groups depending on
the coefficient of uniformity. No clear dependence of the curvature coefficient (CC) on the VS
values can be detected from the date in Figure 14. The highest values of VS have examined
sands characterized by CC = 2, regardless of the CU value. The smallest shear wave velocity
was obtained for sands with CC = 3. The greatest scatter of the VS results characterizes the
specimens with CC = 4 (ΔVS,avg = 10%) and CC = 2 (ΔVS,avg = 8%), in the case of the FTA
method. The smallest, however, have the specimens with CC = 1. When considering the
results from the CC method, the significant variation in the VS estimates, i.e., 10%, was gained
for sands with CC = 1, while the minimal one for sands with CC =3 (ΔVS,avg = 5%).

In Figure 15, it is demonstrated that, in contrast to the curvature coefficient, the shear
wave velocity of Warsaw glacial quartz sand is influenced by the uniformity coefficient
(CU). As CU increased, shear wave velocity increased too. The only doubts can be raised
by the results of sands with CC = 1. In the case of the FTA method, the greatest scatter of
the VS results characterizes the very well-graded specimens, with CU = 16 (ΔVS,avg = 16%),
while the smallest one characterizes the well-graded sands with CU = 14 (ΔVS,avg = 12%).
The dispersion of the VS values is more significant for the second considered method.
Here, namely, sands with the lowest CU are characterized by the greatest variability of
VS (ΔVS,avg = 18%). On the other hand, for the specimens with CU = 14, the scatter of the
results is relatively minimal (ΔVS,avg = 5%).

(a) 

Figure 14. Cont.
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(b) 

Figure 14. Effect of curvature coefficient (CC) on mean shear wave velocity for sands of the same
coefficient of uniformity (CU) from: (a) first time of arrival method and (b) cross-correlation method.

 

(a) 

 

(b) 

Figure 15. Effect of uniformity coefficient (CU) on mean shear wave velocity for sands of the same
coefficient of curvature (CC) from: (a) first time of arrival method and (b) cross-correlation method.

In Figure 16, the mean shear wave velocity is plotted versus the mean grain size. The
effect of d50 on the VS values is hardly demonstrated in this study. In some of the tested
materials, i.e., when CU = 12, VS decreased around 16% with increasing d50. However, for
Warsaw sands with CU = 14 or CU = 16, as d50 increased, an average of 9% to 15% increase
in the VS results was noted. This decrease in the VS values is more visible than the increase.
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Figure 16. Effect of mean grain size (d50) on mean shear wave velocity for sands from the first time
of arrival method and cross-correlation method.

4. Concluding Remarks

The results of 12 clean quartz samples of sands from the Warsaw region presented
in the article show, first of all, the complex specificity of performing shear wave velocity
determination using the BET method. It is visible that despite the universality of this
type of apparatus, special attention should be paid to the methodology of work and the
correct selection of the test parameters. As has been shown, both the aspect of selecting
the frequency of the test and the method of interpreting the results appropriate for a given
geomaterial are very important. Users of the BET method should be aware of all factors
that may influence the obtained results.

Concerning the difference in the arrival time identification method for Warsaw glacial
quartz sandy soils, the time domain interpretation methods, namely, the first time of arrival
(FTA) and the cross-correlation (CC) techniques, provide VS results that are more consistent
compared to the other methods. The scatter of the results for these two methods was
undoubtedly smaller, even up to 7 times smaller than for the most questionable method, as
it turned out here the cross-spectrum (CS). Quite small values of standard deviation and
standard error allow us to conclude that these methods are relatively robust. The latter
of these two techniques, i.e., CC, was used in the application of the GDS Bender Element
Analysis Tool. The CS method proved to be the interpretative technique that must be used
with great caution for the tested sandy samples.

If data at different frequencies are available within the sine input wave, the results
of shear wave velocity for analyzed soils by input frequency closest to 10 kHz should be
selected. A frequency close to this value 10 kHz is a characteristic frequency for Warsaw
glacial quartz sandy soils.

It should be noted as well that BEAT can offer an accurate, objective explanation of
BET data via a simple user interface. By using such a tool, a significant reduction in the
time needed for the interpretation of the VS results by different methods, at the same time,
deserves a great emphasis. Automation is also a direction that allows objectification and
popularization of the interpretation method.

A comprehensive experimental program has been performed using bender elements
incorporated in the triaxial apparatus to define the combined effects of grain-size charac-
teristics on the shear wave velocity of Warsaw glacial quartz sands too. As a measure of
grain-size characteristics, three parameters were involved: the uniformity coefficient (CU),
the curvature coefficient (CC), and the mean grain size (d50). Despite the narrow range of
variability of the particle size curves, the test results show that shear wave velocity is not
affected by both the CC and d50 of the tested material. In contrast, for most of the analyzed
cases, the VS values significantly increased with increasing the uniformity coefficient, with
an average increase of 13.5%.
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In future work, the laboratory tests will be extended to include Warsaw quartz sands
with different grain size distribution curves. For each new material, tests with different
pressures and densities are planned. After database expansion, the authors would like to
examine some selected from the literature expressions of Gmax to inspect if they can predict
the measured values of Gmax with the right level of accuracy. Additionally, comparative
tests are planned to actually compare the stiffness of Warsaw quartz sands from various
laboratory methods: bender elements (BE), resonant column (RC), and torsional shear (TS).
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Abstract: Arcan shear tests with digital image correlation were used to evaluate the shear modulus
and shear stress–strain diagrams in the plane defined by two principal axes of the material orthotropy.
Two different orientation of the grain direction as compared to the direction of the shear force in
specimens were considered: perpendicular and parallel shear. Two different ways were used to
obtain the elastic properties based on the digital image correlation (DIC) results from the full-field
measurement and from the virtual strain gauges with the linear strains: perpendicular to each other
and directed at the angle of π/4 to the shearing load. In addition, the own continuum structural model
for the failure analysis in the experimental tests was used. Constitutive relationships of the model
were established in the framework of the mathematical multi-surface elastoplasticity for the plane
stress state. The numerical simulations done by the finite element program after implementation of
the model demonstrated the failure mechanisms from the experimental tests.

Keywords: digital image correlation; Arcan shear test; wood; orthotropic shear modulus; elastic-
plastic material; finite element method

1. Introduction

Wood is an organic, naturally grown material and is commonly used for creating all
kinds of goods and structures in many branches of industry. Softwood, which is mainly
used for structural and load-bearing purposes in civil engineering, at a micro-scale level, is
built from axial tracheids connected between themselves by a lignin matrix. The tracheids
(see Figure 1b, which shows a tracheid in a perpendicular cut) are long, thin cells organized
in a way that their length is parallel to the length of the log and are the main source of
the wood strength. They are “glued” by lignin at the edges of its cell walls and create
the annual rings. The micro-scale built is a basis for understanding the macro behavior
and strength of clear wood (i.e., a material considered as without flaws, e.g., resin pores
or knots), which is generally high in the longitudinal direction (denoted as L), where the
tracheid’s generate strength, and low in the two other directions, i.e., radial and tangential
(denoted by R and T, respectively), where the lignin matrix has lower mechanical properties
(see Figure 1b,c for direction denoting). Therefore, the weakest mechanical properties of
wood are those at the direction normal to the fibers during tension (i.e., R and T) or shear
along the longitudinal direction (i.e., L), causing a rupture between annual rings. Exposure
to these types of stresses easily leads to cracking, which usually forms along the grain
direction, choosing the path of least resistance.
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(a) (b) (c) 

Figure 1. The wood material axes on a log view (a); scanning electron microscope photograph of a RT plane at 746 times
magnitude (b); and scanning electron microscope photograph of a LR plane at 533 times magnitude (c).

The heterogeneity, orthotropy and high variability of naturally grown wooden ma-
terials makes both modeling and experimental investigations challenging. The natural
origin of wood, being its major advantage, is also a major obstacle in the advancement
of wood research. The lack of manufacturing control of the material properties, as is
possible in artificial materials, as well as the complicated internal structure of wood from
micro- to macro-scale, gives a substantial level of uncertainty in the interpretations of test
results and model approaches [1,2]. The clear wood is often treated mechanically as an
orthotropic material with three specified material axes (Figure 1a), i.e., the longitudinal
(L), radial (R) and tangential (T) ones. Its macroscopic behavior originates from its micro-
scopic structure—fibers—and their directional arrangement (Figure 1b,c). Moreover, in
one annual ring, the mechanical characteristics are different due to early (spring) and late
(autumn) growth characteristics of this ring. The earlywood grows more quickly and is
weaker, which is in opposition to the latewood. In general, it rises the additional issue of
material inhomogeneity, which is typical for materials of natural origin (e.g., wood and
soil). It is also an issue where is the limit of considering wood as a homogeneous material,
which is a common engineering practice. This is important especially while examining the
shearing of LR plane of orthotropy with the direction of the shearing load (P) parallel with
the longitudinal material axis (L). A crack may lie in the LR plane and may propagate in
one of two directions, from which more practical importance has the one along the lower
strength path parallel to the grain. This system of propagation, where L is the direction
in which the crack propagates (the LR,L system), will predominate as a result of the low
strength and stiffness of wood perpendicular to the grain. The opposite of this is the LR,R
system, where the crack propagates in the direction R.

In general, the experimental determination of the wood behavior in shear has always
been influenced by difficulties in obtaining a pure and uniform shear state. This issue
resulted in many different experimental methods: the Arcan test, off-axis tests, Iosipescu
test, four-point bending test, etc. [3]. Numerical simulations, performed for tests, usually
indicate a combination of normal and shear stresses, making difficult to interpret the pure
shear behavior. Among the mentioned methods, the Arcan shear test [4] is considered
to create a rather uniform and pure state of shear stress among the critical cross section.
The main problem arises with boundary conditions, which are strongly dependent on the
type of specimen fixture and the distance to the critical cross section, and can influence
the behavior of the specimen. The Arcan test on wood has been studied (see, e.g., [5–9]),
where strains are measured using strain gauges [6,9], with video extensometers [5] or not
measured at all [7]. Tests with the digital image correlation were used by the authors
of [8,10]. The work in [6] is of significant importance because it gives the shear constants in
all three material planes at two load-to-material axes directions, which are rarely obtained
due to the labor-intensive nature of such tests.
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Although shearing tests have been performed using many techniques, the increase-
ment in measuring technology makes it possible today to gather more information and
obtain new results. Technology of the digital image correlation (DIC) enables recording
and analyzing the whole surface of the specimen, on both sides [11]. The possibilities can
be shown in a simple example presented in Figure 2. Measurements using strain gauge
T-rosettes enable measuring two values at one “point” (this point is distributed along the
strain gauge grid length) (Figure 2a) [7]. The DIC enables measuring the displacements
(and further calculate strains) of approximately 2400 points in the observed area. However,
the accuracy of the system is still studied.

  
(a) (b) 

Figure 2. The standard shear modulus test specimen-strain gauge T-rosette and a way of measurement of the shear angle
(a); and a state of pure shear (b). All dimensions are in millimeters (mm) unless otherwise noted.

In this paper, apart from the experimental studies described in Section 2, the results
of numerical simulations of the performed tests are also presented in Section 3. The sim-
ulations were carried out using the own orthotropic material model of clear wood, as
discussed in [12]. Three basic failure mechanisms in plane stress are distinguished in
the model: failure due to tensile, compressive and shear stresses. The composite failure
criterion consists of three analytical expressions, each of them being a limit equilibrium
condition of the material in a complex stress state.

2. Experimental Studies

2.1. Background Theory

The 2D strains components, the normal strains εx, εy and the shear strain εxy, are
directly calculated in the software of the digital image correlation system [13] from the
symmetrical material stretch tensor U:

U =
√

FTF =

(
1 + εx εxy

εxy 1 + εy

)
, (1)

where F is the deformation gradient. The shear angle γxy without the rigid rotation is
calculated as:

γxy = γx + γy = arctan
(

εxy

1 + εx

)
+ arctan

(
εyx

1 + εy

)
, (2)

where γx and γy are the corresponding shear angles of the two sides of the deformed
elemental square (see also [7]). Note that the software gives the strains and angles at the
certain points referring to an arbitrary coordinate system (x, y).

The constitutive law of linear elasticity for the orthotropic material is determined by
nine independent material parameters because of the strain and stress tensors symmetries
and the existence of the elasticity energy function. As is the case for the orthotropic
material, the formulas of Hooke’s law depend on the orientation of the coordinate system
in a reference to the principal axes of material symmetry, i.e., the axes of orthotropy. The
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shear moduli in the frame of reference aligned with the orthotropic axes, so-called the
technical moduli, can be calculated independently of other material constants as:

GLR =
τLR
γLR

, GLT =
τLT
γLT

, GRT =
τRT
γRT

, (3)

where τLR, τLT , τRT are the shear components of the stress tensor in the planes LR, LT, RT,
respectively, and γLR, γLT , γRT are the corresponding shear angles.

To determine the shear angle γ in the chosen plane, the following engineering geo-
metrical considerations is used additionally. Let us consider an infinitely small element in
the plane LR, which is in a state of pure shear (Figure 2b). When shearing, the right angles
change by the value γ = γLR. The one diagonal is then lengthened with the strain ε45 and
the second diagonal shortens with the strain ε−45 and:

tan
(π

4
− γ

2

)
=

dl(1 + ε−45)

dl(1 + ε45)
≈ 1 − γ/2

1 + γ/2
, (4)

where dl is the diagonal length of the element. From (4), we get:

γ =
2(ε45 − ε−45)

2 + ε45 + ε−45
. (5)

To derive the engineering shear angle γ in the DIC system, the construction of the
virtual strain gauges is required in the same way as for two-element strain gauge rosettes,
e.g., for a 10 × 10 mm2 square, where ε45, ε−45 are the linear strains, perpendicular to each
other and directed at 45◦ angle to the shearing load.

2.2. Specimens, Equipment and Methods

The dimensions of the specimen were preliminarily defined by the basic numerical
tests on several different configurations of the critical cross-section height and curvature.
Nine different shapes were modeled checking stress distribution by means of the finite ele-
ment method. The dimensions modified were: the shear area height h → {36, 40} mm, the
initial diameter d → {4, 8, 12} mm and the inclination angle ϕ → {45◦, 60◦, 75◦, 90◦}
of the cutting lines (see Figure 3a). The aim was to achieve a pure shear state in the middle
section of the specimen; hence, it was sufficient to adopt an isotropic material and perform
the simplified analysis only in the elastic range. The most satisfactory results were obtained
for the following dimensions: h = 36 mm, d = 8 mm and ϕ = 90◦ (all dimensions are
shown in Figure 3d). The obtained tangential stress distribution was characterized by
low variability with practically zero values of the associated normal stresses. The stress
distributions for the middle cross-section are shown in Figure 3e,f.

Storage and processing of wood specimens were performed in normal conditions of
65% relative humidity and temperature of 20 ◦C. The pre-specimens were firstly cut from
16 mm planks (planks cut from the central part of the log) of pine wood (Pinus sylvestris
L.) with rectangular dimensions of 100 mm × 150 mm concerning two perpendicular
directions of LR plane (in Figure 3b,c, the arrows show the shearing directions with
respect to the material axes). Further, the notches were made using a milling-machine
with a down spindle and a saw to create the required shape (Figure 3d). The tests were
performed immediately after the transportation to the testing facility and prepared for the
DIC measurements. Therefore, the surface of the specimens was sprayed using a black
aerosol can to create a more stochastic pattern. Since wood has an inhomogeneous surface,
there little paint was needed. Further, the specimens were inserted into the Arcan fixtures
(Figure 4). The fixture dimensions and shape were designed by the authors and water cut
from an 8mm thick stainless-steel plate. The fixture elements were connected by 8 and
12 mm steel screws with steel plates used as distances, while the specimens were tightened
by steel tooth plates (Figure 4d).

344



Materials 2021, 14, 468

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 3. The specimens: (a) dimensions subjected to variation; (b) LR,L orientation; (c) LR,R orientation; (d) geometry of
specimen used for shear tests; and (e,f) stress distributions in the middle section for LR,L specimens. All dimensions are in
millimeters (mm) unless otherwise noted.

 

 

 
(d) 

(a)  

  
(b) (c) (e) 

Figure 4. The Arcan fixture: (a) scheme; (b) the explanation of measuring points/sections; (c) physical fixture; (d) distances
and tooth plates; and (e) experimental setup with the DIC system.

The test was performed using the 10 kN nominal force universal testing machine,
equipped with the Arcan fixture. A digital image correlation system [13] was used to
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obtain the full-field displacement distribution and visualize the shear strain uniformity.
The testing machine gave information on the forces, while the DIC system on the shear
angles. The preparation of the DIC system started with choosing the calibration object,
here the manufacturer’s CP90/20 was used, which allowed measuring an area between
78 × 65 mm2 and 130 × 105 mm2 (final area was approximately 85 × 70 mm2). Afterwards,
the typical system calibration was performed. The software options were chosen as: facet
size 19 × 19 pixels and faced step (distances between facets) 15 × 15 pixels, as proposed
by the manufacturer. The DIC used in this experiment was composed of two 5Mpix
cameras (resolution 2448 × 2050). The starting points for calculations were chosen, as
recommended, at areas where the displacements were minimal (typically, the lower left
part of the specimen). The experimental setup of the DIC system is shown in Figure 4e.

Twelve specimens were tested. Six of them were oriented so that the shear direction
was parallel to the L axis (LR,L-specimens) and the other six with the shear direction parallel
to the R axis (LR,R-specimens). Both tests were tracked automatically by displacement
with a constant value of 0.35 mm/min and an initial force of 130 and 70 N for the LR,L and
LR,R specimens, respectively. The ultimate forces were taken from the testing machine at
the moment of failure (LR,L specimens) and at the moment of first horizontal crack (LR,R
specimens). The values of ultimate shear angle and shear modulus were calculated for
central point of the cross-section (indexed “c”) (Point C in Figure 4b and Expression (2))
and for Points 1–4 presented in Figure 4b (indexed as “g”) (from the virtual gauges located
on the diagonals of the central square of 10 × 10 mm2 and Expression (5)). The ultimate
shear angle values were taken at the moment of failure.

The calculations of the LR shear moduli were performed according to Formula (3) with
the shear angle obtained from (2) for the Gc moduli and with the shear angle obtained from
(5) for the apparent Gg moduli. The shear modulus was determined as a secant modulus in
the range between 25% and 50% of the maximal external force Pult in each specimen. Such
values were chosen due to very small shear angles for the measuring system resolution
(initially 10–40% of the maximal force was considered). The expression for calculating the
modulus from the experimental results can be written as follows:

G =
Δτ

Δγ
=

τ50%P − τ25%P

γ50%P − γ25%P , (6)

where the shear angles are taken as from Equation (2) or (5) for G = Gc and G = Gg,
respectively. The nominal shear stresses τ were computed as a ratio between the force P
and nominal cross-section Anom, i.e., τ = P/Anom.

The shear angle maps were generated by the software for stages just before the failure
i.e., rupture for the LR,L specimens and first horizontal crack for the LR,R specimens.
Three different vertical sections were prepared to provide complete information on the
distribution of strains along the cross-section of the LR,L specimens, as shown in Figure 4b:
the “middle cross-section” (red continuous line), the “maximal cross section” (blue dashed
line) and the “symmetrical cross section” (blue dashed line). For the Specimens LR,R, two
sections of different lengths were used: the “middle cross-section” and the horizontal blue
dash-dot one.

In addition, for the obtained τ − γ relationship, a linear approximation of results
was done by the use of the least square method. The method finds the best fit, in this
case the shear moduli itself, which is a tangent of the angle between the linear fit and the
horizontal axes. The shear angles were taken from Expression (2) and the fitting range was
25–100% of the maximal external force Pult (rupture in LR,L direction and first crack in the
LR,R direction).

2.3. Results

The post-processing of strain values was performed in the DIC software. Maps of
the shear angle and charts at the moment just before failure for all six LR,L specimens are
shown in Figures 5 and 6, respectively.
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(a) Specimen L1 (b) Specimen L2 (c) Specimen L3 

   
(d) Specimen L4 (e) Specimen L5 (f) Specimen L6 

Figure 5. The shear angle maps just before the failure for each LR,L-type specimen: (a–f) for each of the samples from L1 to
L6 respectively.

  
(a) (b) 

Figure 6. The shear angle plots along critical sections for LR,L-type specimens: (a) Specimen L3; and (b) Specimen L2.

The LR,L results in the maps of shear angle show different failure sections. The maps
for Specimens L1 (Figure 5a) and L4 (Figure 5d) clearly show that the failure arises not in
the central cross-section as expected, but next to it. This is generated due to the material
inhomogeneity, where most likely a wider strip of earlywood was defining the path of
failure. The strains in Specimens L2–L6 are concentrated around the central part of the
specimen. In addition, Specimens L3, L5 and L6 present more uniform strain distribution
among the others. Figure 6 shows the distribution of the shear angle along vertical sections.
In general, the distribution of deformations in the central part is close to parabolic. However,
in the case of Specimen L3, there is a more even distribution across the width as compared
to sections from the symmetrical to max section (Figure 6a). In Specimen L2 (Figure 6b),
the greater values of the angle, and hence the greater stress intensity, are on the right side
of the central axis.

In Figures 7 and 8, we can find similar information for LR,R specimens. Figure 7
shows the deformation maps. The failure crack occurs horizontally along a line taken from
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the edge of the weakened central section (see Specimens R1, R3, R4 and R6 in Figure 7).
In Figure 8, an increase in the value of shear strains can be noticed in the vicinity of the
initial and end coordinates corresponding to the edges of the specimen (vertical middle
section, black solid line). The red line of the results for the horizontal section also shows
the highest values in the middle, i.e., near the critical edge.

   

 

(a) Specimen R1 (b) Specimen R2 (c) Specimen R3 

   
(d) Specimen R4 (e) Specimen R5 (f) Specimen R6 

Figure 7. The shear angle maps just before the failure for each LR,R-type specimen: (a–f) for each of the samples from R1 to
R6 respectively.

  
(a) (b) 

Figure 8. The shear angle plots along critical sections for LR,R-type specimens: (a) Specimen R2; and (b) Specimen R6.

The obtained results on shear moduli, ultimate strength and strain are shown in
Table 1 for the LR,L specimens and in Table 2 for the LR,R specimens. The apparent shear
modulus Gg and apparent ultimate shear angle γg,ult from Expression (5) the coefficient
of variation (COV) did not exceed 24%, which are quite big but at an acceptable level in
wood. The same values calculated by (2) show acceptable COVs for the modulus (Gc) and
a moderately high value for the ultimate shear angle (γc,ult).
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Table 1. The results from the monotonic test of the LR,L specimens.

Pult τ = Pult/Anom γg,ult Gg γc,ult Gc

(N) (MPa) (10−3) (MPa) (10−3) (MPa)

Mean 2448 ± 404 4.4 ± 0.7 11.5 ± 3.6 392 ± 55 8.73 ± 3.9 470 ± 133
SD 492 0.85 4.37 67 4.75 161

COV 34.3 20.1 38 17.1 54.5 34.3
ult corresponds to the maximum external force; g the values from the virtual gauges; c the values for
central point of the cross-section.

Table 2. The results from the monotonic test of the LR,R specimens.

Pult τ = Pult/Anom γg,ult Gg γc,ult Gc

(N) (MPa) (10−3) (MPa) (10−3) (MPa)

Mean 2904 ± 513 5.16 ± 0.9 6.07 ± 1.1 813 ± 146 5.88 ± 1.2 816 ± 123
SD 673 1.18 1.43 192 1.54 162

COV 23.2 22.8 23.6 23.7 26.2 19.8
ult corresponds to the maximum external force; g the values from the virtual gauges; c the values for
central point of the cross-section.

The values of shear strength for the LR,L specimens had a mean value of 4.4 ± 0.7 MPa,
with a standard deviation of 0.85 MPa and a COV of 19.2%. The ultimate force had a mean
value of 2448 ± 404 N, a standard deviation of 492 N and a COV of 20.1%. The apparent
shear modulus had a value of 392 ± 55 MPa, a standard deviation of 67 MPa and a COV
of 17.1%. In linear elastic orthotropic theory, the LR and RL moduli are considered as
equal. The value of the modulus obtained from LR,L specimens is relatively low. The
reason lies in the high variability of the measured shear angles: a COVs of 34% from the
Expression (5) and 54% for the Expression (2). Hence, they were considered nonrealistic
results and disregarded.

Figures 9 and 10 show the stress–strain relationships for LR,L and LR,R specimens,
respectively. The shear angles were taken from Expression (2) for the central point. The
red lines show a linear fit in the range of results from 0.25 of the ultimate force up to the
moment of failure. The LR,L specimens present a brittle failure (Figure 9), while LR,R
present a linear behavior up to the first crack. After the crack, the specimen is changing
the configuration and the specimen is slightly rotating and deforming, which is why the
experimental points seem to lay on each other, due to stress loss after the crack, especially
on the specimens shown in Figure 10b,e. The obtained LR,L average modulus of shear is
approximately 350 MPa, while that of LR,R is approximately 840 MPa. These results are
similar to those shown above in Tables 1 and 2. This confirms the validity of the previously
adopted methods.
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 9. Charts of the relationship of shear stress–shear angle at the central point for LR,L specimens with their linear
approximation: (a–f) for each of the samples from L1 to L6 respectively.

  
(a) (b) 

Figure 10. Cont.
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(c) (d) 

  
(e) (f) 

Figure 10. Charts of the relationship of shear stress–shear angle at the central point for LR,R specimens with their linear
approximation: (a–f) for each of the samples from R1 to R6 respectively.

The results of the LR,L specimens shows a very low average modulus of shear of
approximately 400 MPa, while the LR,R modulus is approximately 800 MPa. It may be
caused by a relatively great ratio of earlywood-to-latewood width in the used wooden
specimens. This ratio depends only on the growth conditions of the tree. The experimental
scheme causes that, in the LR,L direction, the earlywood becomes dominant in material
behavior as the more susceptible material part, whereas, in the LR,R direction, both material
parts, early- and latewood, are working simultaneously.

Another issue lays in system accuracy. Consider the noise of the system; analyzing
the chart of the L3 specimen in Figure 6a, successive points from each line can differ even
by 25%. These values are calculated using Expression (2), which uses a small area to gather
information called facets, i.e., a square defined in pixel size in the software (in this case
19 × 19 pixels) and corresponding true dimensions of approximately 0.5 × 0.5 mm2 (in
this particular case). For homogeneous fields with large strain values, such as plastic flows
in steel or displacements of parts, this is sufficient. However, it may be more complex to
calculate a very inhomogeneous strain field, where early- and latewood particles are mixed,
and strains are very low. Therefore, we can consider the maps as a qualitative source of
information. However, this does not forbid the quantitative analysis—the noise of the
results is relatively high but can be reduced to some level by averaging results, as well
as considering using a greater calculating area—of the aforementioned facets, where it is
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possible to increase such fields to dimensions of even 50 × 50 or 100 × 100 pixels to reduce
the noise at a cost of calculation time, which was already proved by some experimental
works. Moreover, the displacement measuring accuracy can be easily increased by using a
greater length of the measuring base. That is why the apparent values of the moduli and
ultimate shear angles are reliable—the values are calculated using a 10 × 10 mm2 square
and the displacement of these points is seen by the system well.

3. Numerical Simulations of Failure Mechanisms in the Tests

The numerical simulations of timber shearing in the Arcan test (Figure 4a [8]) with the
failure modes and mechanisms are the purpose of this section after the implementation
of the own continuum structural models from [12,14] into the commercial finite element
code [15]. The Arcan test is considered to create a rather uniform and pure state of shear
stress among the critical cross section. However, an appropriate constitutive model and
the analysis by means of the finite element method allow more detailed insight into the
sequence in which crack zones develop. The constitutive relationships of the model have
been established in the framework of the mathematical elastic–plastic theory of small
displacements. The model is based on the three orthotropic failure criteria that were earlier
proposed by Geniev and next incorporated into the plasticity condition as the composite
yield surface [16,17]. This orthotropic failure criteria can be regard as generalization of the
well-known an isotropic maximum principal stress criterion of Rankine extended to the
tension and compression anisotropic regimes and the Mohr–Coulomb strength criterion
for the shear regime. They have the following forms in the plane state of stresses and in the
frame of reference coincided with the axes of the principal stresses:(

cos2 ϕ

Yt1
+

sin2 ϕ

Yt2

)
σ1 +

σ1σ2

Yt1Yt2
+

(
sin2 ϕ

Yt1
+

cos2 ϕ

Yt2

)
σ2 − 1 = 0 , (7)

(
cos2 ϕ

Yc1
+

sin2 ϕ

Yc2

)
σ1 +

σ1σ2

Yc1Yc2
+

(
sin2 ϕ

Yc1
+

cos2 ϕ

Yc2

)
σ2 + 1 = 0 , (8)

σ2
1 − 2(1 + 2μ2) σ1σ2 + σ2

2 + 2μ (C11 + C22)(σ1 + σ2)+
+2(C11 − C22) (|sin 2ϕ| − μ cos 2ϕ)(σ1 − σ2)− 4C11C22 = 0 ,

(9)

where ϕ denotes an angle between the axis of the first principal stress and the first axis
of orthotropy.

The four uniaxial strength parameters YΔi, i = 1, 2 appear in the Rankine-type criteria
described by Formulas (7) and (8), which are obtained from the two tensile tests (Δ = t) and
two compressive tests (Δ = c) in the directions of the first and second axes of orthotropy,
respectively. In Formula (9), we can find the parameter of internal friction μ and the shear
strength parameters C11 and C22 obtained from the tests with the predetermined shear
failure planes which are coincided with the orthotropy axes. Three different characteristic
values of the shear stress can be calculated from Criterion (9) for the stress state σ1 = −σ2
and the angle ϕ = 00, 450, 900. The value of the shear stress for the angle ϕ = 450 is of the
particular interest, because the direction of the shearing then coincides with the orthotropic
axes. This shear stress can be helpful in setting the strength parameters in the numerical
simulation of the experimental tests, and it is obtained from the following relationship:

τmax =

√
(C11 − C22) + 4(1 + μ2)C11C22 − (C11 − C22)

2(1 + μ2)
. (10)

Contours of the failure criteria in the principal stress state are presented in Figure 11
for different values of the angle ϕ and in the axes of orthotropy.
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(a) (b) 

Figure 11. Contours of orthotropic strength criteria: (a) in the principal stress space; and (b) in the axes of orthotropy (I) and
(II) are Rankine-type criterion for tension and compression regime and (III) is the Mohr–Coulomb shear failure criterion.

3.1. Implementation of the Model

The more detailed discussion of the constitutive equations of the similar models and
their numerical implementation into the commercial FEM system has been recently pre-
sented [18,19]. The plastic part of the strain tensor is defined by a flow rule associated with
the yield function given by the plasticity (failure) criterion written in the following form:

fΔ(σ, αΔ,in) =
1
2
σ · PΔ ·σ+ pΔ ·σ− (1 + KΔαΔ,in) = 0 (11)

where KΔ is a given constant plastic parameter and αin is an internal hardening variable,
hence the fourth- and second-order symmetric tensor functions PΔ and pΔ are dependent
on the strength parameters of Criteria (7–9). The double contraction of the tensors is
denoted by one dot. The plastic parameter KΔ = 0 for the perfect plasticity, KΔ > 0 for the
hardening and KΔ < 0 for the softening behavior [12]. Since the model consists of three
yield surfaces (11), we identify the material parameters by adding the subscript index Δ,
where Δ = t is assigned to the tension Condition (7), Δ = c to the compression Condition
(8) and Δ = s to the shear Condition (9).

The model was implemented as the user-supplied subroutine into the FE system DI-
ANA [15], in which the nonlinear material behavior is updating over the equilibrium step
within a framework of an incremental-iterative algorithm of the finite element method with
a return-mapping algorithm and a consistent tangent stiffness operator for the plane stress
state. The implementation was a very demanding programming task of the subroutine US-
RMAT in the FORTRAN language, which is described in detail in [18,19]. The formulation
of the model during the implementation was presented based on the assumption that the
principal axes of orthotropy coincided with the Cartesian frame of reference for stresses
and strains in finite element computations. The tensor functions PΔ and pΔ have then the
following matrix representations for tension and compression regimes:

pt ⇒

⎡
⎢⎢⎢⎢⎣

1
YtL

1
YtR
0

⎤
⎥⎥⎥⎥⎦, pc ⇒

⎡
⎢⎢⎢⎢⎣

1
YcL

1
YcR

0

⎤
⎥⎥⎥⎥⎦, PΔ ⇒

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

0
−1

YΔLYΔR
0

−1
YΔLYΔR

0 0

0 0
2

YΔLYΔR

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(12)
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and

ps ⇒

⎡
⎢⎢⎢⎢⎢⎢⎣

μ

CLL
μ

CRR

CLL − CRR
CLLCRR

sign(τLR)

⎤
⎥⎥⎥⎥⎥⎥⎦

, Ps ⇒

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

1
2CLLCRR

−(1 + 2μ2)

2CLLCRR
0

−(1 + 2μ2)

2CLLCRR

1
2CLLCRR

0

0 0
2(1 + μ2)

CLLCRR

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(13)

for the shear regime. In Formulas (12) and (13), the frame of reference is denoted as
(xL, xR, xT) and the shear strength parameter, e.g., CLL, is obtained from the direct shear
test in which the normal to the shear plane is predetermined in direction of the first axis
of orthotropy.

Several tests confirmed the correctness of the proposed numerical algorithm for the
anisotropic continuum. The multi-surface model enables the identification of the relevant
macroscopic failure modes. The separated description of the three regimes also allows
the modeling of their respective post-failure behavior with modern hardening/softening
evolution laws, although an intersection of different yield surfaces defines corners that
require special attention in the numerical algorithm.

3.2. FEM Modeling and Results

The finite element mesh was created out of 1321 nodes and 1232 elements. The geom-
etry of FE mesh with boundary conditions is presented in Figure 12a. The type of used
elements was the Q8MEM (isoparametric, cuboid eight node elements). The force was
inducted by displacement of the upper arm of the fixture, so the analyses were carried
out with indirect displacement control. The following material parameters were adopted
based on the tests [10]: the Young’s moduli ELL = 13.7 MPa, ERR = 1.1 MPa, the shear
modulus GLR = 820 MPa and the Poisson’s ratio νLR = 0.45. Other material parameters are
presented in Table 3. When assuming the shear strength, the results from the experiments
discussed above were considered. However, due to their large spread, it was decided to
round the values. It should be noted that in Table 3 the yield strengths are assumed in the
numerical computations, which can be different from the experimental strengths.

 

  

(a) (b) (c) 

Figure 12. Distributions of the shear stress for different configurations of the specimens: (a) the finite element mesh; (b)
Specimen LR,L; and (c) Specimen LR,R.
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Table 3. Material parameters for numerical simulations.

Criterion Parameters

Compression YcL (MPa) YcR (MPa) Kc
40.8 7.8 0.0

Tension
YtL (MPa) YtR (MPa) Kt

80.5 3.8 0.0

Shear
CLL (MPa) CRR (MPa) μ

6.0 4.5 0.1

Figures 12–14 present the results of the numerical simulations of the test for the
specimens with different orientations—LR,L and LR,R. Figure 12 presents shear stress
distributions in the elastic state for the displacement level of δ = 0.1 mm. This level
corresponds to values of the external force P = 1.5 kN for Specimen LR,L (Figure 13a,
Line a) and P = 0.75 kN for Specimen LR,R (Figure 13a, Line b). It is seen in Figure 12
that the uniform state of shear stress occurs only in the middle of the specimens and its
distributions are different depending on the orientation of the material axes.

  
(a) (b) 

Figure 13. Graphs of the responses obtained from the numerical tests-description in the text: (a) load vs. displacement
graphs; and (b) stress–strain curves for the middle point of the specimen.

    
(a)  = 0.16 mm (P  1.6 kN) (b)  = 0.26 mm (P  2.5 kN) (c)  = 0.29 mm (P  2.6 kN) 

   
 (d) P = 0.9 kN (e) P = 1.8 kN (f) P = 2.1 kN 

Figure 14. Comparison of the maps of the maximum principal strains ε1 obtained numerically (a–c) and calculated from
displacements measured by the DIC method (d–f) for LR,L orientation.
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Figure 13a shows the relationship between reaction and displacement of the upper
support (P − δ) for different values of the plastic parameter. Lines [a] and [b] are for
the perfect plasticity. For the comparison, Lines [c]–[e] are also shown in Figure 13a for
Specimen LR,R and the hardening plasticity with Ks = 10 for Line [c], Ks = 50 for Line [d]
and Ks = 200 for Line [e]. Good agreement was found between numerical and experimental
results of the ultimate external force for the perfect plasticity and Specimen LR,L—2.73
(the numerical simulation) and 2.58 kN (the experiment)—and the worse agreement for
the Specimen LR,R—3.50 and 2.90 kN, respectively.

The value 2.90 kN of the ultimate external force corresponds to the moment of the
first crack appearance. The second crack appears with an average load of 3.30 kN, which is
closer to the numerical result. The hardening effect similar to the experimental results is
visible in Figure 10 and can be easily controlled by the appropriate selection of Ks parameter.
Lines [c]–[e] in Figure 13a are an example of the possibilities offered by the model. The
exact fit will be the subject of further research. Figure 13b shows the relationship between
shear stress and strain in the central point. Red Line [a] is for Specimen LR,L and perfect
plasticity (Ks = 0). The obtained maximum strength was 4.50 MPa, which corresponds
to the adopted value of the shear strength (CRR). Blue Line [b] is for Specimen LR,R and
perfect plasticity (Ks = 0). Again, the obtained maximum strength 6.0 MPa corresponds to
the adopted value of the shear strength (CLL). The slope in the elastic range is consistent
with the adopted value of the modulus. Another path to destruction has been observed.
For the test in the LR,L configuration, the first active was the shear criterion, while, in the
LR,R configuration, the tensile criterion was activated first. Points marked with letters a
and d shown in Figure 13b correspond to the first moments of reaching the failure criterion.

In Figures 14 and 15, we can find maps of the plastic strains at different stages of
the tests. The maps in Figure 14a–c correspond to the test moments marked with points
d–f in the diagram of Figure 13b, respectively. The maps in Figure 15a–c correspond to
the test moments marked with points a–c in the diagram of Figure 13b, respectively. The
obtained mechanisms are compatible with those obtained experimentally and shown in
Figures 14d–f and 15d–f.

    
(a)  = 0.28 mm (P  2.6 kN) (b)  = 0.38 mm (P  3.4 kN) (c)  = 0.44 mm (P  3.5 kN)  

   
 (d) P = 2.1 kN (e) P = 2.8 kN (f) P = 3.3 kN 

Figure 15. Comparison of the maps of the maximum principal strains ε1 obtained numerically (a–c) and calculated from
displacements measured by the DIC method (d–f) for LR,R orientation.
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4. Conclusions

The paper presents experimental investigations of wood shearing in the LR plane for
two different directions of loading. Twelve specimens were tested. Forces and shear angles
were measured using a testing machine and digital image correlation. Some of the material
constants and strengths were determined. Shear angle maps and charts for the critical cross
sections are presented.

The usage of the DIC system showed that it is capable of gathering more information
on the experiment than typically used measuring techniques such as strain gauges. The
graphical presentation in the form of maps showed a great inhomogeneity on the specimen
surface in case of the shear angles distribution.

The results on the two different directions of loading show that it may be necessary to
reconsider the specimen shape and border conditions of the test to obtain the homogenized
material parameters. This issue is depending to a very large ratio between earlywood and
latewood among annual rings. This issue may affect the results of specimens of different
species with lower early-to-latewood ratios, to a certain extent.

Our own constitutive model for the analysis of wooden structures in biaxial plane
stress states, implemented into the finite element code, was used to analyze behavior of
wood during shearing in the Arcan test. Experimental determination of the shear behavior
has always been influenced by difficulties in obtaining a state of pure and uniform shear in
test specimens. Model calibration allows adjustment to experimental results. For different
specimen material axis orientations, adequate destruction mechanisms were obtained.
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50-370 Wrocław, Poland; krzysztof.schabowicz@pwr.edu.pl

2 Faculty of Mechanical Engineering and Robotics, AGH University of Science and Technology,
aleja Mickiewicza 30, 30-059 Kraków, Poland; mroskosz@agh.edu.pl

3 Faculty of Energy and Environmental Engineering, Silesian University of Technology, ul. Akademicka 2A,
44-100 Gliwice, Poland; krzysztof.fryczowski@polsl.pl

* Correspondence: dominik.logon@pwr.edu.pl

Abstract: This paper presents the possibility of using low-module polypropylene dispersed reinforce-
ment (E = 4.9 GPa) to influence the load-deflection correlation of cement composites. Problems have
been indicated regarding the improvement of elastic range by using that type of fibre as compared
with a composite without reinforcement. It was demonstrated that it was possible to increase the
ability to carry stress in the Hooke’s law proportionality range in mortar and paste types of com-
posites reinforced with low-module fibres, i.e., Vf = 3% (in contrast to concrete composites). The
possibility of having good strengthening and deflection control in order to limit the catastrophic
destruction process was confirmed. In this paper, we identify the problem of deformation assessment
in composites with significant deformation capacity. Determining the effects of reinforcement based
on a comparison with a composite without fibres is suggested as a reasonable approach as it enables
the comparison of results obtained by various universities with different research conditions.

Keywords: quasi-brittle cement composites; low-module polypropylene fibres; elastic range

1. Introduction

The development of cement composites results in an increase in compressive strength
without significantly improving bending strength [1,2]. The brittleness of cement com-
posites causes rapid destruction, which is particularly disadvantageous in high-strength
structures. Researchers have attempted to limit the brittleness of cement composites by
trying to increase the flexural or bending strength using various fibre reinforcements [1–39].
Fibre reinforcement requires good rheological properties of the mix (for random disper-
sion), which determines a higher amount of cement. Short reinforcement controls the effect
of multi-cracking, and longer reinforcement improves the toughness and strength [3,20,24].
The best results with respect to flexural strength and toughness have been achieved with a
high-strength matrix and fibres [37].

High strength and high Young’s modulus reinforcement (steel fibre E = 210 GPa and
carbon fibres E = 30–300 GPa) can be applied to increase stress corresponding to first
crack appearance [29–35]. Improvement of the elastic range by means of low-module
reinforcement is difficult to achieve, and therefore hybrid reinforcement is frequently used,
with both high and low extension strength and Young’s modulus, and with different
lengths [4,17,39]. High-module reinforcement controls the elastic range, while low-module
reinforcement controls the deflection range after exceeding fcr [5–12]. Existing publications
do not indicate the effectiveness of applying low-module fibres for improving Hooke’s law
proportionality range, which limits their use in construction materials for controlling the
deformation and crack propagating process [13,15,16].
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In this paper, we take into account the possibility of improving elastic range by using
the application of low-module polypropylene reinforcement. Such fibres are commonly
used, and a number of papers have been written with respect to their use. However,
the existing papers do not focus on the possibility of using low-module polypropylene
reinforcement to improve Hooke’s law proportionality range and obtain ESD composites
(E, elastic range; S, strengthening control; and D, deflection control). These effects reduce
the brittleness of the cement composites and help to avoid the catastrophic destruction
process [13–20].

There are different methods of calculating flexural toughness, for example, the JSCE
method, the ASTM C 1018 and the EN 14651 standard consistent with RILEM recommen-
dations [40–45]. There is no one universal method to accurately describe and compare
reinforcing ESD effects. The existing norms and standards describing these effects seem to
be insufficient. This makes the assessment and comparison of the obtained effects difficult.
Despite a number of formulas for the calculation of the reinforcement effect, new methods
and modifications of the existing ones are still being proposed. Various papers have shown
that rheological properties influence mechanical properties, especially with respect to
concrete composites, whose rheological properties are much worse than those of mortar or
paste composites [18,25].

According to a literature review, previous works have not shown the possibility of
significantly increasing stress in the elastic range with low-module polypropylene fibres in
structural elements as compared with matrix (unreinforced composite) [24,28,36,38].

In this paper, damaged composites were obtained with significant deflection and
flexural strength that equalled or exceeded the strength corresponding to the first crack.
Some of the effect had already been presented in our own works [21–27] for small beams of
cement composites with synthetic structural polypropylene fibres [28] but not with respect
to matrix (unreinforced composite).

In this paper, we focus on the limitation of the catastrophic destruction process by
means of ESD effects in structural elements. The main goal of the paper was to improve
the elastic range of cement composites by means of low-module fibres, which required the
introduction of the maximum volume of dispersed reinforcement. That effect was obtained
with the maximum volume of fibres for mortar, Vf = 3%, and for paste, Vf = 6%.

2. Materials and Methods

2.1. Materials Used for Tests

The following materials were used for the preparation of the cement composites:
Portland cement (c) CEM I 42.5R (Górażdże cement plant, Górażdże, Poland) silica fume
(10% c), fly ash (20% c), superplasticizer (SP, Sika company, Baar, Switzerland) tap water
(w), and w/binder = 0.35. The sand used in the research is sold as sand for the production
of ordinary concrete. The grain size distribution of the sand was 0–2 mm.

The composites were reinforced with randomly dispersed fibres (Figure 1 and Table 1)
and synthetic structural polypropylene fibres (compliance with ASTM C 1116), specific
weight 0.91 kg/dm3, flexural strength ft = 620–758 MPa, E = 4.9 GPa, l = 54 mm, equivalent
diameter 0.48 mm, and l/d = 113.

 
Figure 1. Synthetic structural polypropylene fibres l = 54 mm.
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Table 1. Tested specimens.

Symbol Specimen Cement:Sand (Volume) Vf [%]

MVf0% mortar 1:4.5 0
MVf2% mortar 1:4.5 2
MVf3% mortar 1:4.5 3
ZVf6% paste - 6

2.2. Preparation of Specimens for Tests

The specimens MVf3% and ZVf6% were reinforced with the maximum volume pos-
sible to disperse polypropylene fibres. All tested samples were demoulded and notched.
Each beam was turned by 90◦ and cut to the depth of 30 mm (cut width 3 mm).

Components were mixed in the concrete mixer, and then used to mould samples.
Beams (150 mm × 150 mm × 600 mm) were cast in slabs, and then cured in water at
20 ± 2 ◦C. After 180 days of ageing, the beams were prepared for the bending test, Figure 2.
Figure 2a presents a sample prepared for the four-point bending test.

Figure 2. Four-point bending test. (a) Specimen before test, paste Vf = 6%; (b) Diagram of the test.

2.3. Description of the Test Stand

Four-point bending tests were carried out on the testing machine with closed-loop
servo control displacement. The load-deflection curves (Figures 3–9) were obtained accord-
ing to ASTM C 1018, but the test was based on the measurement of the displacement of
crosshead. The following data was obtained:

- Tensile strength at bending fmax (MOR, the modulus of rupture), tensile strength at
first crack fcr (LOP, the limit of proportionality);

- The characteristic points on the load-deflection curve, fx(Fx-load, εx-deflection,
and Wx-energy);

- Energy (work) as proportional to the area under the load-deflection curve up to the
characteristic point.

Additionally, deflection was recorded by means of two LVDT sensors located as in
Figure 2. During the test, the bending load and deflection of the specimen were measured.
The testing procedure corresponded to the requirements of the ASTM C 1018 standard.
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The ESD reinforcement effect (i.e., elastic range, strengthening control, deflection
control) is presented by characteristic points fx and areas AX under he load-deflection
curve, Figure 3).

Figure 3. ESD composites depending on load deflection. Areas: AE, elastic range; AS, strengthening
control; AD, deflection control; AP, propagation.

Figure 4. Load-deflection curve in the four-point bending test, mortar MVf0% (matrix) and concrete
without fibres Vf = 0% and with Vf = 2% fibres.
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Figure 5. Load-deflection curve in the four-point bending test, mortar MVf2%.

Figure 6. Load-deflection curve in the four-point bending test, mortar MVf3%.

Figure 7. Load-deflection curve in the four-point bending test, paste ZVf6%.
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Figure 8. Load-deflection curve in the four-point bending test, comparison of samples.

 

Figure 9. The four-point bending test, paste ZVf6% after the test.

3. Test Results

The load-deflection curve for mortar MVf0% is presented in Figure 4. Additionally,
the results presented earlier [24] for concrete without fibres and with the maximum vol-
ume content of the same fibres Vf = 2% are included (insignificant increase in the elastic
range of concretes with the maximum volume of fibres was obtained). A typical load-
deflection correlation for cement composites without reinforcement was obtained, with
catastrophic destruction process (deflection as displacement of crosshead (mm)). The figure
presents data corresponding to the maximum ability to carry stress fcr = fmax = MOR and
deformation capacity dx. The specimen is a reference for the other tested composites.

Figure 5 presents mortar with 2% of fibres. Characteristic points fcr, fmax, fd, have been
determined, which enable the identification of the following areas: elastic range AE = 6.8 J,
strengthening control AS = 52.9 J, deflection control AD = 83.1 J, and propagation area AE
is not significantly larger than AE of the specimen without reinforcement. In addition, LOP,
MOR, and dx have been determined.

Mortar with the maximum possible volume of fibres is presented in Figure 6. The
obtained results indicate a significant improvement of the properties of ESD composites
in the following areas: elastic range AE = 22.0 J, strengthening control AS = 134.1 J, de-
flection control AD = 130.2 J, and propagation area AS with 3% of fibres is larger than AD.
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Additionally, LOP and MOR were determined. We found that reinforcement significantly
contributed to the increased deformation capacity in the elastic range dx = 15.8.

Figure 7 shows a paste specimen ZVf6% with the maximum possible volume of
fibres Vf = 6%. The best results were obtained regarding the ability to carry stress in the
elastic range AE = 184.4 J, strengthening control area AS = 134.1 J, deflection control area
AD = 271.3 J, and propagation area AP. Significant improvement of the ability to carry
stress has been achieved for LOP and MOR and a slight improvement of deformation
capacity dx.

The compilation of all the tested specimens (load-deflection curves) is presented in
Figure 8. The curves illustrate the scale of obtained ESD effects as compared with the
matrix (mortar without fibres). For structural reasons, it is important to improve stress in
Hooke’s law area and not those corresponding to fmax. As the presented curves show, the
specimens with the content exceeding Vf = 2% may show significant ESD effects.

Figure 9 shows specimen ZVf6% after the four-point bending tension test. The figure
presents two sensors measuring deflection relative to the neutral axis. It should be noted
that there are significant differences regarding the displacement of the cut edges in the case
of considerable deformations of the specimen. The visible differences result in significant
differences in the measurements of ESD composites’ deflection.

Table 2 presents a compilation of the results of the four-point bending tension test of
the tested specimens (load, deflection, absorbed energy, LOP, MOR, and dx) with the data
that correspond to various characteristic points fx (fcr, fmax, and fd).

Table 2. Tested specimens, a compilation of data in relation to characteristic points fx.

Composite
Load Deflection Energy LOP MOR dx

(N) (mm) (J) (MPa) (MPa) (kN/mm)

MVf0%
fcr = fmax 13,048 0.716 4.7 2.7 2.7 18.2

MVf2%
fcr 16,730 0.887 6.8 3.5 18.7

fmax 28,908 3.451 59.7 6.0
fd 16,730 7.228 142.8

MVf3%
fcr 25,615 1.618 22.0 5.3 15.8

fmax 51,586 5.148 156.1 10.7
fd 25,615 9.194 308.3

ZVf6%
fcr 42,348 2.078 42.1 8.8 20.4

fmax 64,094 5.394 116.5 13.4
fd 42,348 9.752 455.7

In order to compare the results with results obtained in other research centres, the
results are compared with a reference matrix (specimen of mortar without reinforcement
MVf0%). The obtained results indicate multiple changes (improvement/deterioration of
properties) as compared with the original composite, Table 3.

During the analysis of the results, significant discrepancies were found regarding the
determination of deflection by means of crosshead displacement and by means of reference
to the neutral axis of the specimen with respect to Hooke’s law proportionality range,
point fcr. In the case of a beam made of paste with the maximum content of fibres ZVf6%,
the following deflection was recorded relative to the neutral axis in point fcr, sensor 1,
0.774 mm and sensor 2, 0.879 mm, Figure 9 The average deflection was 0.827 mm, while
the corresponding crosshead displacement was significantly larger and equalled 2.078 mm.

Table 3 proposes a method of comparing the results. The reference matrix was mortar
without reinforcement (any other composite can be taken as a reference point).
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Table 3. The tested specimens, a compilation of the obtained results as compared with a
reference matrix.

Composite
Load
(N)

Deflection
(mm)

Energy
(J)

LOP
(MPa)

MOR
(MPa)

dx

(kN/mm)

matrix MVf0%
f0 = fcr = fmax 13,048 0.716 4.7 2.7 2.7 18.2

MVf2%/MVf0%
fcr/0 1.28 1.24 1.45 1.30 1.03

fmax/0 2.22 4.82 12.70 2.22
fd/0 1.28 10.09 30.38

MVf3%/MVf0%
fcr/0 1.96 2.56 4.68 1.96 0.87

fmax/0 3.95 7.19 33.21 3.96
fd/0 1.96 12.84 65.60

ZVf6%/MVf0%
fcr/0 3.25 2.90 8.96 3.26 1.12

fmax/0 4.91 7.53 24.79 4.96
fd/0 3.95 13.62 96.96

4. Discussion

Increasing the ability to carry stress in the elastic range in ESD cement composites
reinforced with low-module fibres is very limited (as compared with high-module rein-
forcement) and even impossible if the volume of fibres is low. The conducted tests show
that with the content of fibres exceeding Vf = 2% in mortar cement composites there is such
a possibility. Previous tests carried out on concrete composites indicated there was no such
possibility with Vf = 2% [24], Figure 4. In the presented tests (Figure 8), we found that it
was possible, if a large volume of dispersed reinforcement was introduced at the level of
Vf = 3%. It was impossible in concrete composites [13,28], due to the deteriorating (along
with the increasing fibre content) rheological properties of the mixes [25].

The best ESD effects were demonstrated in paste mixes (with the best rheological
parameters as compared with mortars and concretes), which enabled the addition of the
largest volume of fibres Vf = 6%, Figure 8. It should be noted that such a large content of
dispersed reinforcement makes it difficult to form the mix, which makes it predestined
for use in the prefabrication of cement composites. The use of smaller quantities of
the reinforcement (which improved the rheological parameters of the mixes) resulted in
decreased ESD effects in those composites. The obtained results indicate the possibility
of using this type of reinforcement, for example, in prefabricated thin-walled composites
such as building facade cladding panels. ESD effects limit the catastrophic destruction
process of these composites (e.g., earthquake or mechanical damage). Paste with the
maximum fibres volume was proposed as the ESD composite instead of mortar, because it
was possible to introduce twice as many fibres into the paste composite, which resulted in
a significant improvement of the elastic range of those composites, which was the main
goal of this paper.

In the presented test results, emphasis was placed again on the need to compare the
obtained effects fcr, fmax, fd with the parameters of a reference matrix (without reinforce-
ment). The ESD composites should show greater ability to carry stress in the elastic range,
strengthening control area, and a considerable range of deflections in the deflection control
area. Assigning appropriate symbols to the tested composites enables the identification of
their behaviour under load, and it is possible to describe them in detail on the basis of the
characteristic points fx (Fx, load; εx, deflection; Wx, energy and areas AX, Figure 3).

The determination of the absorbed energy by means of ASTM 1018 (I5,I10,I15) and crack
mouth opening displacement (CMOD) did not correlate with fcr fmax, and fd, rendering
a description of the behaviour under load in various deflection areas impossible. We
found that the values of deflection measured by means of crosshead displacement were
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considerably higher than those measured in relation to the neutral axis. The measurement
of deflection in the elastic range in accordance with [40] is a good method of deflection
assessment. We confirmed that the deflection of ESD composites outside the elastic range
relative to the neutral axis could not be controlled, Figure 9. Despite the significantly
larger deflections measured by means of crosshead displacement as compared with the
measurement in relation to the neutral axis, the results should be considered to be a good
basis for the assessment of the elastic range, assuming that those diagrams are made
based on the relationship between linear force and deflection (the initial deflections and
settlement on supports resulting in disproportionately larger deflections are not taken
into consideration).

An attempt to standardise the symbols and description of the method of testing
various building materials under load seems to be justified. The existing recommendations
and guidelines focus on tests and symbols ascribed differently to different materials when
describing the behaviour of materials under load, Figure 3.

The testing of materials under load also needs to be standardised in terms of the
method of assessing the obtained results. The impact of a number of variables (size of the
specimen, cutting, load application speed, humidity, etc.) often makes the results from tests
obtained in various universities difficult to compare. Again, we suggest the possibility
of assessing the results based on a comparison with composite without reinforcement,
and therefore the results could be approximately compared with the results obtained at
various universities, limiting the influence of the scale of specimens and testing methods
on the obtained results, since the results would be assessed based on multiple improve-
ments/deteriorations as compared with a reference matrix. The possibilities for comparing
results are presented in Table 3 in relation to the four-point bending test, which requires
further discussion.

5. Conclusions

We have demonstrated that it is possible to improve the ability to carry stress in
Hooke’s law proportionality range in cement composites reinforced with low-module
fibres if a large quantity of dispersed reinforcement exceeds Vf = 3%. That condition cannot
be fulfilled in traditional concrete structures due to worse rheological parameters of the
mix as compared with mortar or paste composites.

The best ESD effects were demonstrated in the elastic range (and additionally in
strengthening and deflection control areas) in paste with the maximum volume of fibres
Vf = 6%.

We suggest that there is a need to assess the obtained effects fcr, fmax, fd based on a
comparison with the parameters of matrix (specimens without reinforcement), in order to
identify quasi-brittle composites as ESD, with increased ability to carry stress in the elastic
range, strengthening control area, and a considerable range of deflections in the deflection
control area.

The values of deflection measured by means of crosshead displacement were demon-
strated to be considerably higher than those measured in relation to the neutral axis.
However, it was difficult to assess the ESD effects in relation to the neutral axis and crack
mouth opening displacement.
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27. Logoń, D. The application of acoustic emission to diagnose the destruction process in FSD cement composites. In Proceedings of
the International Symposium on Brittle Matrix Composites BMC-11, Warsaw, Poland, 28–30 September 2015; Brandt, A.M., Ed.;
Institute of Fundamental Technological Research: Warsaw, Poland, 2015; pp. 299–308.
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Abstract: Existing buildings, especially historical buildings, require periodic or situational diagnostic
tests. If a building is in use, advanced non-destructive or semi-destructive methods should be
used. In the diagnosis of reinforced concrete structures, tests allowing to assess the condition of the
reinforcement and concrete cover are particularly important. The article presents non-destructive and
semi-destructive research methods that are used for such tests, as well as the results of tests performed
for selected elements of a historic water tower structure. The assessment of the corrosion risk of the
reinforcement was carried out with the use of a semi-destructive galvanostatic pulse method. The
protective properties of the concrete cover were checked by the carbonation test and the phase analysis
of the concrete. X-ray diffractometry and thermal analysis methods were used for this. In order to
determine the position of the reinforcement and to estimate the concrete cover thickness distribution,
a ferromagnetic detection system was used. The comprehensive application of several test methods
allowed mutual verification of the results and the drawing of reliable conclusions. The results
indicated a very poor state of the reinforcement, loss in the depth of cover and sulphate corrosion.

Keywords: reinforced concrete; diagnostic testing; corrosion; carbonation; galvanostatic pulse
method; phase composition analysis; X-ray analysis; thermal analysis

1. Introduction

Periodic inspections of existing buildings, as well as renovation or modernisation
works and even planned demolition works, require appropriate diagnostic tests [1–3]. In
standard periodic inspections aimed at assessing the technical condition of the facility, the
procedures for carrying out such tests are governed by relevant regulations, e.g., construc-
tion law in Poland [4]. However, in other cases, especially when it comes to examinations
after a construction failure or due to the desire to change the existing utility function of the
facility (despite the existing general recommendations), it is necessary to approach a given
case individually and prepare an original program of diagnostic tests. Particular attention
should be paid to the research of historic buildings, in which any invasive work interfering
with the structure of the elements is often prohibited [2–7]. In such situations, it is usually
necessary to use non-destructive or semi-destructive methods [1,3,8].

The significant and rapid development of technology in the field of measurement
methods has recently contributed to the use of tools in construction diagnostics that allow
destructive tests of elements and specimens as well as measurements with methods that
are non-destructive or semi-destructive in their effects on building structures [1,8–11]. Ad-
ditionally, measurements can be made with ever-greater precision. Due to the multitude of
test methods that can be used, it is important to choose the right measurement method ap-
propriate to the situation. If possible, it is worth verifying the obtained results with several
methods. This is very important in obtaining reliable results, minimising measurement
errors and reaching accurate conclusions.
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Carefully considered diagnostic tests allow verification of the data contained in historic
project documentation or obtained on the basis of an analytical model [2,3,7,12]. Based on
appropriately selected and performed diagnostic tests, it is possible to develop reliable
expertise indicating the causes of possible damage. Recommendations regarding the scope,
order and manner of repair and upgrading work can be made.

However, not only should a well-prepared program of diagnostic tests account for an
assessment of the existing condition, it should also provide a forecast for the durability of
the structure in the future. This applies in particular to load-bearing structures operated
in unfavourable environmental conditions, in which the design assumptions for ensuring
adequate durability were incorrect [1,7–16]. In the article [16], the authors pay special
attention to the chemical tests of the material taken from the structure (usually small
samples of the material obtained while performing semi-destructive tests), which allows
assessment of the chemical condition of the elements in the context of protection against
corrosion during its future operation. The authors believe that the decisive factor in the
possibility of effective and durable repair of a corroded reinforced concrete structure is its
chemical condition.

The comprehensive and systematised classification of test methods for the diagnosis
of concrete structures can be found in [17].

In the article, the authors also provided information on external and internal factors
influencing the degradation of the structure, the degree of their impact and the optimal se-
lection of research methods (destructive, non-destructive and semi-destructive). Diagnostic
tests can be divided into tests aimed at estimating the load-bearing capacity of structure
elements and strength parameters of materials (very often destructive or semi-destructive
tests) and tests aimed at assessing the durability of elements and the entire structure.
The authors took into account the usefulness of using various methods of assessing the
durability of structures depending on the degradation mechanisms and their impact on
durability. Non-destructive methods (NDT) were analysed, i.e., those that do not violate
the integrity of the structure in any way, and semi-destructive methods (SDT), i.e., those
that require material sampling or that slightly disturb the integrity of the structure. The
authors proposed the classification of physicochemical and biological diagnostic methods
to assess the durability of RC structures and presented the research equipment [17].

In the case of reinforced concrete structures, diagnostic tests primarily concern the
assessment of the state of reinforcement and the concrete cover, which directly determines
the durability of the structure [1,10,13–15,18–20].

In reinforced concrete structures, concrete (if it is tight enough, was made according
to the appropriate recipe and has the right thickness) is the basic and best protection for
the reinforcement [10,11,13,21,22]. The protective role of concrete is related to its alkaline
reaction (pH ≈ 12.5–13.5), giving the effect of passivation at the interface between concrete
and steel (formation of a micro-layer with very low ionic conductivity), which for all
practical purposes prevents corrosion of the bars. Unfortunately, because of the negative
long-term effects of physical and chemical factors of the external environment as well as to
possible mechanical damage, the protective qualities of the concrete cover deteriorate.

Most often the deterioration is the effect of carbon dioxide in the air and changes
in temperature and humidity of the environment, which leads to gradual carbonation of
concrete and directly affects the loss of the protective properties of the cover in relation to
the reinforcement [10,11,21–24].

As a result of carbonation, the pH of the concrete gradually decreases, and the areas
of neutralised concrete extend further and further into the cover, eventually reaching the
passive layer. In areas where the pH of the concrete drops below ~11.8, the surface of the
reinforcing steel is depassivated, which directly leads to the initiation of electrochemical
corrosion of the reinforcement.

On the other hand, in the case of seaside facilities located in the coastal zone (port
and tourist buildings), exposed either to the direct influence of sea salt or to the so-called
salt mist, as well as road structures (bridges, viaducts, flyovers), concrete surfaces, parking
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lots and open garages, due to the use of de-icing agents containing NaCl, the cause of
degradation is the action of chlorides [10,21,23–27]. Sulphates that degrade concrete are
also dangerous [28,29].

On the other hand, mechanical damage to the concrete cover (caused by accidents or
minor damage accompanying the use of the facility), although visible to the naked eye in
the form of cracks and defects, paradoxically often does not indicate an advanced process
of structural degradation [30].

Nevertheless, the assessment of the load-bearing capacity of structural elements is
a very important factor in the diagnostics of buildings. For this purpose, computational
and experimental models are often used [31–33]. It is especially important in the case of
unusual load, such as high temperature caused by fire [34]. In recent years, neural networks
have been used for diagnostics of structural elements of buildings [35,36].

Usually, diagnostics of reinforced concrete structure elements is carried out in several
ways. One of them concerns the measurements of the thickness and continuity of the
concrete cover and the location of the reinforcement. The second are electrochemical,
non-destructive or semi-destructive tests, which indirectly allow one to determine and
forecast the degree of concrete and steel corrosion advancement. Third is the testing
of the material, i.e., fragments of concrete cover taken from the structure, on the basis
of which the chemical composition of concrete and its microstructure are determined.
Computational and experimental models are also used to assess the load-bearing capacity
of structural elements.

The applied research methods are quite known in the diagnostics of reinforced concrete
structures. However, often the tests are performed selectively—they are limited to one
type of method, which provides limited information. The authors would like to point out
that only the knowledge and combination of several methods allows for the preparation
of an appropriate research plan and a full assessment of the condition of the structure,
especially if it concerns historic objects, in the diagnostics of which it is only possible to use
non-destructive or semi-destructive methods, as in the described example. Additionally,
the authors would like to draw attention to the measurement techniques used. While the
ferromagnetic method used in the research can be successfully replaced by other methods
(which are described in more detail in this chapter), the galvanostatic pulse method seems
to be the most precise and easy to use compared to other commonly used electrochemical
methods. X-ray analysis and phase composition analysis are also noteworthy as techniques
allowing for very precise recognition of the effects of carbonation.

2. Materials and Methods

The thickness of the concrete cover is one of the key factors determining the durability
of reinforced concrete structures susceptible to aggressive external environment, because it
determines the speed of penetration of aggressive substances that can damage the passive
layer and initiate corrosion of the reinforcement [10,11,13,15,29].

There are many test methods that allow determining the thickness of the cover and
locating the reinforcement bars, their diameter and mutual position. Currently, a number
of the methods in use are based on changes in electromagnetic waves penetrating through
the tested reinforced concrete element medium. The tests can be performed using electro-
magnetic, radiological, ultrasonic, or radar methods. The precision of the obtained results
as well as the effectiveness and efficiency of the research as a function of time depend on
the research method used.

One of the most accurate among those mentioned above is the radiological (radio-
graphic) method, which uses ionising radiation (X-rays or gamma rays) [37–40]. Because
of this, it is possible to determine the geometrical parameters of the reinforcement with an
accuracy of 5%. It is the best method in terms of accuracy that allows locating the reinforce-
ment and its parameters in complex reinforced concrete elements. However, its application
requires the use of complex equipment and protection against harmful radiation. The long
duration of the research also contributes to the low popularity of this type of research.

373



Materials 2021, 14, 306

A more widely used alternative to radiographic methods are electromagnetic meth-
ods [3,37], which use the phenomenon of electromagnetic field changes according to the
ferromagnetics (steel) system in a reinforced concrete element [1,41–43]. Modern devices
used to perform tests with this method are easy to use (intuitive). The analysis of the
scanned reinforcement image is also not complicated [44,45]. Unfortunately, this type of
research is not the most accurate and is susceptible to the influence of many factors.

The radar method can also be used to locate reinforcement in concrete. It uses the
phenomenon of the penetration and reflection of an electromagnetic wave (in the range of
100 MHz–2 GHz) through a medium (reinforced concrete element) which, depending on
the medium material type (concrete or steel), the wave penetrates into depth or is scattered
or reflected [46–50]. In the case of the currently used equipment, the method of conducting
the research itself is similar to the electromagnetic method, but the interpretation of the
results requires more knowledge. Fortunately, the development of computer software
greatly facilitates the operation and analysis of the obtained phalograms. As in the case of
the previous method, this method is also susceptible to the influence of many factors that
may disturb or prevent the analysis of the obtained results.

Impact-echo [51] and impulse response [52] methods, which rely on the analysis of the
flow time of a mechanically excited wave in the tested medium (concrete), can also be used
to assess the continuity of the reinforcement. The acoustic emission (AE) method is also
more and more widely used [53–55]. It consists of the analysis of differences in the acoustic
wave propagation speed in reinforced concrete. However, these methods do not allow for
measuring the diameter of the bars or for the precise measurement of the reinforcement
cover thickness.

In most cases, electromagnetic methods are effective and sufficient. In the tests
described in this article, the PS 200 Hilti (Schaan, Liechtenstein) scanner was used to locate
the reinforcement and determine the cover parameters. This device has been on the market
for a long time. It enables easy and quick measurement and subsequent analysis of the
obtained results. The performed measurements allow one to estimate the cover thickness
and the diameter of the reinforcement. The ability to perform surface scans and combine
them is particularly useful. As mentioned earlier, this is not an accurate method, and any
magnetic materials in the concrete, such as tie wire or other ferrous particles, as well as
reinforcement corrosion products, will distort the results. However, it is still the fastest
method of reinforcement detection and in most cases it is sufficient in the diagnosis of
reinforced concrete elements [15].

Some of the mentioned methods allow the detection of defects and discontinuities of
the material that are not visible on the surface. The method of acoustic emission allows,
among others, the recording of acoustic signals caused by defects in the microstructure
of the material during the use of the structure [55]. The advantage of this method is its
sensitivity and, as a result, its ability to determine various destructive processes that took
place in the tested element at a given time.

On the other hand, defects in the form of scratches and cracks visible on the concrete
surface can be diagnosed quite simply with the use of practical handy tools [1]. To measure
the width, depth and activity of cracks, one can use feeler gauges or templates (paper
or plastic), as well as a Brinell magnifier with a scale (Dioptra Turnov, Czech Republic)
(optical instrument with a magnification of 8 to 40 times, with a scale of 0.05 mm or 0.1
mm). Mechanical feeler gauges (drawing gauges, gauges or crack gauges) allow one to
measure the width of the crack as well as monitor displacements in one, two, or even three
directions. In complicated cases where access to the crack is difficult, the problem can
be overcome by the use of microcameras, which are an electronic version of a magnifier
with a scale. Endoscopes (rigid—boroscopes—and flexible—fiberoscopes) are often used
to inspect hard-to-reach places). Advanced optical measurement systems are increasingly
used to measure the cracks and track their development on real objects (DIC-digital image
correlation) [56].
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More and more often, a scanning electron microscope (Hitachi Group, Dusseldorf,
Germany) is also used to analyse the defects in the microstructure of concrete (SEM). SEM
tests are very accurate but require special preparation of samples taken from the structure;
thus, SEM tests are associated with slight damage to the structure. Therefore, these tests
should be classified as semi-destructive tests. On their basis, it is possible to identify the
causes of cracks [57,58].

An inventory of cracks allows one to estimate the causes of damage, locate places
of potential weakening of elements, identify possible corrosion of the reinforcement and
indicate the areas from which material for laboratory tests should be taken.

Electrochemical tests are particularly valuable because of the possibility of conducting
them in the field with simultaneous assessment of the interaction of the current steel and
concrete properties in real operating conditions. They make it possible to determine areas
exposed to corrosion on the surface of elements as well as the degree of reinforcement
corrosion advancement and to forecast its progression over time [10,11,16]. These tests are
performed using specialised devices that allow the measurement of appropriate electrical
quantities, the values of which indicate the course of the corrosion process on the reinforce-
ment [1,10,14]. Currently, the most commonly used methods are mainly the potentiometric
method, half–cell potentials (measurement of stationary potential and its gradient) [59],
the polarisation method—measurement of corrosion current density [60–63]—and the
resistance method [14] (concrete resistance—measurement of concrete cover resistivity).
Currently, in the available literature, the most frequently described research is conducted
using the half-cell potential method, although the experience of the authors and other
researchers shows that this method is less reliable than the polarisation method (e.g., gal-
vanostatic pulse method). In the paper [64], the authors presented the results of chemical
tests as well as the measurements by the use of the galvanostatic pulse technique indicating
an advanced corrosion process of the reinforcement in the elements of the bridge structure,
while the half-cell potential method did not show it. The authors of this paper repeatedly
drew similar conclusions from their research [23,29,30].

Among the above-mentioned electrochemical methods, the most reliable, and at the
same time that which allows one to conduct measurements in the field in a relatively
uncomplicated manner, are the measurements of the corrosion current density.

Polarisation methods, depending on the method of initiating the disturbance, are
three in number: the electrochemical impedance spectroscopy method (disorder results
from the action of alternating current in a wide frequency range); the linear polarisation
resistance method (disorder is generated by applying a linearly changing potential); and
the galvanostatic pulse method (the disorder is generated by a current with a certain
intensity value).

In the case of diagnostic tests, it is worth using various measurement techniques si-
multaneously to verify the obtained results. It is particularly important to combine research
with electrochemical methods with material tests and appropriate control opencasts.

The research described in the article used the GP-5000 GalvaPulse™ (Force Technol-
ogy, Brøndby, Denmark) set for measurements using the galvanostatic pulse polarisation
method. The equipment allows one not only to measure the corrosion current density
(which allows one to estimate the corrosive activity of the reinforcement and forecast its
rate), but also to measure the stationary potential of reinforcement and the resistivity of
the concrete cover. The scope of the research makes it possible (on the basis of an analysis
of the conditions conducive to corrosion) to determine the areas on the structure where
the probability of corrosion is relatively higher than elsewhere. The obtained results are
analysed in relation to certain criterion values, which in the form of tabulated data are
attached to the apparatus (Table 1). Depending on the obtained values of the stationary
reinforcement potential and the resistivity of the concrete cover, it is possible to conclude
on the value of the corrosion probability of the reinforcement in the tested area. However,
these are not always reliable measurements. On the basis of the value of the corrosive
current density, its corrosive activity can be estimated and its rate forecast over time. At the
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same time, it should be remembered that the criteria presented in GP-5000 GalvaPulse™
set cannot be used elsewhere. When performing measurements with other equipment
(due to a different type of reference electrode or a different way of polarisation of the
reinforcement), the reference criteria are different.

Table 1. Criteria for assessing the degree of reinforcement corrosion risk [65].

Criteria for Assessing the Degree of Reinforcement Corrosion Risk by Use the Galvanostatic Pulse Method

Corrosion
Current
Density

icor
[μA·cm−2]

Reinforcement corrosion activity Corrosion pace;
[mm·year−1]

<0.5 not forecasted corrosion activity <0.006

0.5–2.0 Irrelevant corrosion activity 0.006–0.023

2.0–5.0 Low corrosion activity 0.023–0.058

5.0–15.0 Moderate corrosion activity 0.058–0.174

>15.0 high corrosion activity >0.174

Reinforcement Stationary
Potential

Est
[mV]

<−350 95% of corrosion probability

−350–−200 50% of corrosion probability

>−200 5% of corrosion probability

Concrete Cover
Resistivity

Θ
[kΩ·cm]

≤10 high corrosion probability

10–20 medium corrosion probability

≥20 small corrosion probability

A reinforcement covered in concrete is protected against corrosion by the steel passiva-
tion mechanism. However, it is only effective when the rebars are well-covered by concrete.
Concrete may be affected by the environment and change its properties overtime. The
carbonation process is considered to be very unfavourable. The effect of carbon dioxide
that penetrates the concrete dissolves in the pore solution, resulting in the formation of
carbonic acid. This acid reacts with the cement paste alkaline components, which results in
the formation of carbonates and a lowering of concrete pH. When the pH drops below a
certain level (pH < 11.8), the steel depassivates and in the presence of water and oxygen
begins to corrode [21]. Carbonation, however, is a slow process. By detecting it at an early
stage, it can be countered. For this reason, test methods that allow for quick and easy
diagnosis of the carbonation process in concrete are being developed. Each of them has
its own advantages and disadvantages. The advantages and limitations of many methods
have been discussed by Qiu [22].

The most common methods for determining carbonation are colourimetric tests. They
consist in spraying a solution on the tested concrete surface. Solution in contact with the
concrete, depending on its pH, causes its colour to change according to its interaction
with the surface. The most popular indicator used for this purpose is phenolphthalein.
The study of carbonation with the use of phenolphthalein indicator is recommended by
EN 13295:2004 and RILEM CPC-18. In this study, phenolphthalein, in contact with non-
carbonated concrete with a high pH, causes its colouration to a characteristic, intense
magenta colour. As a result of carbonation, the concrete pH may drop below 9. In this
case, phenolphthalein produces no colouration of concrete. Based on this, carbonated and
uncarbonated concrete can be distinguished. The determination of the concrete surface
condition itself is unsatisfactory for diagnostic purposes. In tests, it is usually important to
check the extent of carbonation in the concrete, which requires slight structural damage
to collect a sample. This sample can then be used for other tests. However, due to the
necessity to take samples from the structure, it is not a test used for continuous control of its
condition. The limitations of this method also result from the phenolphthalein specificity,
which can evaporate from the concrete surface in the period between the application and
the measurement. As a result, the phenolphthalein concentration can change, which may
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affect the concrete colouration [22]. Time plays an important role in this type of test because
of the individual phases of the cement matrix of concrete colour at different rates [66].
Phenolphthalein changes the concrete surface colour at a pH range from 8.5 up to 9.5.
Meanwhile, depassivation of steel occurs when the pH drops to 11.5–11.8 [10,21]. For this
reason, in colourimetric tests other indicators are also used, e.g., timoloftaleine, alizarin
yellow R, alizarin yellow GG, or TFPLPt [22,67]. Thymolphthalein changes colour at a pH
of 9.3–10.5, while TFPLPt can be used for pH tests in the range 11.0–13.5. The disadvantage
of tests with phenolphthalein and thymolphthalein is the colouration of concrete to one
colour only. As a result, they perform well in determining the depth of carbonation, but it
is difficult to use them to determine its degree of advancement in particular areas. For this
reason, colourimetric tests are currently being developed that also allow the identification
of the pH distribution on the tested concrete surface. This type of test is the rainbow-
test, which allows one to perform pH tests in the 5 to 13 range [10,22,68,69]. In this test,
each change in pH by 2 is associated with a significant change in the obtained concrete
colour. Concrete that is considered non-carbonated has the violet colour characteristic for
pH = 11. Similarly, when a TFPLPt indicator is used, the different colours are obtained
depending on the pH of the concrete being tested [67]. In this case, non-carbonated concrete
turns greenish or cream-coloured. In the case of this indicator, it is possible to perform
more accurate analyses of the pH distribution on the tested surfaces using a camera with
appropriate band-pass filters.

Compared to other tests, the colourimetric test’s advantage is the speed and the ease of
obtaining information about the pH lowering, which is a factor directly responsible for steel
depassivation. More complicated but more precise tests of concrete pH concern the tests of
the pH of the pore solution [10]. For this purpose, the tested concrete must be crushed to a
particulate in the range of 0–0.2 mm, and then a model liquid must be obtained from such
material by preparing a water extract or by vacuum or pressure extraction methods. The
easiest way is to prepare a water extract by mixing ground concrete with distilled water in
a 1:1 ratio and storing it for 24 h. After this period, the solid phase is filtered off and the
pH of the liquid is measured with a pH-meter. The solution obtained in this way, however,
does not fully correspond to the liquid that occurs naturally in the pores of concrete, as
the pores are under a pressure other than atmospheric. A more accurate representation
of the pore liquid is obtained by performing a vacuum extraction. For this purpose, after
preparing a water extract of ground concrete, it is concentrated under vacuum. The best
material for research is obtained using pressure extraction. During this, the test liquid is
obtained by squeezing it from the concrete sample in a special press, applying a pressure
of 450–500 MPa. In this way, small amounts of test liquid are obtained. By testing the pore
liquid, one can measure the pH more accurately, but it is more difficult to determine the
depth of carbonation, which requires many tests on concrete samples taken from greater
and greater depth.

Computer X-ray tomography is a modern test that allows one to determine the car-
bonation front progress (XCT) [70,71]. Using this method, it is possible to test samples
that do not require significant processing, and it is not necessary (e.g., as in colourimetric
methods) to expose the tested surfaces. Carbonation measurement with this method is
based on the fact that as a result of carbonation and the formation of calcium carbonate, the
density of the concrete increases and its porosity decreases, which means that it absorbs
more radiation [21,70]. As a result of this test, it is possible to determine the depth of both
carbonated and uncarbonated concrete as well as its porosity, and to distinguish cracks in
the concrete. In the case of reinforced concrete, it can also determine the location of the
bars and determine whether they are not subject to corrosion as evidenced by a layer of
rust, with a lower density and cracks around the bars.

Another test utilising X-rays that is used in testing the durability of concrete is X-ray
diffraction (XRD). It can be used to determine the phase composition of concrete. Carbon-
ated cement paste in concrete is characterised by reduced compactness and/or evident
absence of portlandite. In this pastes in the place of portlandite various calcium carbonates
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are formed [28,66,72–75]. As a result of carbonation on the surface of the portlandite,
amorphous calcium carbonates are formed, which over time turn into vaterite, from which
aragonite can be formed. Ultimately, as a result of polymorphic transformations, calcium
carbonate is produced in the form of calcite. In this form, calcium carbonate is often present
in concrete as a component of aggregate, but it will not be present in the form of vaterite
and aragonite. Thus, the detection of one of the metastable polymorphic forms of calcium
carbonate in the course of research may indicate the ongoing process of carbonation. Such
tests can be performed on small fragments of crushed concrete or cement paste matrix
separated from it, that had been taken while performing other tests. For testing purposes
it is also worth collecting drill cuttings, taken from different depths of concrete, in order
to determine the depth to which the cement paste has been carbonated (using the Profile
Grinder kit; (Force Technology, Brøndby, Denmark). However, testing of samples in which
the cement paste is mixed with aggregate is very difficult, because the diffraction pattern is
usually dominated by the aggregate peaks and it is difficult to identify the peaks originating
from the cement matrix phases.

Fourier transformation infrared spectroscopy (FTIR) is also used to study the changes
in the phase composition of the cement paste undergoing carbonation [22,72]. It can also
be used to study the transformations of portlandite and the C–S–H phase as well as the
CaCO3 polymorphism. In addition to being able to determine the amount of the resulting
carbonation products, one can also study its depth. In order to test the carbonation depth,
the peak for C–O bonds corresponding to a wavelength of 1415 cm−1 is measured. This
peak decreases until a constant amplitude is attained after reaching the depth at which the
carbonation occurs. The results of the molecular structure studies undertaken with FTIR
testing provide more accurate information about the partially carbonated zone than the
results of the phenolphthalein indicator test.

Infrared spectroscopy studies can be combined with other types of research, thus
obtaining more accurate information about the composition of the carbonated paste. They
can be complemented with XRD analysis [72,73], but can also be combined with thermal
analysis [76]. Thermal analysis by the thermogravimetric (TG) method is a popular method
that allows one to quantify the cement paste carbonation degree. It is based on the mea-
surement of the sample weight loss during its heating. By taking samples from different
depths of concrete, it is possible to determine the exact content in them of Ca(OH)2 and
CaCO3, and thus it can be stated to what extent the former has transformed into the latter.
Using this technique, it is also possible to study CaCO3 formed as a result of carbonation
of the C–S–H phase, because crystallisation degree and thermal stability of the carbonates
formed in this way is reduced [22]. However, it is not possible to distinguish polymorphic
forms of calcium carbonate in concrete by thermal analysis. For this reason, this analysis is
often supplemented with the phase composition analysis using the XRD or FTIR method.

Microstructural studies using a scanning electron microscope (SEM) or a transmis-
sion electron microscope (TEM) are often performed as complementary studies to phase
analyses [22,28,72,74,77]. By observing the microstructure, changes can be observed on
the surfaces of portlandite crystals as a result of the carbonation process [71] in the form
of visible carbonation products (Figure 1). Thus, it is possible to estimate qualitatively to
what extent the concrete is carbonated. Because of the differences in the porosity of the
carbonated and non-carbonated paste [21,75,77], when conducting research on specimens
at low magnifications, the depth of carbonation can also be determined. In such a study,
Rimmelé et al. [78] were able to distinguish four successive zones of cement paste: non-
carbonated core inside the paste, dissolution front, carbonation front and carbonated zone.
These tests, as with those performed with the computed tomography method, allow for the
location and assessment of the condition of the reinforcement. For SEM tests in this area
(as opposed to XCT tests), samples should be specially prepared—they should be made
into a polished section or thin section.
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Figure 1. Calcium carbonates in carbonated drips on concrete described in [28]: (a) calcite, (b) vaterite, (c) aragonite.

As a result of the analysis of the phase composition using the XRD, FTIR and DTG
methods as well as the observation of the microstructure, it is possible to detect other
substances potentially dangerous for reinforced concrete. Because of the possible corrosion
of the reinforcement, attention is drawn to the presence of Friedel’s salts and other com-
pounds containing chlorides. The presence of chlorides may cause the degradation of the
cement paste, reducing its passivation properties, as well as having a significant impact on
the corrosion of the reinforcement.

In order to study the progress of concrete carbonation, other spectroscopic methods can
also be used: Raman, nuclear magnetic resonance and electrochemical impedance [22,79].
Carbonation and corrosion of the reinforcement can also be monitored using piezo-impedance
transducers [80] or by measuring the absorption of gamma radiation [81].

3. Assessment of Selected Elements of the Historic Water Tower Structure

The following part of the article contains a description of the research aimed at
assessing the condition of reinforcement and concrete cover in selected reinforced concrete
elements of a historic water tower structure. The galvanostatic pulse method was used
to assess the risk of reinforcement corrosion in concrete and forecast its rate over time in
the structure elements, as well as X-ray diffraction and thermal diffraction analysis of the
concrete cover. The ferromagnetic detection system was used to locate reinforcement in the
structure elements.

3.1. The Research Methods and Used Materials

The water tower located in Zabrze (Silesia, Poland) was designed by an architect,
August Kind, and Friedrich Loose, a building advisor. It was erected in 1909. The height
of the building with respect to the ground level is about 45 m. The building has a unique
construction (Figure 2a). It is based on an octagonal plan (the diameter of the base is 23 m)
with 9 brick pillars—8 in the corners and 1 central. The pillars support the tank located at a
height of about 28 m topped with a mansard roof. Between the pillars, in addition to one
underground storey, there are three storeys accommodating a residential and office area.
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Figure 2. The picture of a historic water tower: (a) picture of the object, (b) pop outs in the con-
crete cover.

At the end of 2018, an assessment of the tower’s structure was carried out as part of the
reconstruction, extension and modernisation strategy scheduled in the project to revitalise
it for social, educational, scientific and cultural purposes. During the inventory, numerous
concrete cavities were observed on all reinforced concrete elements of the supporting
structure in the residential and office areas (Figure 2b). For this reason, it was decided to
assess the state of reinforcement and concrete cover based on carefully selected tests.

Because of the historic character of the building, only non-destructive and semi-
destructive testing were possible. A building inventory was developed and the structural
system of the building was identified. Two elements were chosen for detailed diagnostic
tests: a ceiling slab above the second floor and a load-bearing column (Figure 3).

Figure 3. The vertical cross-section of the water tower lower part with measurement locations—the
plan sketch.

The testing was carried out in two stages. In Stage I, in situ tests were performed to
determine the rebar location and layout, rebar corrosion degree and the carbonation depth
in the concrete cover. Samples were taken for laboratory tests. Stage II included laboratory
tests of the concrete cover. The Hilti PS200 scanner was used to locate reinforcing bars in the
concrete (Figure 4a). Software added to the device helped determine the thickness of the
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concrete cover. The device operates on the principle of electromagnetic induction [10,82].
The measurements helped to assess deviations in the concrete cover thickness in the
tested areas. Thickness deviations can seriously affect the protective properties of the
concrete [15].

Figure 4. Measuring devices: (a) PS 200 Hilti scanner, (b) GP-5000 GalvaPulse™ kit.

The degree of reinforcement corrosion was evaluated via the electrochemical galvano-
static pulse method (GPM) [13,23,65]. This measurement method is an alternative to the
more commonly used half-cell potential measurements. The commonly utilised potential
mapping technique, measuring the half-cell potential on a concrete surface, sometimes
has led to misinterpretation. For this reason the GPM has been introduced as a more
advanced technique. Both electrochemical methods assume that corrosion of reinforce-
ment in concrete is an electrochemical process. A steel bar serves as an electrode and the
alkaline liquid filling in the concrete pores as an electrolyte. Local anode and cathode
microcells formed on the surface of the bar generate the flow of electric charges through
the bar, while the liquid filling the concrete pores carries the ions. Measurements are taken
along the bar on the concrete surface after connecting the device to the bar. It is therefore
necessary to expose the rebar along a few centimetres of its length. In the galvanostatic
pulse method, the short-time anodic current pulse is impressed galvanostatically, which
leads to the polarisation of the reinforcement and allows one to measure certain electrical
quantities, i.e., the reinforcement’s stationary potential (Est), corrosion current density (icor)
and concrete cover resistivity (Θ). The obtained values, after comparing them with the
criterion values (Table 1), allow assessing the reinforcement corrosion degree in concrete. In
these tests, the GP-5000 GalvaPulse™ set was used to make measurements (Figure 4b). The
main elements of the set include the control and recording device (PSION minicomputer),
silver-chloride reference electrode (Ag/AgCl) and calibration device. The advantage of
using the GalvaPulse™ set is the relatively short measurement time—usually no more than
thirty seconds at any given point.

Depth of carbonation into the concrete cover at the sites of exposed rebar was deter-
mined via the carbonation test (1% phenolphthalein solution test) [83].

Stage II included laboratory tests of the concrete cover samples extracted from the
structure. X-ray diffractometry (XRD) and thermal analysis (DTA-TG) methods were
used [84,85]. The phase composition of the samples was identified by X-ray diffraction
in an Empyrean diffractometer (PANalytical, Almelo, The Netherlands) equipped with
a Cu lamp and a X’Celerator silicon detector. The analyses were carried out in the range
from 5 to 75◦θ, and the ICDD PDF-2 database was used to interpret the diffractograms.
The thermal analysis was performed in STD Q600analyser (TAinstruments, Hüllhorst,
Germany). The measurements were carried out in a nitrogen atmosphere increasing the
temperature to 1000 ◦C at a rate of 10 ◦C/min.
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3.2. Tests Results
3.2.1. Reinforcement Location and Concrete Cover Thickness Measurement

The rebar position and layout in the elements were determined with the Ferroscan
detector. For this purpose, a 3 × 3 reference grid with a cell size of 0.15 × 0.15 m was
attached to the concrete surface in the selected site on the slab (Figure 2). This was followed
by running the scanner along the grid rows and columns (“Imagescan” mode). The location
of the rebars helped select the site for concrete cover removal for testing. The scans and
measurements carried out on the exposed rebars found that the main reinforcement of
the slab was composed of square bars of 7.5 mm side-spaced about 8–15 cm apart. The
software (PS 200 Software, release 5.4.2.1) included in the device, after entering the data
from the initial rebar diameter measurements, measured the thickness of the main rebar
coverage at twenty points. On the basis of the obtained concrete cover thickness values, the
minimum, maximum and average values as well as standard deviation and the variability
index were determined. Obtaining a large number of such scans of the structure and the
statistical analysis of the results allows to find places with the smallest cover thickness and
the greatest dispersion of values. Corrosion of the reinforcement in these places is most
likely due to the fastest destruction of the concrete cover. The results are compiled in Table
2. The graphical representation of the rebar detection results is shown in Figure 5a.

Table 2. Concrete cover thickness for the slab and column.

Average Value
c

[mm]

Maximum Value
cmax

[mm]

Minimum Value
cmin

[mm]

Standard Deviation
s

[mm]

Coefficient of Variation
V

[%]

Slab

21.3 26 18 2.5 12

Column

38 50 38 8 21

Figure 5. Image of reinforcing bars location in concrete elements, obtained with the use of Ferroscan device.

The rebar diameter measurements found that four square bars with 14 mm cross-
section were used as the main reinforcement of the column. Because of the small width of
the column, scanning was performed using the “Quickscan” method. The results of con-
crete cover thickness measurements are presented in Table 2. The graphical representation
of the rebar detection results is shown in Figure 5b.
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3.2.2. Degree of Reinforcing Bar Corrosion

Because of the visible poor condition of the concrete and the concrete cover carbonation
confirmed by in situ tests, it was necessary to assess the state of reinforcement in the
structure. The degree of reinforcement corrosion was assessed in the selected areas of the
floor slab and column (Figure 3). Four bars were accessed in the floor slab (Figure 6a).
Six points for measurements were planned to be set on the concrete surface along each
bar (at ~10 cm spacing), that is to say, a total of twenty-four measurement points were
established. Unfortunately, for an unknown reason, all rebar no. 1 measuring points
specified by coordinates (1.1)–1.6) failed to provide results useful for analysis. Ultimately,
the results from eighteen measurement points were analysed. In the column, two main
reinforcing bars were accessed at a height of about 1.0 m from the floor level (Figure 6b).
Along these bars, four points on each of them were determined at a spacing of ~10 cm,
which gave a total of eight measurement points.

Figure 6. (a) Floor slab with exposed reinforcing bars; (b) column with exposed section of the bar
under test.

The measurement results of all three parameters (Est, Θ, icor) from the GP-5000 Gal-
vaPulse™ device, measured at individual points, are summarised in Table 3 (slab) and
Table 4 (column). The values of the predicted corrosion rate [μm·year−1] and maps of the
distribution of values of all measured parameters were generated in the PsiWin program
(included in the GP-5000 GalvaPulse™ set), Figure 6a for the floor slab and Figure 6b for
the load-bearing column.

Table 3. Results from the measurements of the reinforcement stationary potential, corrosion current density and resistivity
of concrete cover in the floor slab.

Meas.
Points

Values Meas.
Points

Values Meas.
Points

Values

Est icor Θ Est icor Θ Est icor Θ

(2, 1) −376.06 3.53 4.90 (3, 1) −307.06 12.23 2.10 (4, 1) −324.14 15.71 2.00

(2, 2) −242.30 2.98 4.00 (3, 2) −327.65 8.82 4.70 (4, 2) −362.29 12.02 2.60

(2, 3) −256.27 3.65 3.10 (3, 3) −346.85 6.07 4.10 (4, 3) −384.76 6.83 5.10

(2, 4) −304.25 2.81 6.40 (3, 4) −575.50 3.66 6.40 (4, 4) −422.67 6.50 6.30

(2, 5) −421.74 4.23 2.30 (3, 5) −596.33 3.44 6.60 (4, 5) −508.80 5.84 6.80

(2, 6) −453.80 4.92 8.00 (3, 6) −533.84 13.19 5.90 (4, 6) −535.95 10.74 2.00
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Table 4. Results from the measurements of the reinforcement corrosion potential, corrosion current
density and resistivity of concrete cover in the load-bearing column, storey II.

Meas.
Points

Values Meas.
Points

Values

Est icor Θ Est icor Θ

(1, 1) −18372 0.19 27.50 (2, 1) −316.19 17.53 4.30

(1, 2) −173.89 1.55 13.30 (2, 2) −568.48 6.71 9.90

(1, 3) −169.44 2.47 14.20 (2, 3) −467.14 8.19 6.80

(1, 4) −142.76 2.59 8.80 (2, 4) −437.42 7.28 6.60

The results were analysed based on the criteria presented in Table 1, which allowed
determining the probability of rebar corrosion in the areas that were examined as well as
assessing the corrosion degree and estimating the rebar corrosion rate.

In the floor slab, the analysis of the stationary potential of the reinforcement showed
that the probability of corrosion in the selected area of the slab was very high. At ten
measurement points, it exceeded Est = −350 mV, which indicates a 95% probability of
corrosion. At the remaining eight points, a 50% probability of reinforcement corrosion
was obtained. The results of concrete cover resistivity also indicate a high probability
of reinforcement corrosion, because at all eighteen points the values were lower than
Θ = 10 kΩ·cm (Figure 7). Measurements of corrosion current density indicated the ongoing
corrosion process of the bars that were tested, although the intensity of this process varied.
Low corrosion activity (icor = 2–5 μA·cm−2) was obtained for rebar no. 2 and two points of
rebar no. 3. Moderate corrosion activity (icor = 5–15 μA·cm−2) was observed at four points
of rebar no. 3 and five points of rebar no. 4. High corrosion activity was found only at one
point of rebar no. 4, where the corrosion current density exceeded icor = 15–A·cm−2. At the
same time, the results allowed estimating the corrosion rate in the tested rebars within the
33–57 μm/year range in rebar no. 2, 40–153 μm/year in rebar no. 3, and 68–182 μm/year
in rebar no. 4, indicating a very poor condition of the floor slab reinforcement.

The same analysis was carried out for two reinforcing bars in the load-bearing column.
A low 5% probability of corrosion (the values of the rebar stationary potential did not
exceed Est = −200 mV) was obtained at all four points of the rebar no. 1. But in rebar
no. 2, the reinforcement stationary potential was much higher. At one point, rebar no. 2
indicated a 50% probability of corrosion, and at the other 3 points the corrosion probability
was 95% (Est < −350 mV). The values of concrete cover resistivity in rebar no. 1 indicated
the ambiguous probability of corrosion, from small (at one point, Θ > 20 kΩ·cm) through
medium (at two points, 10 < Θ < 20 kΩ·cm) to large (at one point, Θ < 10 kΩ·cm). In
rebar no. 2, the occurrence of corrosion probability at all points was defined as large
(Θ < 10 kΩ·cm). Measurements of corrosion current density of the column reinforcement
were consistent with the measurements of the corrosion potential and resistivity of the
concrete cover. At two points determining the corrosion activity in rebar no. 1, the
measured values did not exceed icor = 2 μA·cm−2, which indicated that the activity was
not predicted or negligible, and at the remaining two points, the values slightly exceeded
icor = 2 μA·cm−2, which should be read as low corrosion activity. The rate of corrosion
development in this rebar was estimated at 2.2–30.1 μm/year. However, at the points
determining the corrosion activity in the rebar no. 2, the values of the corrosion current
density were much higher, indicating a moderate (at three points, icor = 6.71–8.19 μA·cm−2)
and even high corrosion activity in this rebar (at one point, icor = 17.53 μA·cm−2). The rate
of corrosion development in rebar no. 2 can be estimated as 203.3 μm/year.
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Figure 7. Measurement results of galvanostatic pulse method.

3.2.3. Laboratory Testing of Concrete Cover

Field assessment of depth of carbonation into the concrete surface (carbonation test
with a phenolphthalein solution) of the removed concrete cover pieces revealed complete
carbonation of the concrete cover (no concrete colouration, indicating pH < 8.5).

Laboratory tests of the concrete samples show that as a result of the carbonation
process, the paste underwent significant changes. Three polymorphic forms of calcium
carbonate (CaCO3): calcite, aragonite and vaterite are visible in the X-ray diffraction pattern
in Figure 8a [28,86]. Analysis of the used aggregate (Figure 8b) reveals the presence of only
a trace of calcite. Despite intense indications from CaCO3, portlandite peaks are still clearly
visible in the sample. Analysis of the paste sample confirms the presence of a significant
amount of aggregate dust fractions, which is represented by the intense peaks of dolomite
and quartz appearing on the X-ray patterns. The presence of dolomite dust contributes to
noticeable loss of sample mass above 600 ◦C. This is also associated with the presence of
carbonation products. Gypsum and sylvite found in the paste indicate that the concrete
may have been exposed to sulphate and chloride attack. The aggregate tested consists of
dolomite, which is accompanied by quartz mixed with pyrite (Figure 8b).

The results of the X-ray analysis of the aggregate are supported by the results of the
thermal analysis. Analysis of the DTA curve of the aggregate (Figure 9) shows a double
endothermic effect characteristic of dolomites [87,88], whose first maximum (728 ◦C) is
associated with the thermal decomposition of dolomite, and the second (783 ◦C) with
decarbonation of the resulting calcite. At the same time, the DTA curve shows a very
low endothermic effect at 573 ◦C associated with the polymorphic transformation of low-
temperature α-quartz into high-temperature β-quartz.
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Figure 8. Phase analysis (XRD) of (a) cement paste, (b) aggregate recovered from the concrete. Notation: A—Aragonite,
C—calcite, D—Dolomite, G—Gypsums, I—Ilmenite, Q—Quartz, P—Portlandite, Pi—Pyrite, S—Sylvite, V—Vaterite.

Figure 9. Thermal analysis of aggregate.

The phase composition analysis allows for precise recognition of effects carbonation.
Based on the analysis, the possibility of the presence of calcium carbonate in concrete
as a result of its introduction with carbonate aggregate was excluded. It has also been
established that CaCO3 is found in the 110-year old concrete both in stable calcite form
as well as vaterite and aragonite. As a result of X-ray analysis, it was found that the
degradation of concrete caused by carbonation could additionally be caused by the effect
of sulphates.

4. Conclusions

Diagnostics of historic objects is usually associated with limitations resulting from the
possibility of using only non-destructive or semi-destructive methods and the possibility
of taking a small number of samples for material testing. However, the tests carried out
on selected elements of the supporting structure of the historic 110-year old water tower
indicate that they are sufficient for the initial assessment of the condition of reinforcement
and concrete cover of the structure. Based on the local visual assessment supplemented
with measurements of the concrete cover thickness, the locations of the remaining tests
were easily determined. In situ concrete pH measurements allowed one to determine
whether concrete still fulfils its protective role in relation to the reinforcement. However,
only a full and thorough analysis of laboratory tests allowed the determination of the
causes of corrosion. To obtain reliable results, tests should be carried out with several
mutually verifying methods, such as electrochemical assessment tests of the reinforcement
corrosion level, supplemented with laboratory tests of the concrete cover.

Performed research and analysis allowed the following conclusions to be drawn:
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1. Non-destructive testing of the rebar location and layout performed using the Fer-
roscan gave accurate information on the location of reinforcing bars, their diameters
and their cover thickness, all of which were positively verified after small pieces of
concrete were removed.

2. Concrete cover distress was due to sulphate attack attributed to the presence of
gypsum in the paste.

3. Non-destructive corrosion degree measurements of the reinforcing bars in the floor
slab and in the load-bearing column determined the probability of corrosion in the
examined areas, estimated corrosion activity in individual rebars, and predicted its
pace over time. The results indicate a very poor state of the reinforcement in both the
floor slab (high corrosion probability and locally high or moderate corrosion activity
in the reinforcement) and column (high probability of corrosion and high corrosion
activity in one of the two bars).

4. The carbonation test for in situ concrete showed total depassivation across the cover
depth.

5. Material tests confirmed the information on the degree of concrete carbonation in
the tested elements. Concrete carbonation was accelerated by the destruction of the
concrete structure as a result of sulphate corrosion.

The described tests still need to be supplemented with diagnostic tests to assess the
condition of the structure, mainly in terms of its load-bearing capacity. These tests should
include, among others, determining the strength parameters of concrete and steel, crack
morphology and displacement measurements. Because of the historical nature of the object,
non-destructive and semi-destructive sclerometric, acoustic, pull-off methods can be used
in the research.
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Abstract: The presented research’s main objective was to develop the solution to the global problem of
using steel waste obtained during rubber recovery during the tire recycling. A detailed comparative
analysis of mechanical and physical features of the concrete composite with the addition of recycled
steel fibres (RSF) in relation to the steel fibre concrete commonly used for industrial floors was
conducted. A study was carried out using micro-computed tomography and the scanning electron
microscope to determine the fibres’ characteristics, incl. the EDS spectrum. In order to designate
the full performance of the physical and mechanical features of the novel composite, a wide range
of tests was performed with particular emphasis on the determination of the tensile strength of
the composite. This parameter appointed by tensile strength testing for splitting, residual tensile
strength test (3-point test), and a wedge splitting test (WST), demonstrated the increase of tensile
strength (vs unmodified concrete) by 43%, 30%, and 70% relevantly to the method. The indication of
the reinforced composite’s fracture characteristics using the digital image correlation (DIC) method
allowed to illustrate the map of deformation of the samples during WST. The novel composite was
tested in reference to the circular economy concept and showed 31.3% lower energy consumption
and 30.8% lower CO2 emissions than a commonly used fibre concrete.

Keywords: fibre-reinforced concrete; recycled steel fibres; micro-computed tomography;
scanning electron microscopy; tensile strength

1. Introduction

Due to the increasing EU car production, the problem of end-of-life tyre utilisation in
an eco-friendly way is still growing. It is estimated that around 3.3 million tons of used
tyres per year in Europe require recycling. In EC countries, restrictive regulations have
been introduced to support solutions for the recovery, recycling or reuse of tyres towards
the reduction of their harmful impact on the environment. In accordance with the Landfill
Directive (1999/31/EC), the disposal of end-of-life tyres to landfills is prohibited. The di-
rective introduced a ban on the storage of all used tyres since 2003, and since 2006 this ban
included additionally crumbled tyres. Another End-of-Life Vehicle Directive (2000/53/EC)
ordered the removal of tyres from vehicles before scrapping, and the Waste Incineration
directive obliged cement plants using tyres as fuel to achieve lower limits for the content of
pollutants in waste gases.

Used tyres (end-of-life tyres ELT) are recycled in two ways: towards obtaining energy
or material. Novel solutions for raw materials or innovative products resulting from ELT
are desired. However, still, up to 64% of used tyres are subject to energy recycling, i.e.,
they are burned mostly in cement kilns [1].

Due to the growing awareness of the need for sustainable development in the con-
struction sector, new research has been conducted on the use of raw materials derived from
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tyre recycling processes. Tyre shredding in an ambient method is the most commonly used
mode of ELT recycling. Pre-cut tyres are shredded in special granulators and rolling mills.
Pneumatic separation is used to remove the textile fibres, and the steel fibres are removed
by means of an electromagnet. Tyres are 100% recyclable. All tyre components, i.e., rubber,
metals, and textiles, can be recovered. However, only rubber is widely reused in various
commercial products, as evidenced by numerous studies published in the literature [2–15].
Other derived raw materials like steel and synthetic fibres have not yet found any wide ap-
plication as a full-value raw material or a full-fledged component of other products. Tyres
contain 16–25% of steel by mass. The separated recycled steel fibres (RSF) are treated as
waste in the recovery of rubber. Their commercial value refers to the scrap price, and they
are pressed into briquettes as separated steel fibres and sold to steel mills.

The use of steel fibres is much more difficult compared to the rubber raw material due
to their heterogeneity, irregular shape, and frequent rubber contamination. In the majority
of tyre recovery plants using the ambient grinding method, steel collected from separators is
contaminated with rubber by up to 10%. Together with irregular geometric characteristics,
these are the key features that determine the suitability of recycled fibres for their further
high-quality applications. Fibres from various tyre recycling plants were considered for
further research, but only those obtained from the recycling process invented by KAHL
Holding GmbH showed the lowest degree of pollution. It was noticed that the latest KAHL
technology focused on the high effectiveness of rubber recovery, allowing obtaining steel
fibres with no greater than 2% impurity (Figure 1a).

Research on the methods of the valuable ELT steel application in the construction
sector was conducted at numerous institutes. The majority of the studies focused on fibre
concrete as one of the possible areas for the use of steel fibres from recycled tyres. According
to numerous publications [16–18], the addition of uniformly dispersed reinforcement in
the form of steel fibres improves the cooperation of fibres with the concrete matrix when
transferring loads, reduces the tendency to form micro-shrinkage pattern in concrete
and hinders the propagation of scratches when loading concrete. Steel fibres added to
the concrete matrix, considered as a discrete reinforcement of concrete, prevent damage to
the element after a crack.

Strengthening the concrete matrix with heterogeneous RSF fibres made of high-quality
steel can improve the concrete properties. However, in most cases, the researchers had
encountered a problem of high rubber contamination and developed a pretreatment method
to clean fibres before their use in concrete [19–21]. The use of almost pure RSF fibres allows
their effective use in concrete without any pretreatment processes.

The main objective of the research was to develop the method of valuable steel tyre
cord application in the construction sector. This paper demonstrates the results of studies
conducted in order to prove the feasibility of replacing industrially produced fibres (ISF)
with RSF fibres in the concrete composite commonly used for industrial floors.

2. Materials

2.1. Components of Concrete Mix

In order to determine the full characteristics of the designed composite with RSF fibres,
3 different concrete mixes were designed based on the components previously selected
within preliminary tests and recommendations for the design of industrial concrete floors.

CEM II/B-S 42.5N-NA low-alkali slag Portland cement (Gorazdze cement plant—
Heidelberg Cement Group, Gorażdże, Poland) with an average specific surface area of
4110 cm2/g was used as the most commonly used cement in Poland for industrial floors.
A PCE polymer superplasticiser (Sika, Warsaw, Poland) was used added at an amount
of 1%.

Glacial origin aggregates found in Pomerania (Dech-Pol aggregates plant, Gdynia,
Poland) were used to make all concrete mixtures. Natural washed aggregates with fractions
0/2, 2/8, and 8/16 were used. A sand point equal to 43% was assumed. For gravel,
the percentage advantage of natural aggregate fraction 2/8 (60%) over the 8/16 (40%) mm

392



Materials 2021, 14, 256

fraction was adopted, as it is a solution reducing the cost of fibre concrete and supporting
environmental protection due to the prevalence of fine aggregates occurrence in northern
Poland.

2.2. Characteristics of Recycled Steel Fibres (RSF) and Industrial Steel Fibres (ISF)

The use of almost pure fibres RSF without any pretreatment was essential in research.
RSF fibres (Figure 1a) are characterised by different shapes, lengths and diameters. There-
fore, for a more detailed analysis of the geometric characteristics of RSF, an in-depth study
was carried out using the scanning electron microscope methods including the Energy
Dispersive X-ray Spectroscopy (EDS) spectrum (Jeol Ltd., Tokyo, Japan) and the micro-
computed tomography (μCT) (Bruker, Kontich, Belgium).

 
(a) (b) 

Figure 1. (a) Recycled steel fibres (RSF) derived in KAHL technology (ambient grinding method).
(b) Industrial produced steel fibres (ISF).

The structural and chemical analysis of RSF fibres was performed using a Field
Emission Gun (FEG) scanning electron microscope (Jeol Ltd., Tokyo, Japan), the operation
of which is based on Energy Dispersive X-ray Spectroscopy (EDS) analysis. Use of a
scanning microscope (model JSM-7900F, Jeol Ltd., Tokyo, Japan) combines the highest
quality of imaging with chemical and structural analysis in the nanometer scale. EDS
analysis allowed for the surface and volume identification of chemical elements included
in the composition of tested RSF fibres.

SEM images (Figure 2) taken by use of a scanning electron microscope show that the sur-
face of RSF fibres can be contaminated with rubber to various degrees. In addition, surface
distortions are visible as a result of mechanical damages during use or the recycling process.

(a) (b) 

Figure 2. SEM image by use of a scanning electron microscope image of RSF fibres with a diameter
of: (a) 600 μm and (b) 200 μm.
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The EDS analysis showed that the chemical composition of some RSF fibres contains
percentages of copper and zinc (Figure 3). The presence of both elements in approximately
2:1 weight ratio confirms that the steel cord fibres are covered with a thin layer of brass.
Covering the fibres with a soft alloy coating is beneficial because of the further increase in
the adhesion of fibres to the cement matrix.

Figure 3. EDS spectrum for RSF recognised under X-ray analysis.

The 3D Skyscan 1173 X-ray microtomography (Bruker, Kontich, Belgium) was used
to perform a comprehensive analysis of the characteristics and distribution of fibres in
the concrete. X-ray microtomography (μCT) is a 3D imaging technique that uses X-rays to
create cross sections of a physical object to recreate a virtual model (3D model) without
destroying the sample. The following parameters were determined as part of the research:

• the percentage distribution of the fibre length,
• percentage distribution of the diameters of the fibres,
• percentage distribution of fibre slenderness,
• percentage distribution of the fibre orientation.

The research was carried out on scans of 75 mm side samples made of RSFRC concrete.
The maximum size of the test samples was narrowed down to a cube with a side of 70 mm
to eliminate boundary disturbances. As part of the analysis of the characteristics of fibres,
the following parameters were determined: relative frequency of the fibre length and
relative frequency of the fibre diameter.

The study has proved that about 77% of RSF fibres have a length in the range of 5 to 30
mm (Figure 4). When analysing the fibre length distribution, it should be emphasised that it
concerns real lengths. RSF fibres, due to their irregular shape, have a much smaller effective
length lef of anchoring the fibres. At the same time, it was found that about 90% of RSF
fibres have a diameter in the range of 0.1 to 0.4 mm (Figure 5). Another calculation of the
average percentage slenderness distribution of RSF fibres indicated that the slenderness of
the fibres is in the range 10–150, and the most (~27%) has the slenderness in the range 30–60
(Figure 6). The geometrical characteristics of the steel fibres are illustrated in Figure 1a
with a visible variable length and irregular shape of the fibres. RSF fibres are made of
steel with a tensile strength of over 2200 MPa [22], which is twice as high as the commonly
used fibres for concrete. Due to the low fibre contamination, a density of 7800 kg/m3 was
assumed for RSF. The mechanical and geometrical features of RSF are presented in Table 1.
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Figure 4. The average percentage of RSF length distribution.

Figure 5. The average percentage of RSF diameter distribution.

 

l/d  

Figure 6. Average percentage RSF slenderness (l/d) distribution.

Table 1. Mechanical and geometrical features of RSF.

Characteristics of RSF Value

RSF length (mm) (77%) 5–30

RSF diameter (mm) (90%) 0.1–0.4

RSF slenderness 10–150

RSF figure irregular

RSF tensile strength (MPa) [22] 2200

RSF density (kg/m3) 7800

For the comparative tests, industrially produced steel fibres (ISF) (Figure 1b) with a
hook anchorage, 0.5 mm in cross section, 25 mm long and specified by the manufacturer
(Baubach Metall E.S. GmbH, Effelder, Germany) as WLS-25/0.5/H were used. According
to the technical characteristics declared by the manufacturer (Table 2), the tensile strength
of the fibres is at least 1100 N/mm2. The above-mentioned fibres, in their length and cross
section, are the closest to those obtained in the ambient recycling by the KAHL processing.
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Table 2. Mechanical and geometrical features of ISF (according to the producer’s declaration).

Characteristics of ISF Value

ISF length (mm) (77%) 25

ISF diameter (mm) (90%) 0.5

ISF slenderness 50

ISF Steel type Group I EN 14889-1:2006

ISF tensile strength (MPa) 1100

2.3. Composition of Concrete Mix

Concerning the determination of the physical and mechanical characteristics of the de-
signed composite, a wide range of tests was carried out on unreinforced concrete (NC),
reinforced with ISF fibres (SFRC) and RSF fibres (RSFRC). The composition of the concrete
mix was determined in accordance with the recommendations for the design of industrial
concrete floors and based on the conclusions of preliminary tests.

The recipe of each mix (Table 3) was initially appointed analytically, based on
the method of three equations, assuming that the amount of cement in the mix is 320 kg/m3

and the factor w/c = 0.5. The additional design assumptions were as follows; S3 consistency
class of concrete mix, concrete class of min. C25/30; adoption of RSF fibres with a content
of 50 kg/m3 and a comparatively ISF fibres with a content of 25 kg/m3. The application
of double content of RSF fibres versus ISF fibres was conducted due to previous study
on geometrical characteristics of the recycled fibres, where it was demonstrated that only
about 60% of RSF fibres improve the parameters of the composite.

Table 3. Composition of concrete mixes without fibres (NC), with ISF fibres (SFRC), and with RSF
fibres (RSFRC).

Concrete Mix Composition NC SFRC RSFRC

cement CEM II/B-S 42.5N-NA (kg/m3) 320 320 320

sand 0–2 mm (kg/m3) 457 456 454

gravel 2–8 mm (kg/m3) 808 805 801

gravel 8–16 mm (kg/m3) 687 684 681

water (kg/m3) 160 160 160

ISF fibres WLS-25/0.5/H (kg/m3) - 25 -

RSF fibres (kg/m3) - - 50

superplasticiser (kg/m3) 3.2 3.2 3.2

3. Methodology

3.1. Assigning the Rheological Properties of the Concrete Mix

The study was initiated by assigning the rheological properties of the concrete mix.
The research was conducted on the determination of the consistency, the air content and
density of concrete mixes which contained fibres (ISF and RSF) or were plain. The con-
sistency of the concrete mix was tested by the Abrams cone slump method in accordance
with the EN 12350-2 standard, the air content was determined using the pressure method
based on the Boyle–Mariott law in accordance with the EN 12350-7 code and the concrete
mix density was tested in accordance with the EN 12350-6 standard.

3.2. Tests on Physical and Mechanical Features of Concrete Composites

The next stage of the research was concerned with the determination of the parameters
of concrete composites. It contained the analysis of the distribution of ISF and RSF fibres
in studied concrete mixes. The imagines of the distribution of ISF and RSF fibres in
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the samples of concrete composites were taken, and the orientation of their position in
concrete was determined in relation to the Cartesian system. The research was carried
out on 3D scans of 75 mm side samples made of RSFRC and SFRC concrete (Figure 7).
The experimental procedure followed the research on the analysis of the RSF characteristics
(Section 2.2), where 3D Skyscan 1173 X-ray microtomography was used.

 
Figure 7. Determination of the distribution of ISF and RSF fibres in the samples of concrete composites
using 3D Skyscan 1173 X-ray microtomography.

In order to designate the full characteristics of the physical and mechanical features of
the proposed new composite, a wide range of tests was performed, starting with the com-
pressive strength test. That test was carried out on 6 cubic samples with a side of 150 mm
for each of the 3 series, in accordance with the EN 12390-3 standard, using CONTROLS
testing machine (Controls S.p.A., Liscate, Italy) enabling electronic recording of the results.

Assigning other mechanical properties, particular emphasis was put on the determi-
nation of the tensile strength of the composite. This parameter was appointed by three
different methods: tensile strength testing for splitting (Brazilian method), residual ten-
sile strength test (3-point test) and testing of tensile strength by a wedge splitting (WST
method). The last two methods allowed us to determine the dependence of strength-CMOD
for the tested samples.

The Brazilian method of splitting a concrete sample during compression is the most
commonly used method of testing concrete tensile strength. According to the EN 12390-6
standard, tests were performed on cubic samples with a side of 150 mm, 6 samples for each
of the 3 series after 28 days of maturation, using CONTROLS testing machine.

In the case of composites reinforced with steel fibres, the determination of the residual
tensile strength is the key test used in the calculation of structural elements made of
fibre concrete according to the recommendations of RILEM TC 162-TDF. The addition
of steel fibres is intended to transfer stresses in the tension zone after the first crack has
appeared. Tensile strength was measured in accordance with EN 14651 code. The method
is performing a 3-point test (Figure 8) in order to determine the proportionality limit
and residual strength on beam-shaped samples with dimensions: 150 × 150 × 700 mm
(3 samples for each concrete mix: NC, SFRC and RSFRC). The samples were prismatically
incised in the middle of the span to the height of 25 mm in order to force a crack in the beam
axis. The span of beam supports was 500 mm.
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Figure 8. Test stand for determination of the residual tensile strength (3-point bending test).

The wedge splitting test (WST) is an alternative method of determining the σ-CMOD
relationship. The test was developed in 1986 by H.N. Linsbauer and E.K. Tschegga [23].
Since then, it has been widely used to determine the mechanical properties of fractures of
brittle and quasi-brittle materials. The optical method of digital image correlation (DIC)
was used to determine the map of sample deformation during stretching by splitting
with a wedge. The applied DIC system was equipped with a camera enabling obtaining
two-dimensional results. As part of this work, the WST tests were carried out on cubic
samples with a side of 71 mm made of three different concrete formulas: without fibres—
NC, concrete reinforced with ISF fibres—SFRC, and RSF—RSFRC fibres. The samples
were incised in the upper plane to a depth of 10 mm and a width of 5 mm in the centre
of the sample, where the relationship between the crack width (CMOD) and the applied
force F was then tested. The samples were loaded with a controlled movement speed
of 0.001 mm/min in a testing machine INSTRON 5569 (Instron, Electromechanical &
Industrial Products Group, Norwood, MA, USA) (Figure 9). This type of control allowed
us to obtain a constant decrease in strength in the period after reaching the maximum stress
corresponding to the applied force Fmax.

 

Figure 9. Test stand for testing tensile cracking characteristics when splitting concrete sample with a
wedge (WSP) using digital image correlation (DIC) method.

Due to the intended use of the designed composites in industrial concrete floors,
additional tests were performed on the impact of RSF fibre addition on adhesion and
abrasion of concrete. The adhesion of concrete layers was determined by the pull-off test
in accordance with EN 1542 code. The test was performed for 7 samples from each of
the 3 series of concrete. The abrasion resistance was determined using a Boehme dial,
over which a test specimen with dimensions 71 × 71 × 71 mm3 was fixed, according to
the procedure described in EN 13892-3. Abrasion was determined by the loss of height and
volume of the sample determined on the basis of the weight loss of the tested sample.
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4. Results

4.1. Analysis of Fibre Distribution in a Cement Matrix

Concrete reinforced with fibre is considered an anisotropic material. Using 3D X-ray
micro-computed tomography, images of the distribution of ISF and RSF fibres in the sam-
ples of concrete composites were taken, and the orientation of their position in concrete
was determined in relation to the Cartesian system. The results of the comparison of
the percentage distribution of the RSF and ISF fibres in relation to the Z-axis (Figure 10)
prove the advantage of the fibres arranged in a perpendicular direction to the concreting
direction of the samples. Approximately 73% RSF and 74% ISF are laid at an angle of Θ in
the range of 45◦ to 90◦. The observed phenomena, although contradicting the assumption
of anisotropy of fibre-reinforced concrete, in the case of floor applications, are advanta-
geous due to the predominance of tensile forces acting perpendicularly to the direction
of concreting.

Θ

Figure 10. The average percentage fibre distribution in samples containing RSF fibres (Series 1) and
ISF fibres (Series 2) in relation to their location, angle Θ, relative to the Z-axis.

The analysis of the fibre inclination angle Φ in the XY plane carried out for the same
samples showed an even distribution for both types of fibres. The percentage distribution
of the position angle of the fibres Φ in the XY plane for 5◦ did not show a greater share
than 4.2% for both ISF fibres and RSF fibres (Figure 11).

 
(a) (b) 

Figure 11. The percentage distribution of fibres in relation to their position in the XY plane (Φ angle):
(a) RSF fibres and (b) ISF fibres.

3D images of samples (Figure 12) show an even distribution of ISF and RSF fibres
in concrete. An illustrated lack of clusters of fibres, i.e., “balls”, is a significant finding.
It proves no additional requirements are needed for mixing the components during the pro-
duction of the proposed fibre concrete.

399



Materials 2021, 14, 256

(a) (b) 

Figure 12. 3D computer micro-tomography image of SFRC (a) and RSFRC (b); fibre distribution
(red): SFRC—0.32% and RSFRC 0.64%; and air pores (green): SFRC—2.76% and RSFRC 1.73%.

4.2. Tests on the Rheological Properties of the Concrete Mix

Studies have shown that dosing of ISF-dispersed reinforcement in the amount of
25 kg/m3 caused the Abrams Cone slump by 6 cm, and the addition of RSF fibres in
the amount of 50 kg/m3 resulted in the decrease by another 2 cm in comparison to mixtures
without fibres (Figure 13). These results correspond to a lowering of the consistency class
for both mixtures modified with steel fibres from S4 (for NC) to S3 (for SFRC and RSFRC).

Figure 13. Comparison of the consistency test results with the cone slump test for mixtures without
fibres (NC) and with steel fibres (SFRC and RSFRC).

During testing, efforts were made to avoid sedimentation of the ingredients while
maintaining relatively low air content. The air content test results (Figure 14) show the in-
crease in air content at concrete mixes modified with still fibres: up to 2.15% for the SFRC
mix and up to 1.90% for the RSFRC mix versus 1.70% for unmodified concrete mixes (NC).
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。

Ac
 

Figure 14. Comparison of the air content (Ac) for mixtures without fibres (NC) and with steel fibres
(SFRC and RSFRC).

4.3. Compressive Strength of Concrete

The results of compressive strength tests are presented in Table 4 and Figure 15.

Table 4. Compression strength results after 28 days.

Compression Strength NC SFRC RSFRC

Compression force Fc (kN] 966 1096 1179

medium compression strength fcm (MPa) 42.9 48.7 52.4

Standard deviation (fcm) (MPa) 2.27 1.29 2.48

characteristic compression strength fck (MPa) 39.9 44.7 48.4

Class of Concrete C30/37 C35/45 C35/45

f cm
f ck

fcm,cube fck
Figure 15. Comparison of medium (fcm) and characteristic (fck) compression strength of tested
concretes without fibres (NC) and with steel fibres (SFRC and RSFRC).

4.4. Tensile Strength of Concrete

The tensile strength of the composite was appointed by three different methods: tensile
strength testing for splitting (Brazilian method), residual tensile strength test (3-point test)
and testing of tensile strength by a wedge splitting (WST method). Results of these tests
are presented in Table 5.
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In the case of tensile strength at splitting, the average strength of ISF fibre modified
concrete is 31% higher, and in the case of RSF fibre modified concrete, it is 43% higher than
the average strength of reference concrete without fibres.

The 3-point bending test allowed to determine the dependence of the applied force on
the deflection (F-deflection) and the tensile stresses on the opening width of crack (σ-CMOD)
for composites without fibres and modified with ISF and RSF fibres with a crack width
up to 4 mm. To better illustrate the behaviour of samples in the early deformation phase,
Figure 16 compares plots of F-deflection relationships for non-fibre (NC) and fibre (SFRC
and RSFRC) composites obtained during residual strength testing at a deflection of 0.4 mm,
which shows differences in the behaviour of the samples before scratching.

Table 5. Comparison of tensile strength for concretes without fibres (NC) and with fibres (SFRC
and RSFRC).

- NC SFRC RSFRC

Tensile strength testing for splitting - - -

fct,sp (MPa] 2.71 3.54 3.87

Increase to NC (%] - 31 43

Standard deviation (fct,sp) (MPa] 0.28 0.25 0.24

Residual tensile strength

LOP = fL (MPa] 3.59 4.82 4.67

Increase to NC (%] - 34 30

Standard deviation (fL) (MPa] 0.18 0.07 0.38

fR1k (MPa] at CMOD1 = 0.5 mm - 2.29 2.45

fR2k (MPa] at CMOD2 = 1.5 mm - 1.15 1.66

fR3k (MPa] at CMOD3 = 2.5 mm - 0.91 1.26

fR4k (MPa] at CMOD4 = 3.5 mm - 0.72 0.96

fR3k/fR1k > 0.5 - 0.4 < 0.5 0.51 > 0.5

fR1k/fL > 0.4 - 0.47 > 0.4 0.53 > 0.4

Tensile strength by WST method

σNT (MPa] 1.79 2.63 3.04

Increase to NC (%] - 47 70

Figure 16. Comparison of diagrams of F-deflection relationships for non-fibre (NC) and fibre (SFRC
and RSFRC) concretes obtained during the residual strength test with deflection up to 0.4 mm
(3-point test).
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The σ-CMOD relationship diagram (Figure 17) illustrates the convergence of results
for samples containing ISF fibres and RSF fibres. According to the results obtained (Table 5),
RSFRC composites demonstrate a higher residual flexural strength fR1k corresponding to
a crack opening equal to CMOD1 = 0.5 (fR1k = 2.45 MPa) versus fR1k = 2.29 MPa for SFRC
composites. A similar relationship applies to the residual strength fR3k corresponding to
a crack opening equal to CMOD3 = 2.5. For RSFRC samples, the residual strength fR3k
is 1.26 MPa, and for SFRC samples the residual strength fR3k is significantly lower, it is
0.91 MPa.

Figure 17. Comparison of diagrams of σ-CMOD relationships for concrete without fibres (NC) and
with fibres (SFRC and RSFRC) obtained during the residual strength test for CMOD up to 4 mm
(3-point test).

The tensile strength test by splitting referring to the WST method showed the strength
σNT of NC concrete constituted about 60–70% of the tensile strength by splitting of concrete
reinforced with steel fibres (SRFC and RSFCR). The values of the corresponding maximum
tensile stress σNT for concrete: NC, SRFC and RSFCR are shown in Table 5. The diagrams
of the σ-CMOD relationship (Figure 18) demonstrate a very high convergence of results for
samples reinforced with diffuse ISF and RSF fibres.

Figure 18. Comparison of diagrams of σ-CMOD relationships for concrete without fibres (NC) and
with fibres (SFRC and RSFRC) at WST test.

The optical method of Digital Image Correlation (DIC) was used to determine the map
of sample deformation during stretching by wedge splitting test (WST). By analysing
the places of deformation concentration, the sample cracking zone was located. Compari-
son of deformation propagation map images in the elastic zone (for a point corresponding
to the application of ~85% force Fmax behind the vertex (85% after F) indicates much faster
crack penetration in concrete without fibres. In addition, it was observed that the crack loca-
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tion zone was more curved in the case of concrete with ISF fibres than RSF fibres (Figure 19).
The colour scale indicates the intensity of the horizontal deformation of the RSFRC sample.

   
(a) (b) (c)  

Figure 19. Images of deformation propagation map in the elastic zone obtained using Digital Image
Correlation (DIC) for samples: (a) NC, (b) SFRC and (c) RSFRC.

The above observation of the WST test confirmed the picture showing the scratches
formed in the ISF sample (Figure 20).

  
(a) (b) (c) 

Figure 20. Pictures were taken with a digital camera illustrating the scratches formed in the samples
as a result of the WSP test: (a) NC), (b) SFRC and (c) RSFRC.

4.5. Adhesion and Abrasion of Concrete Tests

The results of a pull-off peel test are demonstrated at Table 6, while the results of
Boehme’s abrasion resistance tests are shown at Table 7.

Table 6. Results of pull-off peel tests.

Adhesion Strength-Pull-Off Test NC SFRC RSFRC

fh (MPa] 2.50 2.45 2.49

Standard deviation (fh) 0.41 0.37 0.46
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Table 7. Results of Boehme’s abrasion resistance tests.

Boehme’s Abrasion Resistance NC SFRC RSFRC

ΔV (cm3/50 cm2] 8.48 7.58 7.47

Standard deviation (ΔV) 1.04 0.56 0.38

Δl (mm] 1.70 1.53 1.47

Standard deviation (Δl) 0.17 0.12 0.10

Boehme’s abrasion resistance class A9 A9 A9

4.6. Comparative Analysis of Energy Consumption and CO2 Emissions of the Production of
Concrete Reinforced with ISF and RSF Fibres

To determine the energy consumption and CO2 emission parameters for individual
components of fibre concrete, indicators published by the Central Statistical Office for
the Polish Economy [24] (Table 8) and indicators derived from scientific studies were
adopted [24].

Table 8. Determination of energy consumption and CO2 emissions for 1 m3 of fibre concrete with ISF fibres.

Concrete
Component

Energy Consumption
Factor (MJ/kg]

CO2 Emission
(kg CO2/kg]

Amount in 1 m3

(kg]

Energy
Consumption

(MJ]

CO2 Emission
(kg CO2]

cement (kg] 3 * 0.3 ** 320 960 96

water (dm3] 0.05 ** 0 ** 160 8 0

sand 0/2 (kg] 0.1 ** 0.007 ** 805 80.5 5.635

gravel 2/8 (kg] 0.1 ** 0.007 ** 684 68.1 4.788

gravel 8/16 (kg] 0.1 ** 0.007 ** 454 45.6 3.192

fibre ISF (kg] 21.0 *** 1.95 ** 25 525 48.75

SUMA
1687.5
(MJ]

158.4
(kg CO2]

(*) calculation based on indicators published by the Central Statistical Office [24] on the assumption that CEM II/B-S 42.5N-NA contains
70%; (**) indicators derived from publications [25]; (***) calculation based on indicators published by the Central Statistical Office [24]
assuming the following processes in the production of steel fibres: production of iron pig iron, steel from electric furnaces, cold rolling of
steel and wire drawing. In addition, 0.5 MJ/kg wire cutting energy was adopted.

5. Discussion

5.1. Impact of RSF Fibre Addition on the Rheological Properties of the Concrete Mix

The addition of steel fibres significantly affects all rheological properties of the fresh
concrete mix. Fibre parameters such as type, length, shape and their content in the cement
matrix impact on workability, consistency and air content. The results obtained so far
relating to concretes modified with steel fibres prove that workability and consistency
deteriorate with the increase in steel fibre content. The above phenomenon is explained by
the fact that the spatially condensed fibre system in the mixture hinders the free movement
of aggregate grains. In addition, part of the cement paste directly surrounds fibres instead
of sand grains.

Research conducted on fibre concrete in the 1970s [16] showed that the consistency of
concrete modified with RSF fibres depends on two parameters: fibre content in the concrete
mix and their slenderness l/d. The results obtained on consistency tests are consistent in
the abovementioned statement through lowering the consistency class for both mixtures
modified with steel fibres from S4 to S3.

The air content in the concrete mix is closely related to the compacting process and
the occurring phenomenon of removing air from the cement paste. In case of fibre concrete
mixes, the reduction of air bubbles during compacting is more difficult due to higher
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aeration of the mix, and the limitation of components displacement due to the fibre addition.
If the compacting process is too long, a risk appears of disturbing the spatial distribution
of the fibres and, consequently, their falling to the bottom of the mould. The test results
(Figure 14) confirmed the effect of fibres on the increase in air content: up to 2.15% for
the SFRC mix and up to 1.90% for the RSFRC mix. Increased air content in fibre reinforced
concrete was also observed when testing hardened concrete samples with an X-ray micro-
computed tomography (Figure 9), where SFRC concrete contained 2.76% and RSFRC
concrete only 1.73% of air voids. It has been shown that the effect of fibres on loosening
the mix structure and hardened concrete is greater in the case of homogeneous fibres (ISF)
than hybrid fibres (RSF).

5.2. Impact of RSF Fibre Addition on Strength Parameters of the Designed Composite

According to the literature [26], experimental tests of compressive strength show
no significant impact of dispersed reinforcement with a content of up to 1% of concrete
volume. It was observed that an addition of ISF fibres in an amount exceeding 1.5% effect
an increase in compressive strength up to 15%. Other sources [27,28] indicate an increase
of 10 to 30% in the compressive strength of fibre concrete already with the addition of
ISF fibres in the amount exceeding 0.5% of the concrete volume. Due to the loosening of
the fibre concrete structure at the presence of fibres, experimental tests may also show a
slight decrease in strength.

Test results cited in the literature on fibre concrete made from recycled tyres showed
no significant effect on compressive strength [29,30] or a slight increase in strength (by 9%
at a fibre content of 0.41% and by 17% at a volumetric content fibre 0.46%).

Own research showed an increase in compressive strength (Table 4 and Figure 15)
by 13.5% for concrete modified with ISF fibres (at 0.32% fibre volume content) and by
22% at RSF (at 0.64% fibre volume content). The high compressive strength obtained in
the test for both concretes modified with steel fibres is explained by the inclusion of fibres
in the control of static stress in the three-axis stress state occurring in compressed cubes.
When the concrete expands in a direction perpendicular to the compressive force, the fibres
can bridge emerging scratches until the steel fibres are torn out of the cement matrix,
which results in an increase in compressive strength.

When determining the strength parameters, special emphasis was placed on the tensile
strength of the new composite. Low tensile strength in elements of ordinary concrete has an
effect on the formation of scratches. In published results of world studies [26,27] it has been
shown that the addition of steel fibres increases the tensile strength of concrete by 10 to 30%
with a spatial arrangement of fibres and from 30 to 70% with directed fibre distribution.

During that study, three different tests on the tensile strength of the composite: split-
ting test (Brazilian method), residual tensile strength test (3-point test) and a wedge splitting
test (WST method) have confirmed the increase in tensile strength when modifying concrete
with RSF fibres (Table 5).

Analysis of the graphs of the F-deflection relationships at the bending test of fibre
concrete elements (Figure 16) demonstrated that the formation of the first crack does not
lead to the sudden destruction of the element made of RSFRC concrete. It is assumed that
the development of a critical crack results in tensile stresses to be absorbed by adjacent
fibres. Thus, subsequent scratches lead to further deformation of the element but not to
complete destruction.

The results of experimental studies also showed a significant impact of sample size
on concrete tensile strength when determined by various methods: bending, splitting and
direct stretching. It was found that the value of concrete tensile strength at bending is
greater than determined in the splitting test. The assumption of linear elasticity and flat
sections of concrete when determining the tensile strength at bending causes an increase in
the calculated value of tensile strength compared to the actual value.

Analysis of the results of their own research confirms the above observation. The de-
termined value of concrete tensile strength at bending fL obtained during the 3-point test
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is higher by 21% for RSFRC and by 36% for SFRC than the strength fct,sp determined in
the Brazilian splitting test. Similarly, the effect of sample size, a different method of force
application, and a calculation procedure based only on the effect of the horizontal compo-
nent when calculating the size may explain the much lower tensile strength value obtained
by splitting according to the WST method than in the case of the Brazilian method. Despite
the differences in values of the tensile strengths, an increase in tensile strength for RSFRC
concrete from 30% (tensile strength determined in the bending test) to 70% (tensile strength
determined in the splitting test during the WST test) relative to NC concrete was observed
for all measuring methods (Figure 21).

Additional analysis of the σ-CMOD charts obtained during the 3-point test and
the WST test (Figure 22) indicates a great convergence of the nature of the behaviour
of the samples with the RSF and ISF fibres in the elastic zone, which indicates the possibil-
ity of replacing ISF fibres with recycled RSF fibres without reducing the strength parameters
fibre concrete.

Figure 21. Comparison of tensile strength of tested concretes without fibres (NC) and with steel
fibres (SFRC and RSFRC) appointed by Brazilian method, 3-point test and WST.

Figure 22. Comparison of σ-CMOD diagrams determined in the bending tests (3-point test) versus
wedge splitting test (WST).

5.3. Impact of RSF Fibre Addition on Adhesion and Abrasion of Concrete

In the case of steel fibre-modified composites, in the case of a pull-off peel test, the dis-
persion of results is quite large due to the small peel surface and the heterogeneous
distribution of the fibres in its area. No apparent effect of steel fibres on the adhesion in
concrete was observed. The average surface tensile strength for a composite without NC
fibres and for a composite modified with ISF fibres is 2.50 MPa and 2.45 MPa, respectively.
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The highest peel strength (2.49 MPa) was observed for the composite modified with RSF
fibres. The test results confirm that the designed RSFRC concrete meets the requirement
for industrial floors, where it is recommended that the value of the surface tensile strength
tested by the pull-off test be above 1.5 MPa (Table 6).

The results of tests on concrete abrasion resistance showed a significant influence
of steel fibres on composite abrasion resistance. The test carried out on the Boehme disk
showed a volume loss for the SFRC samples smaller by 11%, and for the RSFRC samples
smaller by 15% compared to those obtained for NC concrete (Table 7).

5.4. Environmental Impact of the Production of Concrete Reinforced with ISF and RSF Fibres

Comparing the energy consumption and CO2 emission for the concrete recipe with
RSF fibres (Table 9) to ISF fibres (Table 8) shows 31.3% lower energy consumption and
30.8% lower CO2 emission than for concrete with ISF fibres. It is clearly demonstrated that
industrially produced steel fibres, due to complicated and energy-intensive production
processes, are the second component (after cement) significantly affecting the natural
environment. Replacing industrially produced steel fibres with waste fibres obtained in
the recovery of rubber from used tyres may impact on the reduction of energy consumption
and greenhouse gas emissions. Considering the extension of reused components in tyre
recycling process, the proposed solution fully responds to the Circular Economy concept.

Table 9. Determination of energy consumption and CO2 emissions for 1 m3 of fibre concrete with RSF fibres.

Concrete
Component

Energy Consumption
Factor (MJ/kg]

CO2 Emission
(kg CO2/kg]

Amount in 1 m3

(kg]

Energy
Consumption

(MJ]

CO2 Emission
(kg CO2]

cement (kg] 3 * 0.3 ** 320 960 96

water (dm3] 0.05 ** 0 ** 160 8 0

sand 0/2 (kg] 0.1 ** 0.007 ** 801 80.1 5.607

gravel 2/8 (kg] 0.1 ** 0.007 ** 681 68.1 4.767

gravel 8/16 (kg] 0.1 ** 0.007 ** 454 45.4 3.178

fibre RSF (kg] 0 **** 0 **** 50 0 0

SUMA
1161.6
(MJ]

109.55
(kg CO2]

(*)–(**) according to Table 8. (****) zero energy consumption and zero CO2 emission value were assumed for RSF fibres constituting waste
during rubber recovery.

6. Conclusions

In this study, the possibility of replacing industrial fibres in concrete with RSF fibres
treated as waste from tyre recycling processes was demonstrated. To estimate the efficiency
of RSF fibre concrete, a wide range of strength tests was performed, emphasising the
determination of the tensile strength of the composite. The research and analysis showed
that RSF fibres have parameters comparable to those of industrial steel fibres used to
reinforce concrete industrial floors.

The following conclusions can be drawn from the research described in this paper.

• The geometric examination of the fibres confirmed that the fibres from the recycling of
tyres used for the tests are characterised by varying lengths, diameter, slenderness and
shape. Such a mixture can be classified as hybrid fibres, which show higher efficiency
in concrete than fibres of the equal length. However, considering the geometrical
characteristics of the fibres, is was shown that only about 60% of the RSF fibres in
concrete improve the parameters of the composite. This indicates the application of
double content of RSF fibres (50 kg/m3) versus ISF fibres (25 kg/m3) in proposed
concrete mix.
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• The research showed that steel fibres’ addition significantly affects all rheological and
mechanical properties of the concrete: its workability (lower), consistency (reduction
by one class), air content in the mix, and strength parameters. The addition of steel
fibres can enhance concrete performance, especially the compressive strength (by 13.5%
for composite modified with ISF fibres and by 22% for concrete modified with RSF
fibres). Tensile strength tests carried out by three methods: Brazilian splitting, bending
(3-point test), and WST splitting confirmed the increase in tensile strength when
modifying concrete with RSF fibres, respectively, by 43%, 30% and 70% in comparison
to the average strength of reference concrete without fibres. Moreover, RSF fibres
significantly improved the abrasion resistance of the composite (by 42%).

• The calculation of environmental parameters of concrete with RSF fibres showed
significantly lower energy consumption (by 31.3%) and lower CO2 emission (by 30.8%)
than concrete with ISF fibres due to the energy-consuming production processes of
industrial fibres.

The main limitation for the substitution of ISF fibres with fibres derived from the recy-
cling of tyres in concrete was recognised in improper distribution of irregular RSF fibres
and the threat of fibre clusters, i.e., “balls”. However, the 3D images of samples had
demonstrated the lack of clusters of RSF fibres and therefore proved that no additional
requirements are needed for mixing the components during the production of proposed
fibre concrete.

The above-mentioned conclusions prove the possibility of replacing industrial fibres
with RSF fibres without reducing fibre concrete’s strength parameters. In addition, due to
the growing public awareness of the need to protect the environment and the climate con-
sequences associated with excessive greenhouse gas emissions, all solutions to reduce CO2
emissions and waste recycling have great potential for rapid commercialisation. Therefore,
further investigations are recommended to explore the possibility of utilising RSF as an
eco-friendly material to mitigate the challenges of the sustainable construction industry.
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Abstract: The shear and particle crushing characteristics of the failure plane (or shear surface) in
catastrophic mass movements are examined with a ring shear apparatus, which is generally employed
owing to its suitability for large deformations. Based on results of previous experiments on waste
materials from abandoned mine deposits, we employed a simple numerical model based on ring
shear testing using the particle flow code (PFC2D). We examined drainage, normal stress, and
shear velocity dependent shear characteristics of landslide materials. For shear velocities of 0.1 and
100 mm/s and normal stress (NS) of 25 kPa, the numerical results are in good agreement with those
obtained from experimental results. The difference between the experimental and numerical results
of the residual shear stress was approximately 0.4 kPa for NS equal to 25 kPa and 0.9 kPa for NS equal
to 100 kPa for both drained and undrained condition. In addition, we examined particle crushing
effect during shearing using the frictional work concept in PFC. We calculated the work done by
friction at both peak and residual shear stresses, and then used the results as crushing criteria in
the numerical analysis. The frictional work at peak and the residual shear stresses was ranged from
303 kPa·s to 2579 kPa·s for given drainage and normal stress conditions. These results showed that
clump particles were partially crushed at peak shear stress, and further particle crushing with respect
to the production of finer in shearing was recorded at residual shear stress at the shearing plane.

Keywords: residual shear stress; particle crushing; ring shear test; particle flow code (PFC2D);
frictional work

1. Introduction

Erosion and rainfall-induced mass movements could result in significant life loss
and property damage in urban areas. After slope failure initiation, spreading mass move-
ments are strongly related to the frictional characteristics of the movement stages. In
particular, evaluation of residual shear stress is crucial when a significant propagation
of mass movements is expected after the onset of slope failure. For the safety of ecosys-
tems, rapid downward moving masses involving soil, rock, water or their combinations
have been intensively studied [1–5]. Evaluating failure and post-failure processes of rapid
landslides requires in-depth knowledge of various scientific disciplines, such as geomor-
phology, geomechanics, hydraulics, and rheology, to predict, prevent, and stabilize the
mass movements. Moreover, shear stress is an important mechanical parameters necessary
to understand the landslide mobilization. Various shear tests have been conducted to
investigate shearing characteristics of geomaterials [6–18]. The shear strength of granular
materials is still challenging to determine using both experimental and numerical methods.

Bagherzadeh-Khalkhali and Mirghasemi [6] have investigated the direct shear strength
of coarse-grained soils using experimental and numerical analysis under different normal
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stresses. They found that the characteristics of coarse-grained soil varied from strain-
hardening to softening at the shearing duration as the normal stress increased, and the
internal friction angle decreased with stress level increase. Cabalar et al. [7] have performed
triaxial and cyclic tests to assess the strength of different sands, considering the effects of the
particle shapes. They found that crush stone sands extracted from the northern region of
Cyprus show a significantly higher strength than sands obtained from Gaziantep because of
their different shapes of sand particles. They have also claimed that the degrees of sphericity
and roundness of the particles increase the strength of sand and can reduce its volumetric
strain. The above-mentioned experimental tests exhibit limitations in evaluating the overall
shear characteristics of diverse mass movements. The most extensively used shear tests
are the direct shear, triaxial shear, and ring shear tests; each of these has advantages and
limitations. In contrast to other shear tests, the ring shear test can measure shear stress for
large displacement [18]. In addition, it is performed with advanced equipment capable
of controlling the consolidation, drainage, and shearing speed under static and dynamic
conditions. Numerical analysis is often used as a way to overcome the limitations of
laboratory experiments.

Lobo-Guerrero and Vallejo [19] proposed a discrete element method to simulate the
evolution of sugar particle crushing subjected to ring shear testing; they used the Particle
Flow Code in two dimensions (PFC2D). The periodic movement of particles in the ring
shear apparatus was simulated with two parallel periodic boundaries and two saw-toothed
standard boundaries; these were made with several edges to model the shearing surface.
They found that the residual coefficient of the sugar materials was maintained constant in
spite of the particles being crushed. However, erroneous stress computations can occur
when combining periodic space boundaries and standard boundaries because the periodic
space is not compatible with the standard boundary in PFC [20]. Moreover, the roughened
shearing surface with multiples edges negatively affects the particle response and the
stress calculation, especially for particles distributed in the corners. In addition, neither
the periodic space nor the standard boundary method take into account the interactions
between machine components and particles.

A more accurate and efficient evaluation of the ring shear characteristics of highly
mobile landslide materials using the PFC2D is needed. To simulate the ring shear test,
we used a general boundary, which is crucial and useful for simulating the interactions
between granular materials and machine components. We modeled the particle crushing
using the clump method and the frictional work technique from PFC2D. The numerical
results validated the results obtained from the ring shear experiments. The shear stress
was calculated considering four different shearing velocities (0.01, 0.1, 1, and 100 mm/s),
drainage condition, and normal stresses varying from 20 to 150 kPa. The discrete element
method in PFC2D requires contact models involving micromechanical properties of the
granular materials. Material mechanical properties obtained experimentally are taken as
macromechanical properties and are computed using the micromechanical properties by
trial-and-error in PFC2D [20]. The obtained microproperties can be utilized to design the
shear behaviors of the waste materials in landslide hazards using PFC.

2. Materials and Methods

2.1. Materials

The waste materials were sourced from Busan Metropolitan city, Korea. They are
taken from Imgi mine deposits, where the landslide occurs due to intense rainfall [21–23].
The landslide materials are mainly contained sub-graded and angular grains composed of
pyrite, kaolinite, sericite, pyrophyllite, and quartz. The sample used for laboratory shear
ring testing was composed of 35% gravel, 63% sand, and 2% other fine materials (i.e., fine
particles that are more than 50% of soil passes 0.075 mm sieve). Thus, the soil sample can be
considered as coarse-grained sediments. Porosity, the ratio of volume of voids to the total
volume of the soil, is approximately 40%. These waste materials are categorized as gravelly
sandy soils. Their mean diameter, effective grain size, and the uniformity coefficient are
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1.5 mm, 0.3 mm, and 5 mm, respectively. The materials used are very similar to typical
landslide materials encountered in Korea. Table 1 summarizes the geotechnical properties
of the materials used. This work focuses more on the numerical analysis; more details
about sample preparation and material properties can be found in [21].

Table 1. Physical properties of waste materials.

Specific
Gravity

Water Content
(%)

Total Unit Weight
(t/m3)

Dry Unit Weight
(t/m3)

Liquid Limit
(%)

Porosity
(%)

USCS

2.63 6.9 1.7 1.59 24.5 39.5 SM

2.2. Experimental Program

The ring shear test is suitable for investigating the shear characteristics of landslides
because it offers several advantages and permits the measurement of shear at large dis-
placement; it can also be used to investigate the mechanical characteristics of sliding
surfaces due to large shear displacements [14]. We performed laboratory ring shear testing
with a ring shear apparatus designed at the Korea Institute of Geoscience and Mineral
Resources (KIGAM). This machine can quantitatively simulate the consolidation, drainage,
and shear velocity in static and dynamic loading conditions. The outer and inner diameters
and the height of the shear box of the KIGAM ring shear apparatus were 250, 110, and
75 mm, respectively. The shear box consists of an upper and a lower boxes, as shown in
Figure 1. During the ring shear test, the upper box is fixed and the lower one rotates. The
shear surface is clearly visible after testing (Figure 1b). Landslides may occur in a diverse
shape and size. Normal stress can be considered based on the soil thickness where the
shear surface observes. Shear velocity is important in determining the shear strength with
respect to the landslide movement rate. There are numerous types of landslides, which
are ranged from very slow to very rapid speed. Drainage is one of important conditions
in the landslide initiation, because it is directly related to the generation of pore water
pressure in shear surface (or landslide movement). Drained condition can be applied for
no pore water pressure condition; thus, it can be used to reproduce very slow landslides,
such as a creep motion of clay-rich landslides (e.g., a few centimeter per year). In the
experimental program, the valve located in the ring shear box is open; thus, the water
can freely move during shearing. No pore water pressure occurs. However, undrained
condition is specifically used for a relatively rapid landslide occurrence (e.g., higher than
1.8 m/hr). The same boundary conditions are used in the numerical analysis, as detailed in
the next section. We experimentally measured the normal stresses, vertical displacement
from a linear variable differential transformer, pore pressure, and torques. The parameters
considered in the experimental tests are: normal stress, drainage condition, and shear
velocity, as presented in Table 2. Details on the laboratory experiments are found in [21].

Table 2. Experimental parameters.

Test Condition Velocity (mm/s) Normal Stress (kPa)

Drained 0.01
0.1
1

100

20

40

60

Undrained

80

100

150
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Figure 1. Schematical illustration of the ring shear box and shear surface after testing: (a) configuration of ring shear box
and (b) observation of shear surface after testing.

3. Numerical Model

3.1. Discrete Element Method Description in PFC2D and the Clump Method

The particle flow code (PFC2D) developed by Cundall is a discrete-element-method
(DEM)-based software designed to simulate the movement and interaction of stressed
granular assemblies. Cundall and his colleagues [24–26] are among the frontier researchers
to apply the discrete element method to the movement of granular assemblies. The
granular assembly consists of different particles that displace independent of one another,
and the interaction between particles occurs only at contact points or interfaces. The
PFC assumptions are as follows: the particles are considered rigid bodies; a soft-contact
approach characterizes the particles at contact points, where they are permitted to overlap;
the contact between particles can be defined by bonds; the shape of particles is either
circular or spherical, with unit thickness; the overlap magnitude is related to the force of
contact by the force–displacement law [20]; the overlap is small compared to the particle
size. It denotes the relative contact displacement in the normal direction. The overlap
equation is given by:

Un =

{
R[A] + R[B] − d (particle − particle contact)

R[b] − d (patricle − boundary contact)
(1)

where R[A] and R[B] are the radii of particles in contact. R[b] and d are the radius of a particle
in contact with a wall (boundary) and the distance between particles centers, respectively.

In addition, the calculation process involves applying alternatively a force–displacement
formulation at contact points and the Newton’s second law to the rigid bodies. Thus, the
motion of each rigid body due to contact and forces applied on it is determined by New-
ton’s second law; further, the update of contact forces computed from the relative motion
at each contact is governed by the force–displacement law. This law is applied for both
particle–particle and particle–wall (i.e., model boundary) contacts. The computational
scheme is a time stepping algorithm that consists of applying repeatedly the law of motion
to each particle, a force-displacement law to each contact, and a constant updating of wall
positions as shown in Figure 2. A detailed description of the DEM in PFC can be found
in [27].
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Figure 2. Discrete Element Method (DEM) computational scheme in PFC2D.

In the past decades, the particles generated for any granular assembly were simply
circular or spherical; however, with the modern DEM, one can create a general particle
shape using two or more circular or spherical particles [28–30]. The process of creating a
particle of any shape is termed the clump or clustering method [27]. The particle created
in the granular assembly may be a two-, three-, or four-particle clump, depending on the
number of the particles forming it. For example, to simulate a granular assembly containing
triangular or square particles or grains of a more natural shape, one only needs to combine
few predefined simple particles to create the intended particle shape. The creation of
triangular or square-shaped particles is illustrated in Figure 3a,b. The contact model is
defined only between clump particles. The contact stiffness model, slip and separation
model, and bonding model are the three different contact models provided by the PFC. The
bonding models are classified into two types: contact bond models can simply produce a
force and parallel bond models that can produce both a force and a moment. Herein, we
employed the parallel bond as a cementation material between clump particles because it
provides efficiently rotational movement of the particles in the granular system.

 

Figure 3. Illustration of clump formation: (a) Triangular particle made from nine overlapping circular
particles and (b) Square particle made from 15 overlapping circular particles.

3.2. Simulation Procedure

As it is extremely difficult to measure micromechanical properties of soil and rock
materials in laboratory experimentation, in which only the macromechanical properties of
materials can be measured, the micromechanical properties of synthetic materials in PFC2D

can be used to obtain the macromechanical properties of granular materials by the trial-
and-error method [20]. Although the DEM simulation cannot take into account as many
particles as used in an experimental sample, it does guarantee a good approximation [20].
PFC2D version 4.0 supports up to 100,000 particles for one granular assembly. In this study,
to reduce the computational time, 6830 particles were used to simulate the ring shear test.
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We performed ring shear simulation to investigate the normal stress and shear velocity
effects on the shear stress. The clump method, as demonstrated in the particle flow code
PFC2D, was used to generate the granular systems (Figure 4). The clump particles were
created with five circular particles (Figure 4a) and random size distribution in the assembly.
The particle cementation material that bonded the clump particles was set to parallel bond
(Figure 4b,c). Since there is no fluid connection at the contact between touching particles in
PFC2D, both drained and undrained conditions were simulated using the parallel bond
between clump-particles and the calibration process may be used to obtain the macro-
properties [20]. The micromechanical properties of the Lac du Bonnet material [20] were
used to simulate the waste materials. Table 3 presents the materials properties of the clump
particle assembly system. Different normal stresses were installed in the assembly using
the initial stress installation procedure. After normal stress installation, a ring-shaped
boundary was created using a general wall mechanism (Figure 4d). The top section of the
ring shear box was assumed to simulate the 3D ring shear experiment. The ring shear box
was rotated by applying to the outer boundary rotational velocities (i.e., 0.01, 0.1, 1, and
100 mm/s).

 

Figure 4. Clump particles and assembly: (a) clump particle, (b) parallel bond idealization between particles, (c) parallel
bond connection between clump particles and (d) clump particles in ring shear box.

Table 3. Synthetic material properties.

Clump Particle Cementing Material (Parallel Bond)

Bulk density 1700 kg/m3

Rmax/Rmin
1 = 5.0

Modulus of elasticity = 6.1 MPa
Normal to shear stiffness ratio = 2.5

Friction coefficient = 0.5

Bond-radius = 1
Modulus of elasticity = 6.1 MPa

Normal to shear stiffness ratio = 2.5
Normal strength = Shear strength = mean ± std.dev = 162 ± 37 MPa

1 Rmax = clump particle maximum radius, Rmin = clump particle minimum radius, and std.dev = standard deviation.

Our results showed that the shear stress increases when the normal stress and shear
velocity increase. The shear angular velocity creates a centrifugal force on the particles.
The materials are tested under normal stress of 20, 40, 60, 80, 100, and 150 kPa. The
material was generated in the ring-shaped vessel in order to produce an isotropic and
well-connected granular assembly at a specified normal stress. To perform an accurate ring
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shear simulation, the clump particle assembly was created using with the material genesis
procedure [20].

4. Results and Discussions

We employed a series of numerical models to investigate the effects of the normal
stress and shear velocity on the shear stress. The microproperties designed in PFC enable
the simulation of the macromechanical properties obtained from laboratory experiments
using a trial-and-error procedure. The three main macroproperties considered in this
study are the modulus of elasticity, peak stress, and residual stress. After the materials
were generated according to the material genesis procedure, using the micromechanical
properties listed in Table 3, we repeatedly conducted numerical ring shear tests. Then, the
resulting numerical values were directly compared to the experimental results by matching
macromechanical properties. To reproduce the relevant behaviors of the waste materials,
we determined the appropriate microproperties by a calibration process in which the
response of the synthetic material is compared directly with the measured response of the
waste materials. The results obtained experimentally were compared to those obtained
by numerical simulations. Based on the research findings, the followings are highlighted:
(a) shearing time, (b) shear velocity, (c) normal stress, and (d) crushing phenomenon
during shearing.

4.1. Shear Stress and Shearing Time

We compared the experimental and numerical results for shear stress characteristics
during a period of 300 s in the ring shear system for given drainage and normal stress
conditions. To examine the effect of drainage and normal stress on the shear stress, we
plotted shear stress vs. shearing time curves at a shear velocity of 0.1 mm/s; the normal
stress was constant during each test (Figure 5). There is a clear peak value in shear stress–
time relationships regardless of drainage condition. For a normal stress of 25 kPa, the
experimental and numerical evaluations revealed a slope difference of 0.81 and 0.28 kPa/s
in drained and undrained conditions, respectively; while for a normal stress of 100 kPa, the
slope difference between the experimental and numerical curves was 0.56 and 0.39 kPa/s in
drained and undrained condition, respectively. In addition, under the undrained condition,
numerical and experimental results showed the similar peak stress values of 10.1 and
13.7 kPa at normal stress of 25 and 100 kPa, respectively; a peak stress difference of 0.3 kPa
was obtained under the drained condition for both 25 and 100 kPa normal stresses. These
results show that the experimental and numerical results for both drained and undrained
condition are in good agreement.

A sudden drop of the shear stress appeared for both the experimental and numerical
curves after the peak shear stress was found. Regardless of the normal stress level and
drainage conditions, the materials evaluated here presented a strain-softening behavior
(Figure 5). For a normal stress of 25 kPa, the calculated and experimental times at which
the peak stress was reached differed by 1.1 s for the undrained condition, and 8.5 s for
the drained condition. For a normal stress of 100 kPa, the calculated and measured time
needed to reach the peak stress differed by 5.7 s for the undrained condition, and 0.9 s for
the drained condition. These differences might be due to the difference in the time step
scheme used for the calculation of the shear stress in PFC2D [20].

Furthermore, Figure 5 illustrates the residual shear stress induced by the resistance
of the clump particles after the drop in peak shear stress. This resistance is due to inter-
particle friction and inter-locking effect between clump particles. Thus, numerical analysis
is an efficient way to explain particle rearrangement with respect to the reduction in shear
strength. Stabilization is reached for 150–300 s for both drained and undrained conditions
with various normal stresses. The shape of the clump particles is also crucial to create some
resistance after the drop in peak stress. We assumed that the residual shear stress was the
shear stress measured during the stabilization period that followed the sudden drop in
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peak shear stress. In the granular assembly, a progressive clump particle crushing occurred
after the drop in peak shear stress.

 
Figure 5. Shear stress-time curve in the ring shear system: (a,b) normal stress of 25 kPa and (c,d) normal stress of 100 kPa.
(a,c) drained and (b,d) undrained condition at the same shear velocity of 0.1 mm/s.

For a normal stress of 25 kPa, the difference in residual shear stress between the exper-
imental and numerical analyses was 0.4 kPa for both the drained and undrained conditions
(Figure 5a,b). For a normal stress of 100 kPa, the residual shear stress obtained experimen-
tally and numerically differed by 0.7 kPa and 0.9 kPa for drained and undrained conditions,
respectively (Figure 5c,d). As a result, the larger the normal stress, the larger the difference.
These results show that the residual shear stress values we obtained experimentally and
numerically were in good agreement.

4.2. Shear Stress and Shear Velocity

The effect of shear velocity on the shear stress is far more specific than those of drainage
and normal stresses. We examined the shear characteristics of the waste materials as a
function of shear velocity with respect to the peak and residual shear stress values. Figure 6
shows the influence of shear velocity on the peak and residual shear stress under different
drainage and normal stresses. In general, the shear stress increased with an increase of
shear velocity for all given conditions (Table 4). For a normal stress of 25 kPa under the
drained condition, for shear velocities of 0.01, 0.1, 1, and 100 mm/s, the difference in peak
shear stress between the experimental and numerical analyses was 0.1, 0.3, 0.1, and 0.7 kPa,
respectively; the residual shear stresses differed by 1, 0.4, 0.5, and 1.7 kPa, respectively. For
a normal stress of 100 kPa under the drained condition, at shear velocity of 0.01 mm/s,
the experimental value of the peak shear stress was in a similar range compared with
that obtained from numerical analysis; at shear velocities of 0.1, 1, and 100 mm/s, the
difference in peak shear stress between the experimental and numerical evaluations was
0.3, 0.2, and 0.3 kPa, respectively. It seems that shear stress is not strongly affected by low
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shear speed (i.e., 0.01 mm/s) in ring shear apparatus used. Moreover, the residual shear
stresses differed by 0.4, 0.7, 1, and 2.3 kPa at shear velocities of 0.01, 0.1, 1, and 100 mm/s,
respectively (Figure 6a,b).

 
Figure 6. Peak and residual shear stress as a function of shear velocity: (a,b) drained and (c,d) undrained conditions.

Table 4. Comparison of peak and residual shear stresses as a function of normal stress.

NS25–τp NS25–τr NS100–τp NS100–τr

Drained τ = 12.8·V0.14 τ = 10.3·V0.14 τ = 29.5·V0.17 τ = 17.3·V0.21

Undrained τ = 19.1·V0.18 τ = 12.1·V0.21 τ = 23.3·V0.17 τ = 16.2·V0.19

Note: NS = normal stress, τp = peak shear stress, τr = residual shear stress, and V = shear velocity
(mm/s).

For a normal stress of 25 kPa under the undrained condition, at a shear velocity of
0.1 mm/s, the numerical peak shear stress was similar to that obtained experimentally;
at the shear velocities of 0.01, 1, and 100 mm/s, the difference in peak shear stress values
obtained experimentally and numerically was 0.2, 0.1, and 1.8 kPa, respectively; the residual
shear stresses differed by 1.5, 0.4, 0.6, and 2.2 kPa, respectively. For a normal stress of
100 kPa under the undrained conditions, at shear velocities of 0.01, 0.1, and 1 mm/s, similar
peak shear stresses were obtained by both numerical and experimental evaluations; at a
shear velocity of 100 mm/s, the difference in peak shear stress between experiment and
numerical analysis was 0.1 kPa. The residual shear stresses differed by 1.23, 0.9, 1.9 and
3 kPa at shear velocities of 0.01, 0.1, 1, and 100 mm/s, respectively (Figure 6c,d). These
results show that the shear stress increases with a shear velocity increase. Similar results
were obtained by Fukuoka et al. [31].
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4.3. Shear Stress and Normal Stress

Figure 7 presents the influence of normal stress on shear stress under the drained
and undrained conditions, obtained by both numerical and experimental analysis. The
shearing velocity (0.1 mm/s) was employed to examine the influence of the normal stress
on the shear stress. For a normal stress of 20, 40, 60, 80, 100, and 150 kPa under the
drained condition, the values obtained for the difference in peak shear stress between the
experimental and numerical analysis were 0.2, 0.1, 0.1, 0.1, 0.3, and 0.2 kPa, respectively. At
normal stress of 80 kPa, the experimental residual shear stress was similar to that obtained
by numerical analysis; for normal stress of 20, 40, 60, 100, and 150 kPa, the residual shear
stresses differed by 0.8, 0.1, 0.1, 0.7, and 0.1 kPa, respectively.

 

Figure 7. Shear stress vs. normal stress: (a) drained and (b) undrained condition.

Under the undrained condition of the soil, the difference in peak shear stress between
the experimental and numerical analysis was 0.1, 0.1, 0.1, 0.4, 0.2, and 0.9 kPa for normal
stresses of 20, 40, 60, 80, 100, and 150 kPa, respectively. For the normal stress of 20, 40, 60,
80, and 150 kPa, the difference between the experimental and numerical residual shear
stress was 0.1, 0.6, 0.1, 0.7, and 0.1 kPa, respectively. These results show that the shear
stress increases as the normal stress increases. Similar results were found by several other
researchers [31]. These experimental and numerical results are in good agreement. In
particular, the residual shear stresses obtained from experimental and numerical analysis
are very similar one another; however, the peak shear stress under the drained condition
is gradually increasing with normal stress and has almost three times higher than the
counterpart. It may be due to the fact that there is more strong interaction between particles
under the drained condition and results in high shear resistance. Under the undrained
condition, water may pay an important role in the crushing and breakage process of
granular material. It seems that the lubrication effect of fine particles may occur under
the undrained condition. As previously mentioned, after the sudden and abrupt drop
of the peak shear stress, the post-failure of the shear characteristics was examined using
the residual shear stress. This phase is mainly characterized by the particle crushing
mechanism, which is discussed in the next section.

4.4. Particle Crushing Characteristics

Obtaining information about the micromechanics of particle crushing in laboratory
experiments is very difficult. However, this obstacle can be overcome by simulating the
particle crushing using the discrete element method. The various shapes of particles may
be created with two or more single particles using the clump logic; the generated particles
are considered as rigid bodies. In the discrete element method, crushing of the granular
material is defined as breakage of one or more particles off the clump particle. Thus, one or
more criteria are required for implementing the particle crushing. The clump particle can
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be partially or completely broken when the crushing criteria are satisfied. For this purpose,
a user-defined function using FISH language in PFC2D was implemented.

Crushing mechanisms occur from two different mechanisms: abrasion and over-
stressing. Abrasion occurs through friction, when a particle rubs on another particle
and is progressively abraded or broken. Overstressing occurs when a crack is generated
in the clump particle, which is broken into two or more smaller particles as the crack
enlarges [19,32,33]; this crack is created by excessive application of forces including com-
pressive, tensile, and diametrical forces. In this work, we used the abrasion mechanism to
simulate the crushing of clump particles.

Previous studies have simulated crushing of particles in a system based on a single
particle crushing experimental data. In many situations, particles crushing in a granular
system may often occur simultaneously. In this study, particle crushing was modeled
using the energy dissipated by frictional sliding at contact points between particles. This
energy is termed frictional work [20]. As previously mentioned, the residual shear stress
was maintained constant owing to the frictional resistance between clump particles. The
crushing of particles occurs when the required quantity of frictional work is produced
between particles; this frictional work quantity was used to evaluate the particle crushing
process in our granular assembly. Figure 8 presents the frictional work and development
of shear zone in ring shear tests. For the laboratory experiment, the frictional energy was
assumed to be the area under the shear stress-time relationship curves after reaching the
peak shear stress (Figure 8a). A progressive development of shear zone is related to the
reduction in shear stress in landslides. It can be illustrated in ring shear box (Figure 8b).
Compared to the initial state of shearing, the shear zone is getting larger and larger during
shearing. Shearing may create the finer particles in shear zone and result in the reduction in
shear strength (i.e., strain softening behavior) during shearing. According to the previous
research findings, large particles can be concentrated in the center of ring shear box, small
particles can be accumulated mostly at the lower part of ring shear box due to the vertical
movement occurred in shearing [2,15,31]. In addition, for fine-grained sediments, the shear
surface is very thin (e.g., less than 1 mm thick), but for coarse-grained sediments, the shear
surface is larger with shearing time [2,31,34].

 
Figure 8. Frictional energy and shear zone in ring shear test: (a) shear stress-strain relationship to determine the peak and
residual shear stress and (b) shear zone in ring shear box.

For the DEM simulation, the crushing of clump particles was allowed until the re-
quired frictional energy was reached in the granular assembly system, depending on the
shearing velocity. The frictional work, Wf , is computed as [27]:

Wf = ∑
Nc

[
(Fs

i )(ΔDs
i )

slip
]

(2)
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where Nc, Fs
i and

(
ΔDs

i
)slip. are the number of contacts, average shear force, and increment

of the slip displacement, respectively, at the contact for the current time step. The increment
of the slip displacement produced over a time step Δt is given by:

ΔDs
i = Vs

i Δt (3)

where Vs
i is the relative shear motion at contact, and is calculated as:

Vs =

(
.
x[∅

2]
i − .

x[∅
1]

i

)
ti − ω

[∅2]
3

∣∣∣x[C]k − x[∅
2]

k

∣∣∣− ω
[∅1]
3

∣∣∣x[C]k − x[∅
1]

k

∣∣∣ (4)

where
.
x[∅

j ]
i and ω

[∅j ]
3 are the translational and rotational velocity of the entity ∅

j, respec-
tively. These are expressed as:

{
∅

1, ∅2
}
=

{ {A, B} (particle − particle contact)
{b, w} (particle − boundary contact)

(5)

and ti = {−n2, n1} (n1 and n2 are the unit normal vectors).
Frictional energy is an important mechanical property of granular materials. In this

study, the frictional work–shearing time relationship is examined. Figure 9 presents the
variation in frictional work computed from the measured shear stress and time response
at a constant velocity (i.e., 0.1 mm/s) for different drainage and normal stress conditions;
D-NS25 and UD-NS25 denote the drained and undrained condition for normal stress of
25 kPa, respectively. The frictional work increases linearly with time. The frictional work
obtained at peak shear stress was 303, 190, 220, and 155 kPa·s for D-NS100, UD-NS100,
D-NS25, and UD-NS25, respectively. The frictional work at residual shear stress was 2579,
2418, 2280, and 1387 kPa·s for D-NS100, UD-NS100, D-NS25, and UD-NS25, respectively.
Interestingly, it can be seen that the frictional energy is much more sensitive under the
normal stress conditions than under the drainage conditions. Compared to the others,
there is a large difference in the frictional energy at the end of testing (i.e., 300 s) for the
normal stress of 25 kPa under the undrained condition. The total shearing time (i.e., 300 s)
can be one of the limitations in this study. Nevertheless, it is considered to be sufficient
to understand the shear and crushing characteristics of landslide materials with respect
to the initiation of slope failure. The condition of normal stress of 25 kPa indicates a
relatively shallow soil thickness. It has approximately 1 meter thick in the field. Water
moves freely through soil matrix in the drained conditions; however, in the undrained
condition, water captured in or surrounding shear zone due to water infiltration during
or after heavy rainfall event may result in a sudden reduction in shear strength and cause
high mobilization of landslide materials.

The clump particle crushing was permitted after the granular assembly systems
reached the corresponding frictional work at peak and residual shear stresses. Figure 10
shows a progressive occurrence of clump particle crushing at peak and residual shear stress.
The blue arrows in Figure 10 indicate where progressive crushing mechanism occurred in
the ring boundary; the clump particle crushing occurs mainly on the shearing surface at the
outer ring boundary. The results showed that the clump particles were partially crushed
at peak shear stress, i.e., one particle has been separated from the original clump particle
(Figure 10a). The shearing area with the peak value is approximately 5%–7% of the total
(see Figure 5). More particle crushing occurred in the residual shear stress state (Figure 10b)
due to substantial friction work, i.e., a progressive crushing continued occurring. For a
given shear displacement (or time), the number of particles is approximately 10–16 at peak
shear stress (Figure 10a), but it is approximately 15–19 at residual shear stress (Figure 10b)
when we select a specific part and look closely in the upper and lower parts of ring shear
box. The crushing or abrasion of the clump particle made of several particles at peak
shear stress progressively abraded as the frictional work increased; the crushing occurred
mainly in the vicinity of the shearing boundary because of not only the shear stress, but
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also to compressive stress and the diametrical and centrifugal forces created in the shear
ring granular assembly system. The compressive stress is mainly due to the applied
normal stress, whereas the diametrical and centrifugal forces are produced between clump
particles by the translational and rotational velocities in the granular assembly system.
Other researchers have also found that the particle crushing occurred principally on the
shearing surface [35].

 

Figure 9. Frictional energy and shearing time dependent on drainage and normal stress condition.

 

Figure 10. Clump particle crushing at: (a) peak shear stress and (b) residual shear stress. Arrows indicate a progressive
occurrence of clump particle crushing.
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5. Conclusions

In this study, a simple ring shear numerical model was developed to investigate the
shear and particle crushing characteristics of granular materials. The peak and residual
shear stresses are strongly affected by variations of the normal stress, shear velocity, and
drainage conditions. As expected, the shear stress increases with an increase in normal
stress and shear velocity, regardless of the drainage conditions. In general, there is a
very good agreement between experimental and numerical results. For both drained and
undrained conditions, the shear stress reaches a peak value rapidly and then undergoes
a sharp drop followed by a period of variations before stabilizing (i.e., a typical strain-
softening behavior). This may be related to the occurrence of clump particle rearrangement
and crushing during shearing. Further, the differences in peak and residual shear stresses
are much larger under the drained condition rather than under the undrained condition.
In other words, it can be expected that under low normal stress and undrained condition
the soil can be mobilized much more easily than in the opposite case.

The particle crushing phenomenon in ring shear test is analyzed using DEM because
it affects directly the shear stress. Using the frictional work concept in PFC2D, a new FISH
language was implemented in PFC to simulate the clump particle crushing at both peak
and residual shear stresses. As the friction work increases monotonically, the frictional
work at residual shear stress is greater than that obtained at the peak shear stress. Therefore,
the clump particles were partially crushed at peak shear stress, i.e., one particle has been
separated from the original clump particle made of five particles; further, more crushing
occurred (and was visualized) during the residual shear stress state owing to substantial
frictional work. This explains the progressive crushing mechanism in the simulation of
the ring shear test using DEM. The crushing (or abrasion) of the clump particle made of
four particles at peak shear stress progressed as the frictional work increased. The clump
particle crushing mainly occurred in the vicinity of the outer ring boundary due to limited
shearing. In future studies, the shear and crushing characteristics over a long period of
shearing time should be investigated through three-dimensional analysis.
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Abstract: Polymer pipes are used in the construction of underground gas, water, and sewage net-
works. During exploitation, various external forces work on the pipeline, which cause its deformation.
In the paper, numerical analysis and experimental investigations of polyethylene pipe deformation at
different external load values (500, 1000, 1500, and 2000 N) were performed. The authors measured
strains of the lower and upper surface of the pipe during its loading moment using resistance strain
gauges, which were located on the pipe at equal intervals. The results obtained from computer simu-
lation and experimental studies were comparable. An innovative element of the research presented
in the article is recognition of the impact of the proposed values of the load of polyethylene pipe on
the change in its deformation.

Keywords: polyethylene pipe; mechanical properties of polyethylene; resistance strain; computer sim-
ulation

1. Introduction

Polyethylene plastics are used in various branches of global industry, mainly in extru-
sion and injection technology in the form of pipes, foils, and various types of packaging.
The chemical, physical, mechanical and aesthetic properties of polymer materials depend
on the conditions of use: temperature, load time, type of deformation, atmospheric con-
ditions, UV radiation, design solutions, soil parameters in which the pipeline works, and
external forces, e.g., car traffic [1–10].

Polymer pipes are used in the construction of underground gas, water and sewage
networks. This is due to their low weight compared to, e.g., steel pipes, which makes their
transport and assembly much easier. Furthermore, polymer pipes are characterized by
chemical inertness and very good mechanical properties [11–13].

Polymer pipe is a flexible material; therefore, it can be deformed at different external
loads. The pipeline exploited in the soil react to the loads by deformation of its surfaces
and by change in its cross-section. The value of the pipe deformation depends on the value
of vertical force acting on the pipe and on the type and degree of soil compaction in which
the pipeline is used [14–16]. The pipeline should be properly backfilled in the soil, and it
must be on an even, uniform surface, free of large and sharp stones. During exploitation,
the pipe is subjected to various loads (for example, the weight of the ground, buildings,
road and rail traffic, embankments, and other objects).

At high loads, failure can occur due to the pipe wall breakage. A particularly dan-
gerous case, from the point of view of the mechanical strength of the pipe, is pipeline
installation at construction sites. At this stage, there is no working pressure in the pipe,
which can cause it to stiffen. Furthermore, excavators, earth-filled lorries, move on such
sites. High loading of pipelines can be caused by excessive soil layers directly above the
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pipe. This may lead to significant pipe deformation and, consequently, to pipeline damage
even before its exploitation [17–19].

For this reason, it is essential to conduct experimental studies to prevent pipeline
failure in real-life conditions. In regard to polyethylene material use, its thermal parameters
are also very important [20–23].

In the paper, numerical analysis and experimental investigations of polyethylene pipe
deformation at various external load values were performed. The studies were carried out
on a specially designed test stand. The lateral strains on the lower and upper surface of the
pipe were measured at the following pipe loadings: 500, 1000, 1500, and 2000 N.

2. Materials and Methods

In this paper, numerical analysis and experimental investigations of pipe deformation
under the influence of various external load values were performed.

2.1. Numerical Analysis of the Influence of External Load on the Deformation of Polyethylene Pipe

Computer simulation was carried out for a high-density polyethylene pipe (HD-PE)
loaded by evenly distributed soil and an external force on the central part of the pipe surface.
The numerical analysis was performed by using the ADINA System 9.3.4 (ADINA R &
D, Inc., 71 Elton Avenue, Watertown, MA 02472, USA) program. The spatial model of the
system includes a soil block with approximate dimensions of 400 mm × 3100 mm × 400 mm
in which the analyzed pipe is located. Computer simulation was carried out for the pipe
with the following approximate dimensions: outer diameter of 40 mm, wall thickness of
3.7 mm, and length of 2300 mm. The pipe was placed in soil at a depth of 315 mm. In the
central part of the model’s upper surface, an evenly distributed load was placed over
an area of 320,000 mm2. Four load cases, 500, 1000, 1500, and 2000 N, were considered.
The following boundary conditions were adopted in the tests:

- Restraining of the system’s lower surface;
- Restraining of the system’s side surfaces;
- No restraint of the pipe.

A diagram of the pipe–soil model is shown in Figure 1.

Figure 1. Diagram of the numerical model of the pipe–soil system. (Units in mm)

The dimensioned pipe model with the marked section plane is shown in Figure 2.
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Figure 2. Model of the analyzed pipe. (Units in mm).

The tested model of the pipe–soil system consists of 237,766 finite elements (75,599
for the pipe; 162,167 for the soil) and 377,615 nodes. The soil was modeled with the use of
the elastic–ideally plastic Coulomb–Mohr model, which is one of the most frequently used
models in soil numerical descriptions [24–27]. The elastoplastic models describe the state
of deformation and soil load in the zones subject to the limit state. In the Coulomb–Mohr
model, the limit state is the same as the plastic surface. In the stress space, the yield surface
for the Coulomb–Mohr model is defined by the following relationship [24]:

1
2
(σ1 − σ3) +

1
2
(σ1 + σ3)sin Θ − c cos Θ = 0 (1)

where:

σ1, σ2, σ3—main stresses, MPa; θ—internal friction angle of soil, o; c—cohesion, MPa.

In the spaces σ1, σ2, and σ3, the plastic area is limited by the side surfaces of the
pyramid with the base of the hexagon (Figure 3), whose side lengths and angles between
them change with the value of the internal friction angle.

Figure 3. Plasticity area in the Coulomb–Mohr model.

The following geotechnical parameters were used in the computer simulation [28]:

- Compressibility modulus p = 20 MPa;
- Poisson’s ratio v = 0.32;
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- Volumetric weight w = 0.000018 N/mm3;
- Cohesion c = 0.017 MPa;
- Internal friction angle θ = 17◦.

The pipe was built on the basis of the elastic–isotropic material model. This model re-
quires the definition of data such as Young’s modulus and Poisson’s ratio. In the discussed
case, the following material parameters were adopted [29]:

- Young’s modulus E = 1000 MPa;
- Poisson’s ratio v = 0.46.

The tensile strength of the pipe material carried out according to the standard PN-
EN ISO 527-2: 2012 [30] was determined (Figure 4). The samples were tested using an
electromechanical tensile testing machine type ZWICK100 (ZwickRoell, August- Nagel-
Straße 11, 89079 Ulm, Germany), with a measuring range of 0–100 kN.

Figure 4. Diagram of the relationship between tensile strength and elongation of a high-density
polyethylene pipe (HD-PE).

2.2. Experimental Research of the Influence of External Load on the Deformation of
Polyethylene Pipe

The experimental research was carried out on a test stand made of oriented strand
board (the approximate dimensions of the box were 3100 mm × 400 mm). A plastic
peephole was installed in the central part of the test stand’s side wall. The stand was
used to perform an experiment of simulating the actual conditions that prevail during
pipe deformation caused by the load. The test pipe was placed in the box on a sand bed.
The same type of sand was used for backfilling of the pipe. The loads of 500, 1000, 1500,
1500, and 2000 N were applied to the upper surface of the backfill in the central part of the
box. The value of deformation was recorded at the moment of pipe load. A scheme of the
box is shown in Figure 5.

Experimental investigations were carried out using a high-density polyethylene (HD-
PE) pipe (pipe dimensions: length of 2300 mm, external diameter of 40 mm, and pipe wall
thickness of 3.7 mm).

On the lower and upper surface of the pipe, the strain gauges were placed at equal
intervals of 120 mm with numbers from 1 to 20 (the sensor marked as 10 was located in the
central part of the pipe). In this research, electrical and hose strain gauges by Microtechna
(manufacturer of the strain gauges) were used, which were glued to the pipe walls. The
sensors were used to record changes in the lateral strains of the pipe at different external
loads. The strain gauges were made of one piece of wire which was glued to the paper or
foil in a hose manner.
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Figure 5. Schematic of the test stand. (Units in mm).

In the resistance strain gauges used in the experiment, the strains were measured based
on the relationship between electrical resistance and the length of the wire—Equation (2):

R = δ
Ld
A

(2)

where:

R—the electrical resistance of the wire, Ω;
δ—specific resistance of the wire, Ω;
Ld—wire length, mm;
A—wire cross-sectional area, mm.

The relative increment of strain gauge resistance is described in Equation (3):

ΔR
R1

=
Δδ

δ
+

ΔLd
Ld

− ΔA
A

(3)

where:
Δδ
δ —relative increment of specific resistance;

ΔLd
Ld

—relative strain of the wire;
ΔA
A —relative change in the cross-section of the wire.

In order to determine ΔA/A, a square with ABCD sides was determined on the cross-
section of the wire. At the load applied, the lengths of the square sides with values of
(1 + εx) and (1 + εy) were deformed. The square cross-sectional area was initially equal to
Ak = 1, and after deformation, it was as described in Equation (4):

A′
k = (1 + εx) − (1 + εy) (4)

where:

εx—strain of the cross-section in the x-direction;
εy—strain of the cross-section in the y-direction.

The relative change in the wire cross-section is described in Equation (5):

ΔA
A

=
A′

k − Ak
Ak

=
(1 + εx)

(
1 + εy

)− 1
1

= εx + εy + εxεy (5)
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Excluding the product εxεy as an infinitesimally small quantity, and taking into
account the fact that during stretching, the strain gauge wire is in a unidirectional state of
stress, that is, εx = εy = −νε, the relative change in the wire cross-section can be obtained
using Equation (6):

ΔA
A

= −2νε (6)

The relative increase in strain gauge resistance can be written as Equation (7):

ΔR
R

=

⎛
⎝
(

Δδ
δ

)
ε

+ 1 + 2ν

⎞
⎠ε (7)

The relative strain is described in Equation (8):

ε =
1(

1 + 2ν+ Δδ/δ
ε

) ΔR
R

(8)

The value of the denominator in Equation (8) is the constant k, called the strain gauge
constant, according to Equation (9) [31]:

k = 1 + 2ν+
Δδ/δ
ε

(9)

The relative strain can be written as Equation (10):

ε =
1
k

(
ΔR
R

)
(10)

where:

k—strain gauge constant: 2.15;
ΔR—relative increase in electrical resistance;
R—the wire’s electrical resistance.

The value of the constant k in in Equation (9) depends on the sensor wire material,
and it ranges between 1.6 and 3.6. For strain gauges used in this experiment, the constant k
was 2.15 (value of k is provided by the manufacturer of the strain gauges).

3. Results and Discussion

Below are the results of the numerical simulation and experimental tests of polyethy-
lene pipe loading.

3.1. Numerical Analysis of the Influence of External Load on the Deformation of Polyethylene Pipe

The results of the numerical analysis, illustrating the distribution of longitudinal
strains of the tested pipe for different values of external load, are presented in Figure 6.
In order to accurately illustrate the distribution of deformations, two sections were made
on the models: transverse in the central part of the pipe and longitudinal along the pipe’s
entire length.
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Figure 6. The pipe longitudinal deformations εx at the following loads: (a) 500 N, (b) 1000 N, (c) 1500 N, (d) 2000 N.

The nature of the longitudinal deformations of the pipe is the same for each load case.
Considering the top surface of the pipe, the following deformations were noted: negative
in the middle part and positive at the ends of the pipe model. On the pipe’s lower surface,
the following deformations were noted: positive in the middle part and negative at the
ends of the pipe model.

Figure 7 shows the values of the largest determined deformations of the tested pipes,
depending on the external load.
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Figure 7. The maximum values of longitudinal deformations εx: (a) on the top surface of the pipes,
(b) on the bottom surface of the pipes.

Figure 7 shows that an increase in deformations is directly proportional to the external
load increasing. For example, at the load of 500 N, the following values of maximum
deformation occur: −1.8 × 10−4 on the upper surface, and 1.7 × 10−4 on the pipe’s lower
part. At the load of 2000 N, this value is approximately 3.3 times greater.

Figure 8 presents the results obtained from the numerical analysis, illustrating the
distribution of the longitudinal strains of the pipe at the considered values of the external
load. The model also includes the cross-section in the central part of the pipe and the
longitudinal section along its entire length.

The distribution of transverse deformations of the tested pipe is of the same nature in
each analyzed load case. On the lower and upper surface of the pipe, in its middle part,
the deformation values are negative, while at the pipe ends, the values are positive.

Figure 9 shows the values of the maximum deformations of the tested pipe, depending
on the external load.
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Figure 8. The pipe transverse deformations εy at the following loads: (a) 500 N, (b) 1000 N, (c) 1500 N, (d) 2000 N.
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Figure 9. The maximum values of transverse deformations εy: (a) on the upper surface of the pipes,
(b) on the lower surface of the pipes.

The highest values of negative deformations in each load variant occur in the central
part of the pipe. Along with the increase in the value of the soil load, the lateral deformation
increased. It can be concluded that, as in the case of longitudinal deformations, the smallest
values of pipes transverse deformations occur at the load of 500 N. On the upper surface of
the pipe, the value is equal to −7.3 × 10−5, while in the lower part, it is equal to −7.5 × 10−5.
In the case of loading of 2000 N, an increase in the deformation value of −2.8 × 10−4 at the
top was observed, while an increase in the deformation value of −3 × 10−4 at the bottom
of the pipe in relation to the load of 500 N was noted. The values of longitudinal and
transverse deformations are small, falling within the yield point of polyethylene [32,33].
Therefore, in the operating conditions of the pipelines, such soil loading would not cause
the pipe to break or disturb the transport of the medium.

3.2. Comparative Analysis of Numerical Simulation and Experimental Research of the Influence of
the External Load on Polyethylene Pipe Deformation

Figure 10 present the results of experimental tests of the pipe longitudinal strain
measurements, using electric resistance strain gauges as shown. The horizontal axis of the
charts shows the numbers of successive strain gauges attached to the pipe’s surface, while
the ordinate axis shows the values of the recorded strains. For comparison, the graphs also
show the longitudinal deformations of the pipe obtained during the numerical analysis.
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Figure 10. Longitudinal deformations of the pipe εx at different external loads: (a) top of the pipe, (b) bottom of the pipe.

The results of experimental tests of longitudinal deformation of the pipe at the consid-
ered loads confirmed the results obtained during the numerical analysis, and they have
the same trend. The highest negative deformation appeared to occur on the pipe’s upper
surface, while the maximum positive deformation was recorded in its lower part.

Figure 11 shows the results of the measurement of the transverse deformations of the
pipe obtained during the experimental tests. As in the case of the pipe longitudinal defor-
mation analysis, the numbers of successive strain gauges are marked on the abscissa axis
of the graphs, while the values of the registered deformations of the pipe are located on the
ordinate axis. The diagrams also show the results obtained during the numerical analysis.
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Figure 11. Transverse deformations of the pipe εy at different external loads: (a) top of the pipe, (b) bottom of the pipe.

As in the case of longitudinal deformations of the pipe, the results of the experimental
tests also agree with the results obtained from the computer simulation. The nature of
deformations is the same in each analyzed case. On the lower and upper surface of the
pipe, the greatest negative values of deformation always occur in the center of the pipe.
In turn, deformations with a positive sign are located at the pipe ends. In each load variant,
the positive deformations are slightly greater on the pipe’s upper surface.

Table 1 summarizes the differences in the deformation values of εx and εy observed in
the results obtained from the simulation and the experiment for the central part of the pipe
(where the pipe’s highest deformation values occur).

Table 1. Comparison of the differences in the values of longitudinal deformations εx and transverse
deformations εy observed in the results of computer simulation and experimental tests.

500 N 1000 N 1500 N 2000 N

εx

top of the pipe 2.11 × 10−5 7.43 × 10−5 7.26 × 10−5 4.34 × 10−5

down the pipe 3.43 × 10−5 4.23 × 10−5 1.78 × 10−5 4.31 × 10−5

εy

top of the pipe 1.13 × 10−5 1.06 × 10−5 1.43 × 10−5 2.56 × 10−5

down the pipe 2.35 × 10−5 1.28 × 10−5 2.98 × 10−5 1.66 × 10−5

The largest recorded difference in deformation εx between the results obtained from
the computer simulation and the results of experimental tests concerns the upper surface
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of the pipe for a load of 1000 N. The maximum value of deformation obtained from the
experiment is 7.43 × 10−5 smaller than the value obtained from the simulation. The greatest
difference in the value of the maximum deformation εy was recorded for the lower surface
of the pipe at the load of 1500 N. The difference in values between the experimental test
and the numerical analysis is 2.98 × 10−5.

The slight differences in the obtained results confirm the high accuracy of the computer
simulation and the experimental research.

4. Conclusions

It is necessary to conduct research on changes in pipe properties as a result of degrada-
tion processes. The results of such studies may contribute to the prediction of failure-free
operation of pipelines, as well as earlier planning of their repairs or replacements, which
is reflected in the reduction of downtime in the supply or receipt of utilities, both from
households and production companies.

Conducting experimental tests and numerical simulations allowed for a comparative
analysis between them and recognition of the impact of the proposed values of polyethy-
lene pipes’ load on the change in their deformation. The high consistency of the results
of computer simulations with the results of experimental tests obtained in the work in-
dicates the appropriate application of the models in the problem under consideration
(soil modeling—elastic–ideally plastic Coulomb–Mohr model; pipe modeling—elastic–
isotropic model).

The authors plan to conduct further research on the change in the mechanical proper-
ties of polyethylene pipes after aging, corresponding to operation of a few years (2, 5 and
10 years).
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Abstract: In recent years, the application of fiber-reinforced plastics (FRPs) as structural members
has been promoted. Metallic bolts and rivets are often used for the connection of FRP structures, but
there are some problems caused by corrosion and stress concentration at the bearing position. Fiber-
reinforced thermoplastics (FRTPs) have attracted attention in composite material fields because they
can be remolded by heating and manufactured with excellent speed compared with thermosetting
plastics. In this paper, we propose and evaluate the connection method using rivets produced of
FRTPs for FRP members. It was confirmed through material tests that an FRTP rivet provides stable
tensile, shear, and bending strength. Then, it was clarified that non-clearance connection could be
achieved by the proposed connection method, so initial sliding was not observed, and connection
strength linearly increased as the number of FRTP rivets increased through the double-lapped tensile
shear tests. Furthermore, the joint strength of the beam using FRTP rivets could be calculated with
high accuracy using the method for bolt joints in steel structures through a four-point beam bending
test.

Keywords: GFRP; FRTP; rivet; connection

1. Introduction

Fiber-reinforced plastics (FRPs) are used for repairing and reinforcing structures be-
cause they have a high strength-to-weight ratio and corrosion resistance. In recent years,
the application of FRPs as structural members, e.g., in pedestrian bridges, buildings, and
large roofs, has been promoted [1]. Bai and Keller [2] introduced an FRP pedestrian bridge
built in 2005 and investigated its dynamic response behavior. They suggested that the
connection method affects structural dynamic behavior. Votsis et al. [3] investigated the
structural behavior of a novel type of FRP bridge—the Aberfeldy footbridges—and they
evaluated their dynamic properties by experiment and the finite element method to clarify
the long-term performance of FRP bridges. Evernden and Mottram [4] introduced FRP
buildings and their manufacturing process to develop FRP buildings in the United King-
dom. Yang et al. [5] proposed new space frame structures with a grass fiber-reinforced
plastic (GFRP) connection method, and the method of structural design and modeling for
finite element analysis was clarified. Matsumoto and Yonemaru [6] investigated mechanical
performance of a CFRP roof truss member under long-term loading conditions, and it was
confirmed that properties were not varied even if specimens were exposed outside. In order
to use FRPs as structural members, it is necessary to study the connection method. Several
methods have been proposed for connecting FRP members, such as mechanical joints,
adhesively bonded joints, and composites of these. Coelho and Mottram [7] summarized
the bolted connection and its strength, and they suggested that the connection of pultruded
FRP should be established by considering the material characteristics, such as orthotropic
material properties and the estimation of several failure modes. Ueda et al. [8] proposed
a new connection method using a carbon fiber-reinforced thermoplastics (CFRTP) rod to
joint CFRP plates like a rivet. They clarified the shear strength of CFRTP rod with 5.2 mm
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diameter as 2.5–3.6 kN, and demonstrated that the specific joint strength can be effectively
increased. Ascione et al. [9] proposed adhesively bonded GFRP beam-column connections
with an improved connection by angle member and stiffener, and experimentally inves-
tigated the connection strength. They concluded that the fully bonded connection could
provide rigid and higher connection strength with cohesive failure. However, strength
variation and stability was not evaluated depending on bonding condition and material
imperfection. In the case of mechanical joints, metallic bolts and rivets are often used,
but the corrosion resistance of FRP member is not fully utilized because these joints are
degraded by corrosion. Furthermore, a bolted connection lacks initial stiffness because
frictional resistance cannot be performed. Connection strength may also decrease due to
unavoidable non-uniform clearances between base member and bolt/rivet shank because
an FRP member cannot redistribute bearing stress by plastic deformation. Marra et al. [10]
clarified un-uniform load distribution in multi-bolt joints because of bolt-hole clearance
and bolt position by finite element analysis, and they evaluated the stress distribution
coefficients. However, an improved method was not suggested. Matsumoto et al. [11]
reported that the diameter ratio of the bolt and bolt hole greatly affects bearing strength,
and bearing strength can be improved by decreasing the diameter of the bolt hole to close
a clearance.

On the other hand, fiber-reinforced thermoplastics (FRTPs), which are FRPs that use
thermoplastic resins, have attracted attention in composite material fields. FRTPs can
be remolded by heating, so they have the possibility of secondary processing, recycling,
and reuse in addition to FRPs. Moreover, FRTPs could reduce costs because they can
be manufactured with excellent speed by injection molding or press molding compared
with thermosetting plastics. Yeong et al. [12] demonstrated the manufacture of a CFRTP
and GFRTP coupon, and they tested them under tension, bending, and indentation loads.
They suggested that the manufacturing process using FRTP could reduce molding costs,
and showed comparable strength and elastic modulus to conventional CFRP and GFRP.
To develop and apply FRTPs to engineering fields, research for the evaluation of mechanical
characteristics by Doan [13] and Cao [14] was carried out, and manufacturing processes
were also evaluated in recent years by Fan [15] and Rodonò [16].

On the basis of this background, we studied the connection methods to take advantage
of the features of FRP materials and structures. In this paper, we propose a connection
method using FRTP rivets to provide a solution for problems caused by corrosion and
clearance, and evaluate the connection strength and mechanical behavior through material
tests and structural experiments.

2. Fiber-Reinforced Thermoplastic (FRTP) Rivet and Its Connection Method

Figure 1 shows the geometry and image of the FRTP rivets used in this study. The
FRTP rivets were made of polyamide 6 (PA6) with 50 wt.% glass fiber (Durethan BKV50HEF
900,116 DUS022, Tokyo, Japan) by injection molding. The length of the glass fiber was
approximately 0.35 mm. Table 1 shows the properties of the FRTP material.

Figure 1. Fiber-reinforced thermoplastic (FRTP) rivet. (a) Geometry of FRTP rivet; (b) image of
FRTP rivets.
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Table 1. Properties of FRTP material.

Property Dry Condition Wet Condition Testing Method

Tensile Strength (MPa) 205 128 ISO527-1,-2
Elastic Modules (GPa) 16.2 9.5 ISO527-1,-2

Bending Strength (MPa) 320 203 ISO178A
Melting Point (◦C) 220 ISO11357-1,-3

Density 1.57 ISO1183

We evaluated the connection method using tapping screws that do not require holes
to insert a tapping screw for FRP members [17]. The initial stiffness of the connection
increased, and stress concentration was reduced because there was no clearance between
FRP base member and tapping screw. However, the connection using the tapping screw
lacked pull-out and fatigue strength because it did not contain a nut at the drilling side.
To improve the non-clearance connection, the connection method using FRTP rivets and
tentative tapping screws was proposed to provide higher initial connection stiffness and
minimize preparation for mechanical connection. Figure 2 shows the connection method
using FRTP rivets. First, a tentative connection by tapping screws to produce holes and
fix FRP members was performed (Figure 2a). The nominal outer diameter of the tapping
screw was 5.5 mm. Second, tapping screws were ejected while fixing FRP members, and
FRTP rivets were inserted (Figure 2b). Third, the rivet head was thermoformed using a
heating die (Figure 2c). Processes (b) and (c) were applied to all FRTP rivets one by one.
Lastly, the FRTP connection could be made as shown in Figure 2d. In addition, a tentative
connection by tapping screws does not necessarily have to be drilled for all rivet positions.
In this case, other rivet holes could be drilled with a drilling machine in the same way as in
bolt-hole preparation.

Figure 2. Connection method. (a) Tentative connection by tapping screw to produce holes and
fix fiber-reinforced plastic (FRP) members; (b) ejecting tapping screw and inserting FRTP rivets;
(c) thermoforming rivet head; (d) completed FRTP connection.

3. Material Tests

3.1. Tensile Test

Figure 3 shows the material tensile test method and setup. Total number of specimens
for material tensile test was 5. Tensile force was applied to the FRTP rivet through the
bottom steel pipe and top testing frame because it was difficult to directly apply tensile
force to the FRTP rivet. The FRTP rivet was fixed to the steel pipe using epoxy adhesive
with 30 mm length for chucking to the tensile testing machine. The shank of the FRTP rivet
was then sandwiched between two half-notched steel plates and fixed with another steel
plate and bolts. Then, it was hooked on a test frame combined with square steel pipe.
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Figure 3. Material tensile test method: (a) Front view; (b) side view; (c) detail of testing parts; (d) experiment setup.

Figure 4 shows the failure mode of the FRTP rivet under tensile loading. Material
tensile breaking occurred at the corner between rivet head and shank in all specimens.
Figure 5 shows the tensile forces, average value, and coefficient of variation obtained by
the material tensile test. The tensile strength of the right vertical axis was obtained by
dividing the tensile force of the left vertical axis by the cross-section area of the rivet shank
with an outer diameter of 5.25 mm. The tensile strength of the FRTP rivet was evaluated to
be approximately 69% of the nominal tensile strength of the material at wet condition, as
shown in Table 1. This is because stress concentration occurred due to rapid cross-sectional
changing at the corner between rivet head and shank. Stable tensile strength of the FRTP
rivet is demonstrated because of the small coefficient of variation.

Figure 4. Failure mode of FRTP rivet under tensile loading.

Figure 5. Material tensile test results.

3.2. Tensile Shear Test

Figure 6 shows the material tensile shear test method and setup. Total number of
specimens for material tensile shear test was 10. Shear force was applied to the FRTP rivet
through steel plates. The top center plate and cover plates were fixed by high-strength
bolts. The FRTP rivet was inserted into a 6 mm hole of cover plates and bottom center plate
to apply shear load without bending.
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Figure 6. Material shear test method: (a) Front view; (b) side view; (c) experiment setup.

Figure 7 shows the failure mode of FRTP rivet under shear loading. Material shear
breaking occurred at the boundaries between steel plates in all specimens. Figure 8 shows
the shear forces, average value, and coefficient of variation obtained by the material tensile
shear test. The shear strength of the right vertical axis was obtained by dividing the shear
force of the left vertical axis by twice the cross-section area of the rivet shank, because shear
force was applied to two cross-sections of the rivet shank. The stable shear strength of the
FRTP rivet is demonstrated because of the small coefficient of variation.

Figure 7. Failure mode of FRTP rivet under shear loading.

Figure 8. Material tensile shear test results.

3.3. Bending Test

Figure 9 shows the material bending test method and setup. Total number of speci-
mens for the material bending test was 10. Bending force was applied to the FRTP rivet by
using the longitudinally extended test frame of the material shear test by 9 mm thickness
spacers inserted between cover plates and top center plate.

445



Materials 2021, 14, 7

Figure 9. Material bending test method: (a) Front view; (b) side view; (c) experiment setup.

Figure 10 shows the failure mode of the FRTP rivet under bending loading. Material
bending breaking occurred at the center of rivet shank all specimens. Figure 11 shows
bending forces, average value, and coefficient of variation obtained by the material bending
test. The bending strength of right vertical axis σR was calculated by the bending force of
left vertical axis FR from the following equation.

σR =
FRlB
2ZR

(1)

where lB is the distance between steel plates (lB = 9 mm), and ZR is the section modulus of
the rivet shank. The bending strength of the FRTP rivet was between the nominal bending
strengths of material at dry and wet conditions. In addition, a small coefficient of variation
was observed, so the stable bending strength of the FRTP rivet could be demonstrated.

Figure 10. Failure mode of FRTP rivet under bending.

Figure 11. Material bending test results.

4. Connection Strength under Tensile Shear Loading

This section discusses the connection strength using single or multiple FRTP rivets for
GFRP plates through double-lapped tensile shear tests. Figure 12 shows the connection
test specimens and setup. Double-lapped GFRP plates with 40 mm width connected by
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FRTP rivets were used. GFRP plates were made by pultrusion using unsaturated polyester
resin and glass fiber (PLALLOYTM by AGC Matex Co., Ltd., Kanagawa, Japan); the glass
roving layer (approx. 4.5 mm) was sandwiched between the continuous strand mat layers
(approximately 0.25 mm). Table 2 shows the mechanical properties of the GFRP plate. The
number of specimens for the connection test was 5 for each connection type depending
on the number of used rivets: 1, 4, 8, and 12. The rivets were arranged low at intervals of
20 mm. Specimen names were D1, D4, D8, and D12 according to the number of rivets used.

Figure 12. Connection test specimens: (a) Single rivet; (b) four rivets; (c) eight rivets: (d) 12 rivets;
(e) experiment setup (12-rivet specimen).

Table 2. Mechanical properties of grass fiber-reinforced plastic (GFRP).

Property Value Testing Method

Fiber content (wt.%) 53 JIS K 7165
Longitudinal tensile strength (MPa) 411 JIS K 7165
Longitudinal elastic modulus (GPa) 28 JIS K 7052

All specimens were monotonically tested using a tensile test machine. Two clip-type
displacement transducers were mounted on both sides of the specimen to measure the
relative displacement of the connection, as shown in Figure 12.

As a result of the connection test, the shear failure of the FRTP rivets was obtained
in all specimens, as shown in Figure 13a. Figure 14a shows the maximal loading, average
values, and standard deviation obtained by the connection test. Average strength obtained
by the D1 specimens was 2.72 kN, which was 21% higher than the average of the material
test result. This is because a slight bending moment was applied due to the clearance
between cover plate and rivet in the material shear test, but only shear force could be
applied in the connection test by the non-clearance connection method shown in Figure 2.
Figure 13b shows a close-up image of around the FRTP rivet of the broken specimen. Since
the nominal outer diameter of the tapping screw was 5.5 mm, the clearance between FRTP
rivet and GFRP plate was theoretically 0.25 mm. In fact, Figure 13b confirms that the
clearance was very small. The connection using FRTP rivets could provide quite stable
strength because of the small coefficient of variation regardless of the number of rivets.
Figure 14b shows the maximal loading per unit rivet. Maximal loading per unit rivet was
calculated by the maximal loading shown in Figure 14a divided by the number of rivets
used for the connection. Even if the number of rivets increased, the connection strength

447



Materials 2021, 14, 7

per unit rivet was almost the same. Moreover, the connection strength per unit rivets
was higher than the shear strength of material test was. Therefore, connection strength
using FRTP rivets linearly increased as the number of rivets increased. Figure 15 shows
the load-relative displacement relations. Initial sliding was not observed in all specimens
using multiple rivets because non-clearance could be achieved, as shown in Figure 13b.

Figure 13. Typical failure mode. (a) Failure mode of eight-rivet specimen; (b) close-up image around
FRTP rivet.

Figure 14. Experiment result. (a) Maximal loading; (b) maximal loading per unit rivet.

Figure 15. Load-relative displacement relations.

5. Mechanical Behavior of Beam Joint under Bending

This section discusses the strength of the beam joint using FRTP rivets for a GFRP
beam through a four-point bending test. Figures 16 and 17 show bending test specimen
and setup, respectively. The specimen was produced with longitudinally jointed two
H-shaped GFRP beams with a 5 mm gap using FRTP rivets through GFRP splice plates.
The H-shaped GFRP beam member consisted of two pultruded GFRP channel-shaped
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members that were adhesively bonded back-to-back by epoxy adhesive. The mechanical
properties of the GFRP channel-shaped member are shown in Table 2. The GFRP splicing
plates were molded by vacuum-assisted resin transfer molding using two-directional glass
woven fabric (ERW580-554A) and epoxy resin.

Figure 16. Bending test specimen. (a) Specimen overview; (b) joint detail.

Figure 17. Experiment setup.

Figure 16b shows the joint details. The number of rivets in width, height, and longi-
tudinal direction were four, four, and eight, respectively. Thus, the total number of rivets
used for joining was 96. The total number of rivets was determined so that the rivet fracture
preceded the beam member fracture and buckling to evaluate the strength of the FRTP
rivet connection. The bending test was performed on only one specimen, but bending test
behaviors were expected to be stable because connection strength using FRTP rivets was
stable, as shown in Section 4.
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Maximal loading at the joint was calculated by multiplying rivet strength and distance
from the neutral axis or the center point of rotation with the same method as that for bolt
joints in steel structures, as shown in Figure 18. Bending moment resisted by flange rivets
Mf was calculated by the following equation.

Mf = nR f · FR · h (2)

where nR f is the number of FRTP rivets in upper/lower flange of one side of beam member
FR is the shear force of the FRTP rivets, which was obtained from D1 specimens shown in
Figure 12 of the connection test; and h is distance between the center of the thickness of the
upper and lower flanges. In this study, nR f = 16, FR = 2.72 kN, and h = 145 mm. Bending
moment resisted by web rivets Mw was calculated by the following equation.

Mw = ∑ ri · FRi = ∑ ri · hi
h/2

· FR (3)

where ri is distance from the center of gravity of web joint to one rivet; and FRi is the shear
force resisted by the rivet, which was calculated by multiplying the shear force of FRTP
rivets FR by the ratio of the vertical distance of rivet hi to the vertical distance of center
of flange h/2 based on the beam neutral axis. Therefore, maximal loading at the joint PR
was calculated using the bending moments obtained from the Equations (2) and (3) by the
following equation.

PR = 2
Mf + Mw

l
(4)

where l is distance from loading point to supporting point of the specimen (l = 600 mm).
As a result of the calculation, maximal loading at the joint could be estimated as 22.35 kN.

Figure 18. Calculation of maximal loading at the joint. (a) Flange; (b) web.

The specimen was monotonically tested using a compression test machine. Displace-
ment transducers were mounted onto the middle of the span and the loading points of the
specimen to measure the displacement of the specimen, as shown in Figure 16a.

Figure 19 shows the failure mode of the bending test specimen. Rivets were almost
broken, with shear failure mode on the right side of the web and the bottom flange, and the
failure position was the surface between web and splice plate. This failure mode was as
expected because shearing force acting on the rivets reached the maximum at the top and
bottom of the beam. Figure 20 shows the load-displacement relations. The load rapidly
decreased due to the rivets breaking after reaching maximal loading. The maximal loading
obtained by bending test was 22.61 kN, which had a 1.2% error from theoretical value
PR. Thus, it is demonstrated that joint strength using FRTP rivets can be calculated with
high accuracy from the shear strength of a rivet and the distance from the center using
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the method for bolt joints in steel structures. Maximal displacement at the middle of
span obtained by bending test was 22.26 mm, and the average of the displacements at the
loading points of the specimen obtained by bending test was 17.60 mm.

Figure 19. Failure mode.

Figure 20. Load-displacement relations.

In this study, we considered three displacement components to evaluate deformation,
i.e., the bending and shear deformations obtained from fundamental beam theory, and
rotation at the joint as shown in Figure 21. Displacements due to bending, δBC and δBL
were calculated by the following equations. Subscript C, middle of span; subscript L,
loading points.

δBC =
23Pl3

48EI
(5)

δBL =
5Pl3

12EI
(6)

where P is the applied load, E is the longitudinal elastic modulus of the H-shaped GFRP
beam shown in Table 2, and I is the moment of inertia of the H-shaped GFRP beam.
Displacements due to shear stress δSC and δSL were calculated by the following equation.

δSC = δSL =
κPl

2GA
(7)

where κ is the shear correction factor, which is the ratio of the web cross-sectional area
to the total cross-sectional area of the H-shaped GFRP beam; G is the shear modulus of
the H-shaped GFRP beam; and A is the cross-sectional area of the H-shaped GFRP beam.
Figure 21 shows a model in which the joint of the beam was an elastic hinge to obtain
the displacement due to rotation at the joint. Shear force resisted by upper/lower flange
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rivets Q was calculated from bending moment applied at the joint of beam M by the
following equation.

Q =
M
h

=
Pl
2h

(8)

Figure 21. Displacement components of FRTP rivet connection.

Longitudinal displacement of flange plate by rivet deformation of δ f was calculated
by the following equation.

δ f =
Q

nR f KR
=

Pl
2nR f hKR

(9)

where KR is the shear stiffness of the FRTP rivet; and KR = 4.12 kN/mm, which was
obtained from the D1 specimens shown in Figure 12. Angle of rotation at the joint, θ was
calculated by the following equation.

θ =
2δ f

h
=

Pl
nR f h2KR

(10)

Displacements due to rotation at the joint, δRC and δRL were calculated by multiplying
the angle of beam rotation by the distance from the support point as per the following
equations.

δRC = θ · 3
2

l =
3Pl2

2nR f h2KR
(11)

δRL = θ · l =
Pl2

nR f h2KR
(12)

On this basis, displacement at the middle of span and the loading point of the specimen
was calculated from the sum of the deformation components as per the following equations.

δC = δBC + δSC + δRC (13)

δL = δBL + δSL + δRL (14)

Theoretical displacements obtained by the Equations (13) and (14) are also represented
in Figure 18. They were in good agreement with the displacements obtained by bending
test at maximal loading; errors were 1.1% at the middle of span and 2.9% at the loading
points. Therefore, displacement at maximal loading could be accurately evaluated by
considering displacement due to rotation at the joint in addition to displacement due
to bending and shear. Displacement during loading could not be perfectly simulated
because the obtained displacement from the bending test increased nonlinearly with the
load. However, theoretical displacement at the middle of span could be simulated with
15% error the experimental displacement.
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6. Conclusions

This paper proposed a connection method of FRP members using FRTP rivets and
evaluated the fundamental properties of FRTP rivets through material tests. Connection
behavior was also evaluated through the double-lapped tensile shear tests and a four-point
bending test of the beam. As a result, the following conclusions were reached.

(1) FRTP rivets provide stable tensile, shear, and bending strength within 4.7% of the
coefficient of variation.

(2) Connection strength using FRTP rivets linearly increases as the number of rivets
increases.

(3) Initial sliding was not observed at the FRTP rivet connection because non-clearance
could be achieved by the proposed connection method.

(4) Beam joint strength using FRTP rivets could be calculated with high accuracy within
1.2% error from the shear strength of a rivet like a bolt joint in steel structure.

(5) Beam displacement using FRTP rivets at maximal loading could be accurately eval-
uated within 2.9% error by considering displacement due to rotation at the joint in
addition to displacement due to bending and shear deflection.

On the basis of this research, GFRP members can be connected with stable loading
capacity, and deflections can be evaluated with high accuracy by using FRTP rivet even
if bolt holes are not prepared. The connection method in this paper could also reduce
construction time and improve the material machining process because onsite drilling can
be applied by tapping screws.
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Abstract: Control of technical parameters obtained by ready-mixed concrete may be carried out at
different stages of the development of concrete properties and by different participants involved in the
construction investment process. According to the European Standard EN 206 “Concrete–Specification,
performance, production and conformity”, mandatory control of concrete conformity is conducted by
the producer during production. As shown by the subject literature, statistical criteria set out in the
standard, including the method for concrete quality assessment based on the concept of concrete
family, continue to evoke discussions and raise doubts. This justifies seeking alternative methods for
concrete quality assessment. This paper presents a novel approach to quality control and classification
of concrete based on combining statistical and fuzzy theories as a means of representation of two types
of uncertainty: random uncertainty and information uncertainty. In concrete production, a typical
situation when fuzzy uncertainty can be taken into consideration is the conformity control of concrete
compressive strength, which is conducted to confirm the declared concrete class. The proposed
procedure for quality assessment of a concrete batch is based on defining the membership function for
the considered concrete classes and establishing the degree of belonging to the considered concrete
class. It was found that concrete classification set out by the standard includes too many concrete
classes of overlapping probability density distributions, and the proposed solution was to limit
the scope of compressive strength to every second class so as to ensure the efficacy of conformity
assessment conducted for concrete classes and concrete families. The proposed procedures can lead
to two types of decisions: non-fuzzy (crisp) or fuzzy, which point out to possible solutions and their
corresponding preferences. The suggested procedure for quality assessment allows to classify a
concrete batch in a fuzzy way with the degree of certainty less than or equal to 1. The results obtained
confirm the possibility of employing the proposed method for quality assessment in the production
process of ready-mixed concrete.

Keywords: ready-mixed concrete; construction material; quality assessment; conformity criteria;
statistical-fuzzy method
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1. Introduction

The construction industry is an economic sector characterised by high changeability and
diversity. Individual character of the facilities constructed is expressed in their unique qualities,
such as form, shape and purpose, and influenced by such factors as environmental conditions
(the facility’s surroundings), completion time, technologies applied and building materials used.
Much of the work related to facility construction involves optimisation of project completion time [1],
optimisation of costs [2], energy efficiency [3], which also includes finding optimal technologies [4]
and appropriate building materials for the particular project [5]. Execution of construction works
within the scheduled time, within the framework of estimated costs and at the assumed quality level is
the determinant of success for the investor, the designer and the contractor. The existence of relationship
between costs, completion time and project quality, as depicted in the form of project management
triangle, is considered to be self-evident [6]. The subject literature provides numerous definitions
and interpretations of the term “quality”. Considering the concept of quality in the construction
industry, it can be defined as meeting the requirements of the designer, the contractor, the owner
and the regulatory agencies [7]. The quality of the facilities constructed is directly influenced by
the applied quality control procedures for the execution of construction works at construction sites,
and procedures related to the production of building materials in permanent production facilities.
As shown in [8], these procedures greatly vary, since measures related to quality control of the execution
of construction works can be approached in a relatively flexible manner while remaining within the
aforementioned provisions, whereas quality control of the construction materials supplied to the
market is strictly regulated.

Concrete is a building material widely used in construction [9], while ready-mixed concrete
(RMC) is the principal construction material for civil engineering infrastructure [10]. Currently,
the world produces 4.4 billion tons of concrete annually, but that number is expected to rise to
over 5.5 billion tons by 2050, according to the Chatham House report [11]. Construction concrete
produced under quality control guidelines constitutes about 70% of total concrete production [12].
Since the properties of concrete are shaped from the moment of mixing in a process influenced by many
factors, assessment of its quality (parameters) can be carried out at different times: during production,
during delivery and before/after construction, and importantly, quality assessment can be performed
by different participants of the investment process: the producer, the contractor, and the investor.
Achieving the desired quality of concrete involves not only conformity assurance, but also appropriate
design of concrete mix and selection of suitable ingredients [13–21], proper manufacturing [22–24],
development of innovative research methods that aid concrete design aimed at obtaining appropriate
properties and durability [25–27] and development of methods for analysing obtained assessment
results both during production and in existing constructions [28,29].

The traditional approach to the quality assessment of ready-mixed concrete is through
experiments [30,31], which, however, proves to be both time and resource consuming. The proposed
statistical-fuzzy-approach-based method for quality assessment can overcome these limitations.
The suggested method may be employed in adaptative neuro-fuzzy inference systems and applied to
predict the 28-day compressive strength of concrete for concrete mix design by reducing i.a., the number
and scope of trials. The application of the proposed procedure combined with the use of artificial
neural networks (ANN) ensures the reliable assessment of concrete compressive strength.

According to the European Standard EN-206 “Concrete–Specification, performance,
production and conformity” [32], ready-mixed concrete delivered on the construction site as concrete
mix is subject to mandatory control for compliance with the criteria set out by EN-206. The assessment is
performed by the producer during production. Other procedures for concrete quality control are mostly
optional. It should be underscored that conformity control carried out according to the recommended
criteria cannot be regarded as statistical control until objective conclusions are drawn in line with the
principles of mathematical statistics. Statistical sample method can raise doubts as to the accuracy of
estimation of the concrete property being assessed and the classification of the considered concrete
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batch. With a small sample size (n = 3), as is the case in concrete quality control, qualification errors are
not uncommon. Statistical quality control arrangements are a result of a “strategic game” between the
producer and the consumer, whereas the standard conformity criteria represent a compromise between
the quality, economy and safety requirements. Recommended measures for standard conformity
control set out in EN-206 continue to evoke discussions, and the research conducted in the field reveals
inadequacies [33–38]. These inadequacies concern the analyses of concrete batches conducted before
quality assessment and refer to deficiency during continuous production. In view of the above, it would
seem justified to seek alternative methods for the quality control of concrete.

In engineering practice, the recognition of the material’s compliance with the specification is
decided based on the adopted plan for statistical quality control. It is a standard approach based on
binary criteria (met/unmet). This is of particular significance in the case of doubts concerning the quality
of material (in this case, ready-mixed concrete) already built into the existing structure, where the
material quality is especially tightly linked with the structure’s safety and reliability. For instance,
in the case of prestressed structures, both understated and overstated concrete class has a key influence
on the fulfilment of the serviceability limit state condition. Accidental understatement of the concrete
class may result in the demolition of a structural component or, in extreme cases, an entire structure
(e.g., a bridge).

The present paper aims to propose a novel approach to concrete classification based on
combining statistical and fuzzy theories as a means of representation of two types of uncertainty:
random uncertainty and information uncertainty. In the field of application of statistical decision
procedures–in statistical quality control—there are cases of imprecise definition of quality requirements
and imprecise assessment of products subject to quality control. Such state of affairs can be caused by
various factors of linguistic, economical and statistical nature. Transition from traditional (“hard”)
models, with fixed data, relations and limits, to “soft” models that allow some degree of imprecision is
made possible by the fuzzy set theory introduced by Zadeh [39].

For the discussed issue of quality control of ready-mixed concrete, a typical situation when
fuzzy uncertainty can be taken into consideration is the conformity control of concrete compressive
strength, carried out to confirm the declared concrete class. Concrete class is equated with concrete
compressive strength (fck) and constitutes the basis for evaluating the quality of the concrete produced.
The proposed procedure for quality assessment of the concrete produced allows for making effective
decisions of two types: non-fuzzy (crisp) or fuzzy, which point out to possible solutions and their
corresponding preferences.

Quality Control of Ready-Mixed Concrete According to EN-206

Quality control of ready-mixed concrete is carried out with the appliance of standard statistical
control procedures set out in the European Standard EN-206 “Concrete–Specification, performance,
production and conformity” [32]. Conformity control involves applying two conformity criteria:

(1) Individual assessment result criterion fci—applied irrespective of the production status
(initial or continuous)

fci ≥ ( fck − 4) N/mm2; (1)

(2) Mean assessment result criterion fcm—applied in three methods depending on the production status:

– Initial production
fcm ≥ ( fck + 4) N/mm2 method A; (2)

– Continuous production

fcm ≥ ( fck + 1.48·σ) N/mm2 method B; (3)

– The concept of control chart—method C.
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Specific details regarding particular methods can be found in [32]. Conformity is confirmed when
both criteria are satisfied.

Conformity control of concrete compressive strength is carried out on concretes of specific
composition or concrete families. The majority of concrete manufacturers assess the conformity
of the concrete produced in accordance with the criteria for initial production, as these criteria
are easier to apply and do not require taking into consideration the impact of coefficient of
variation/standard deviation of compressive strength. With high heterogeneity of the concrete
produced, conformity criteria for continuous production are more rigorous than for initial production,
and therefore, most manufacturers apply the conformity criteria (Method A) recommended for n = 3.

The conformity criterion for mean compressive strength value and for sample of size n = 3, as set
out in EN 206 [32], was established according to the following Equations (4) to (7):

fcm ≥ fck + k1 (4)

fcm ≥ fck +

(
k1

σ

)
· σ (5)

fcm ≥ fck + λ
′ · σ (6)

where
k1

σ
= λ′ (7)

and

k1 = 4—test coefficient value set out by the standard [28],
σ—standard deviation for population.

As proposed by Taerwe [34] and set out in EN 206 [32], the values of λ′ for correlated results are
given as follows (see Table 1):

Table 1. λ’ values for correlated results of mixed size samples [34].

Number (n) of Results Value λ′

3 2.67
15 1.48

For initial production, the standard conformity criterion was established for constant standard
deviation of 4/2.67 = 1.5 MPa, irrespective of mean compressive strength value.

Applying the conformity criteria set out in EN 206 [28] for a sample of size n = 3 (Method A)
without providing the standard deviation value may contribute to the deterioration in concrete quality
and, in consequence, lead to an excessive recipient risk [35–37].

This is confirmed by the results of random simulations and the analysis of conformity criteria for
a sample of size n = 3, performed by means of operating characteristic (OC) curves [35]. On the basis
of these operations, the following conclusions can be formulated (Figure 1):

• The concrete acceptance probability is not always a compromise between the producer risk and
the customer risk. Applying the standard conformity criteria may lead to an excessive customer
risk, especially in the case of an assumption of log-normal distribution of compressive strength.

• Applying the standard conformity criteria may lead the producer to adopting strategies involving
higher production costs, as it can unnecessarily require higher mean values of production
with higher standard deviations. These criteria are not recommended for production with
small deviation and may be a reason for concealing the results for samples of understated
compressive strength.

• Applying the standard conformity criteria may produce too high values of the consumer risk.

458



Materials 2020, 13, 5674

 
(a) 

 

(b) 

Figure 1. OC curves for conformity criteria for samples of sizes n = 3 and normal distribution of
concrete compressive strength: for a criterion for (a) individual results and (b) mean value.

Statistical-fuzzy methods of conformity control could be applied as tools supporting initial
production. Assessing the concrete class by determining the degree of certainty of concrete belonging
to the class intended at the design stage could be an effective tool in decision-making in view of
uncertainties related to concrete classification. The place of the proposed method in the conformity
control process is presented in Figure 2.
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Figure 2. Conformity control of concrete compressive strength according to EN 206 [32], where fcm is
the mean compressive strength of concrete, fck is the characteristic compressive strength of concrete,
and σ is the estimate for the standard deviation of a population.

2. Materials and Methods

2.1. Conformity Control of Concrete Compressive Strength in Consideration of Measurement Uncertainty

Conformity criteria set out in EN 206 [32] and other conformity criteria given in technical
specification of products all assume that the assessment results obtained are free of measurement
uncertainty—which is not true. Each of these values is burdened with measurement “errors” of type I
and II. An assessment result is an approximation of the value measured and should be presented along
with measurement uncertainty.

As required by ISO/IEC 17,025 [40], it is necessary for all accredited laboratories to specify
measurement uncertainty. Every assessment result is, therefore, not a value but an interval, and should
be presented with measurement uncertainty taken into account. When relating the assessment result to
the conformity criteria set out in standard [32], it is not particular results but intervals that are subject
to analysis. Such an analysis was carried out for the purpose of the present paper.

The analysis concerned a population of assessment results for concrete of identical composition,
produced by the same concrete batching plant. The concrete analysed was assumed to be of class
C20/25 and was characterised by high defectiveness. For the purpose of the analysis, the same criteria
were adopted for initial production and overlapping assessment results. The population of results
analysed is presented in Figure 3.
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Figure 3. Compressive strength assessment results.

In the case analysed, the conformity criterion concerning particular values did not present a
hazard for concrete classification in terms of its compliance with the standard (Table 2). All of the
results obtained were higher than required to meet this criterion. For conformity control, the criterion
related to the mean value was decisive in approving the concrete batch assessed.

Table 2. Fragment of the table presenting the conformity assessment of the population of
results analysed.

Number
Sample

Compressive
Strength

Criterion 1 Assessment Criterion 2 Assessment
Compressive

Strength
+ Uncertainty

Criterion 2
+ Uncertainty

Assessment

[-]
fci

[MPa]
fci

[MPa]
[-]

fcm
[MPa]

[-]
fci

[MPa]
fci min
[MPa]

[-]

1 23.1 23.1 met - 24.2 -
2 29.7 29.7 met - 30.8 -
3 29.1 29.1 met 27.3 unmet 30.2 28.4 unmet
4 29.5 29.5 met 29.4 met 30.6 30.5 met
5 27.5 27.5 met 28.7 unmet 28.6 29.8 met
6 34.3 34.3 met 30.4 met 35.4 31.5 met
7 28.1 28.1 met 30.0 met 29.2 31.1 met
8 31.9 31.9 met 31.4 met 33.0 32.5 met
9 26.1 26.1 met 28.7 unmet 27.2 29.8 met
10 28.0 28.0 met 28.7 unmet 29.1 29.8 met
11 29.4 29.4 met 27.8 unmet 30.5 28.9 unmet
12 32.6 32.6 met 30.0 met 33.7 31.1 met
13 33.8 33.8 met 31.9 met 34.9 33.0 met
14 33.0 33.0 met 33.1 met 34.1 34.2 met
15 32.8 32.8 met 33.2 met 33.9 34.3 met

The population of results analysed was encumbered with an 8-percent error bias. In the case
analysed, 42 percent of assessment results did not meet the standard conformity criteria for initial
production. As the compressive strength assessment and sampling were conducted by an accredited
laboratory, it was possible to establish the value of measurement uncertainty for defining compressive
strength. Measurement uncertainty was estimated at 1.1 MPa. With this assumption, bounds of the
result intervals were calculated and compared with the standard conformity criteria related to the
mean value. With measurement uncertainty taken into account, the number of results that did not meet
the standard conformity criteria decreased to 19 percent. In the example presented, the measurement
uncertainty of the results obtained is low in relation to the compressive strength values obtained.
Even with such a low level of measurement uncertainty, taking it into account in conformity analysis
allows for reducing the number of non-compliant results by over 50 percent.

Having analysed the same results according to the criteria for continuous production, it can
be observed that about 52 percent of the results do not meet the standard conformity criteria [19].
With measurement uncertainty taken into consideration, the number of non-compliant results is
reduced to about 38 percent. This confirms that in the case of high variability of the quality of concrete
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(standard deviation of the population of results amounting to 3.5 MPa), it is inadvisable to conduct
quality control according to the criteria for continuous production.

2.2. Alternative Conformity Criteria for Concrete Compressive Strength

Formulating the statistical conformity criteria for concrete compressive strength remains a
complicated issue due to the difficulties related to the insufficiency of statistical methods for small size
samples (n < 15) and initial production, particularly for samples of size less than or equal to 6.

Employing statistical-fuzzy methods to verify the conformity of a concrete batch might increase
the effectiveness of the quality assessment of the concrete produced. Fuzzy functions might be applied
on the basis of expertise or marginal distribution parameters (mean and standard deviation) for the
considered concrete class and adjacent concrete classes [18,20].

While assessing the quality of the concrete produced, the results of the verification of compliance of
concrete compressive strength might be considered as random events, whereas the conformity criteria
can be regarded as fuzzy limit values. Conformity criteria for compressive strength, which constitute
the basis for the assessment of concrete quality, might be represented as a probability for a random event
to be found in a region with fuzzy limits (after Zadeh [39]) or a fuzzy number of known membership
function corresponding to the probability that the event belongs to a certain interval [37].

The compressive strength (fc) of concrete that complies with the conformity criterion can be
represented as a fuzzy set (8):

T = [ fcm, μ( fcm)]
∣∣∣ fcm ∈ T , μ( fcm) : T→ [0, 1] (8)

where μ fC( fcm) is a membership function that assigns each element of compressive strength set fcm ∈ T
a degree of belonging to fuzzy set fc in interval [0, 1].

Classification of the considered concrete batch into a specific class generally depends on the
fulfilment of the condition related to mean compressive strength in sample, fcm (Figure 1b). Sporadically,
the condition concerning particular test results fci is the decisive condition for the fulfilment of the
conformity criteria (Figure 1a) [34,35,37,38,41]. Since statistical conformity criteria are found to be
insufficient, statistical-fuzzy methods can be applied to define class membership functions, and both
standards and expertise can be taken into consideration in the quality control of the concrete produced.

Standard conformity criteria for concrete compressive strength can be given in Equations (9) and (10):

– For method A and sample of size n = 15, (9):

fcm ≥ fck + 4 → T (9)

where fcm is the mean compressive strength of concrete, and fck is the characteristic compressive
strength of concrete.

– For method B and sample of size n ≥ 15, (10):

fcm ≥ fck + 1.48σ → T (10)

where fcm is the mean compressive strength of concrete, fck is the characteristic compressive
strength of concrete, σ-estimate for the standard deviation of a population.

In Equations (6) and (7), the test characteristic T is a fuzzy value of membership function μT(t)
that can be determined for specific concrete classes on the basis of a statistical-fuzzy experiment.

In order to determine the membership function for the considered concrete classes (three adjacent
concrete classes), statistical-fuzzy method (three-phase method) was applied [42,43]. The method
proposed elaborates on the concept by Woliński [43].

The statistical-fuzzy conformity control procedure of concrete compressive strength consists of
two stages. The first stage is to determine marginal distribution parameters, and for that purpose,
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random variables x and y were defined. The variable x represents the point of division of the values of
test characteristics T for the considered concrete class and lower. The variable y represents the point of
division of test characteristics for the considered concrete class and higher. It is assumed that the pair (x, y)
is a two-dimensional, normal random variable, for which marginal distributions px(t) and py(t) of random
variables x→N(mx,σx) and y→ N(my,σy) may be determined. Marginal distribution parameters were
determined by means of Monte Carlo simulation methods and the following calculation algorithm [37,44]:

1. Generate N groups of random numbers of size n = 3 from normal distribution;
2. Randomly select concrete class—Concrete of three adjacent classes Ci−1, Ci, Ci+1

(identica probability of 1/3);
3. Randomly select standard deviation from 2, 3, 4, 5, 6 MPa with 1/5 probability;
4. Repeat (1) and (2) n-times to obtain fci, . . . , fcn;
5. Randomly select defectiveness w from normal distribution;
6. Calculate mean compressive strength of adjacent concrete classes from Equation (11):

fcm(Ci−1,Ci)
=

mCi−1 + mCi

2
and fcm(Ci,Ci+1)

=
mCi + mCi+1

2
(11)

7. Calculate standard deviation from Equation (12):

s(Ci−1,Ci)
=

1
n

√
(sCi−1

2 + sCi
2 and s(Ci,Ci−1)

=
1
n

√
(sC1

2 + sCi−1
2 (12)

8. Determine the characteristic compressive strength for the considered and lower concrete classes
from Equation (13):

fck(Ci−1,Ci)
= m(Ci−1,Ci)

− t(w)s(Ci−1,Ci)
(13)

and for the considered and higher concrete classes from Equation (14):

fck(Ci,Ci+1)
= m(Ci,Ci+1)

− t(w)s(Ci,Ci+1)
(14)

9. Calculate mean compressive strength of the considered and lower concrete classes from Equation (15):

fcm(Ci−1,Ci)
= fck(Ci−1,Ci)

+ 4 (15)

and of the considered and higher concrete classes from Equation (16):

fcm(Ci−1,Ci)
= fck(Ci,Ci+1)

+ 4 (16)

10. Create a table for the probability distribution function of random vector (ξ, η) and determine
the histogram of marginal distributions by summing rows and columns. The first marginal
distribution is the sum of rows and the classification by the considered and lower concrete classes.
The second marginal distribution is the sum of columns and the classification by the considered
and higher concrete classes.

The obtained graphs of marginal distribution probability functions pξ(xn) and pη(xn)
(marginal distribution parameters) are the basis for determining membership functions of test
characteristics for specific concrete classes, i.e., the second stage of calculations.

The calculations were performed in accordance with the adopted algorithm. The membership
function of the test characteristic Ti for the considered i-class of concrete and higher can be represented
by Equation (17):

μCi( fcm) =

fcm∫
−∞

pη( fcm)d fcm = F
(

fcm −mη
ση

)
(17)

463



Materials 2020, 13, 5674

whereas the membership function of the test characteristic Fi for the considered i-class of concrete and
higher can be expressed by the following Equation (18):

μCi−1( fcm) =

+∞∫
fcm

pξ( fcm)d fcm = 1− F
(

fcm −mξ
σξ

)
(18)

The fuzzy membership function for the considered i-class of concrete fci can be calculated from
Equation (19) or (20):

μCi+1( fcm) = 1−
+∞∫

fcm

pξ( fcm)d fcm −
fcm∫
−∞

pη f ( fcm) (19)

μCi+1( fcm) = 1−
[
1− F

(
fcm−mξ
σξ

)]
− F
(

fcm−mη
ση

)
(20)

Eventually, Equation (20) can be written the following Equation (21):

μCi+1( fcm) = F
(

fcm −mξ
σξ

)
− F
(

fcm −mη
ση

)
(21)

where F(z) is a Laplace function given by Equation (22):

F(z) =
1√
2π

∫ z

−∞
exp(−0.5z2)dz (22)

Having calculated membership functions for different concrete classes (considered concrete class
and adjacent concrete classes) and mean compressive strength for the sample of size n, one may
determine the degree of concrete belonging to a specific concrete class. Based on the μK(fcm) value,
the considered concrete batch can be recognized as a specific concrete class. Such recognition might be
more or less accurate, depending on the economic requirements and the impact of classification on the
quality assessment of the concrete produced.

2.3. Example of Application of the Statistical-Fuzzy Conformity Criteria for Concrete of Class C20/25

The procedure of statistical-fuzzy conformity control (Section 2.2) was carried out for concrete of
class C20/25. By generating 100,000 groups of random numbers of size n = 3, consistent with normal
distribution, marginal distribution density functions and fuzzy membership functions were estimated
for concrete class C25/30 and every second adjacent concrete class, C16/20 and C25/30.

The analysis was carried out for concrete of class C20/25 with the following resulting parameters
of marginal distribution of random variable x→N(mx,σx), i.e., the point of division for concrete of
classes C16/20 and C20/25, mx = 26.5 MPa, and σx = 4.48 MPa, respectively. The parameters of marginal
distribution of random variable y→ N(my,σy), the point of division for concrete of classes C20/25 and
C25/30, were estimated as my = 39.8 MPa and σy = 5.46 MPa, respectively (Figure 4).

The density functions overlap, indicating that the number of classes proposed by the standard is
too high, which makes it difficult to classify a concrete batch to a specific class. Irrespective of mean
compressive strength value, the membership function graph (green curve) for the considered concrete
class C20/25 does not reach value of 1.0, which allows for concluding that the recommended concrete
class division is too dense. The above analysis was carried out for concrete class C20/25 and every
second adjacent concrete class (Figure 5).
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Figure 4. Marginal distribution and membership functions for C20/25 and every adjacent concrete
class: C16/20 and C25/30.

Figure 5. Marginal distribution and membership functions for C20/25 and every second adjacent
concrete class: C12/15 and C30/37.

Marginal distribution graphs for the considered concrete class C20/25 and every second adjacent
class, C12/15 and C30/37, also overlap, but the maximum abscissa value of the membership function
for the considered concrete class C20/25 amounts to 0.83. By performing subsequent calculations,
membership functions for separate concrete classes would be obtained, marginal distributions would
not overlap, and the membership function graph (green curve) for the concrete class C20/25, for specified
values of mean compressive strength, would reach the value of 1.0.

In accordance with Figure 5, an assessment of a concrete batch was carried out for the
statistical-fuzzy conformity criterion developed following the algorithm described above. The concrete
batch was assessed based on a sample of size n = 3 of concrete class C20/25. Mean compressive strength
is 30.5 MPa. On the basis of the membership functions determined (Figure 5), it can be concluded that
the concrete batches for which mean compressive strength from the sample test amounts to 30.5 MPa
can be classified as class C20/25 with a 0.8 degree of certainty. Concrete batches of mean compressive
strength from interval (28.0; 30.8) MPa can be classified as class C20/25 or C12/15 with a degree of
certainty from 0.5 to 0.8, respectively. Concrete batches of mean compressive strength from interval
(30.8; 33.0) MPa can be classified as class C30/37 with a degree of certainty from 0.8 to 0.5.
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3. Results and Discussion

The applied statistical-fuzzy methods of concrete classification showed that the concrete
classification recommended by the standards includes too many concrete classes of overlapping density
distributions (see Figures 4 and 5). Irrespective of mean compressive strength value, the membership
function graph plotted for the considered concrete class C16/20 does not reach value of 1.0, which allows
for concluding that the recommended concrete class division is too dense. The standards recommended
by EN 206 [32] are “too vague” and may lead to understating or overstating concrete class and to
concealing the results of understated compressive strength.

Furthermore, when applying the concept of concrete family, standard conformity criteria can
conceal the results of understated compressive strength. With the use of the concept of concrete family,
small concrete production plants are able to assess the conformity of a larger number of concrete mixes
with the benefit for both manufacturer and recipient. Theoretically, the manufacturer can improve the
quality of concrete and detect changes in concrete production more quickly, so that the recipient could be
informed of the quality of the finished product. What raises doubts is combining the results for different
concrete classes of the same family. The results are combined and tested collectively, and as a result,
“bad” results (low compressive strength) can be masked by “good” results (high compressive strength).
With regard to the concrete family, it is necessary to apply: a single cement type, a single concrete
class, aggregate of similar characteristics (granulation, mineralogical composition, geological origin),
concretes with or without additions, all consistencies, concretes of limited range of compressive strength.

EN 206 [32] standard does not specify the range of compressive strength. When considering
the concrete family composed of four concrete classes: C8/10, C20/25, C25/30 and C30/37, it may be
concluded that combining all four classes, i.e., a wide range of classes, is not an appropriate practice.
Low values of compressive strength are masked by high values of compressive strength of referential
concrete (Figure 6) through transformation and application of the proportionality principle-based
method in compliance with CEN CR 13,901 report [45].

Figure 6. Real results of compressive strength assessment and values for particular classes transformed
in relation to the referential concrete in the concrete family.

Therefore, concretes of a limited range of compressive strength should be applied with regard to
the concrete family. In accordance with the statistical-fuzzy analysis carried out, it is recommended to
limit the range of compressive strength to three adjacent classes so as to ensure the effectiveness of the
conformity control performed for the concrete family.
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The statistical-fuzzy methods proposed can be applied in cases of non-compliance with the
concrete class intended by the design. The decision of either demolition or reinforcement of a structure
may be preceded by the fuzzy concrete classification analysis, whose results may impact both the
designer’s and investor’s decisions related to the state of the structure analysed [46].

Taking into account the compressive strength measurement uncertainty broadens the range of
acceptability of assessment results obtained. It is in the interest of each party of the construction process
for a reliable assessment of concrete conformity to be performed.

In the analysis carried out during conformity assessment, it is important to consider that each result
obtained is encumbered with uncertainty, thus disregarding uncertainty completely is not an appropriate
approach. The only case when it is possible to disregard measurement uncertainty in assessment is a
situation when all of the results obtained meet the conformity criteria. In other instances, i.e., when the
product is disqualified on the basis of the results obtained without measurement uncertainty taken
into account, such an approach is unadvisable, as it may lead to a falsely negative result for a product
that, in fact, meets the standard conformity criteria.

4. Conclusions

Taking into account the compressive strength measurement uncertainty broadens the range of
acceptability of assessment results obtained. It is in the interest of each party in the construction process
that a reliable assessment of concrete conformity be performed.

In the analysis carried out during conformity assessment, it is important to consider that each
result obtained is encumbered with uncertainty, and thus, disregarding uncertainty completely is not
an appropriate approach. The only case when it is possible to disregard measurement uncertainty in
assessment is a situation when all of the results obtained meet the conformity criteria. In other instances,
i.e., when the product is disqualified on the basis of the results obtained without measurement
uncertainty being taken into account, such an approach is unadvisable, as it may lead to a falsely
negative result for a product that, in fact, meets the standard conformity criteria.

Standard conformity criteria and procedures for assessing the compressive strength of concrete
and verifying the concrete’s compliance with the requirements set for designed concrete classes
frequently lead to inappropriate production-related decisions and strategies. Doubts regarding the
assessment and classification of the compressive strength of concrete are, therefore, the reason for
seeking new methods based on statistical-fuzzy procedures supporting the quality control of the
concrete produced. Statistical-fuzzy methods are, therefore, proposed as an alternative in the quality
assessment of ready-mixed concrete:

• The proposed concept of quality assessment allows for minimising the risk of wrong classification
of a concrete batch, i.e., overstating or understating the concrete class.

• Employing non-standard methods of conformity control of concrete compressive strength may
become a useful tool in the investment-related (technology-related) decision-making process.

• The analyses carried out reveal that the statistical-fuzzy conformity control can play an arbitrary
role in the quality assessment of the concrete produced.

• Statistical-fuzzy and fuzzy methods allow to take into account the opposing requirements of
safety, quality and economy. Taking these requirements into consideration is made possible by
determining a degree of membership lower than 1 for the considered concrete class.

• The alternative method of concrete quality assessment is easy to apply; however, it requires a
complex calculation procedure, which significantly limits its universal use in the production
process. Widespread application of this method would require implementing specialised utility
software developed based on specific algorithms.

• The advantages of the statistical-fuzzy approach are particularly observable when employing the
concept of concrete families. It allows to minimise the uncertainty connected to the transformation
relation between the results for compressive strength of each concrete family member.
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• Based on this approach, a risk matrix may be developed for a construction facility in order to
verify the assigned reliability class specified in the construction design.

• Statistical-fuzzy methods are fully compatible with the concept of sustainable construction.
Accidental understating of the concrete class results in the rejection of a concrete batch by the
recipient. An unsuitable concrete mix is then considered as construction waste, which contradicts
the principles of rational use of construction materials and mineral resources.
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2013, 5, 362–365.

9. Gursel, A.P.; Masanet, E.; Horvath, A.; Stadel, A. Life-Cycle Inventory Analysis of Concrete Production:
A Critical Review. Cem. Concr. Compos. 2014, 51, 38–48. [CrossRef]

10. Poon, C.S.; Yu, A.T.W.; Jaillon, L. Reducing Building Waste at Construction Sites in Hong Kong.
Constr. Manag. Econ. 2004, 22, 461–470. [CrossRef]

11. Hilburg, J. Concrete Production Produces Eight Percent of the World’s Carbon Dioxide Emissions.
Architecture, International, News, Sustainability. Available online: https://www.archpaper.com/2019/
01/concrete-production-eight-percent-co2-emissions/ (accessed on 20 August 2020).

12. Ready-Mixed Concrete Industry Statistics. Available online: https://mediatheque.snpb.org/userfiles/file/
Statistics%20Bound%20Volume%2030_08_2019%20-%20R4.pdf (accessed on 16 July 2020).

13. Gorzelanczyk, T.; Pachnicz, M.; Rozanski, A.; Schabowicz, K. Identification of Microstructural Anisotropy of
Cellulose Cement Boards by Means of Nanoindentation. Constr. Build. Mater. 2020, 57, 119515. [CrossRef]

14. Chen, S.T.T.; Wang, W.C.; Wang, H.Y. Mechanical Properties and Ultrasonic Velocity of Lightweight Aggregate
Concrete Containing Mineral Powder Materials. Constr. Build. Mater. 2020, 258, 119550. [CrossRef]

15. Widianto, A.K.; Wiranegara, J.L.; Hardjito, D. Consistency of Fly Ash Quality for Making High Volume Fly
Ash Concrete. J. Teknol. 2017, 79, 13–20.
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35. Skrzypczak, I.; Woliński, S. Influence of Distribution Type on the Probability of Acceptance of Concrete
Strength. Arch. Civ. Eng. 2007, 53, 479–495.

36. Casspeele, R.; Taerwe, L. Conformity Control of Concrete Based on the “Concrete Family” Concept.
Beton Stahlbetonbau 2008, 103, 50–56. [CrossRef]
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Abstract: 1H spin-lattice relaxometry (T1, longitudinal) of cement pastes with 0 to 0.18 wt %
polycarboxylate superplasticizers (PCEs) at intervals of 0.06 wt % from 10 min to 1210 min was
investigated. Results showed that the main peak in T1 relaxometry of cement pastes was shorter and
lower along with the hydration times. PCEs delayed and lowered this main peak in T1 relaxometry of
cement pastes at 10 min, 605 min and 1210 min, which was highly correlated to its dosages. In contrast,
PCEs increased the total signal intensity of T1 of cement pastes at these three times, which still
correlated to its dosages. Both changes of the main peak in T1 relaxometry and the total signal intensity
of T1 revealed interferences on evaporable water during cement hydration by dispersion mechanisms
of PCEs. The time-dependent evolution of weighted average T1 of cement pastes with different
PCEs between 10 min and 1210 min was found regular to the four-stage hydration mechanism of
tricalcium silicate.

Keywords: nuclear magnetic resonance; spin-lattice relaxometry; proton; hydration kinetics;
superplasticizer

1. Introduction

Since Bloch [1] and Purcell [2] awarded the Nobel Prize for successful monitoring the magnetic
situation of protons in water and parafilm using low-field nuclear magnetic resonance(NMR)
instruments, 1H NMR (proton NMR) has been used as an effective technology in cement and concrete
research for a long while. 1H NMR could detect the nuclear spin-lattice relaxometry (T1, longitudinal)
or spin–spin relaxometry (T2, transverse) of 1H nuclei. T1 and T2 depend on fluctuations in magnetic
dipole–dipole interactions caused by the relative motion of pairs of spins [3]. Relaxometry (relaxation
time) may extend due to the relative motion of spins in a fluid as water or oil, theoretical studies have
been done by Korb [4,5] previously, and recent studies on cement hydrates by McDonald [6–9].

There are many studies about water transport and distributions in cement-based materials based
on T2 relaxometry [10–13]. T2 relaxometry has also been used for detecting porosity of oil-well cement
pastes [14], C3S hydrated pastes [15,16], white cement mortars [17], lime plaster–brick systems [18],
complex wall materials [19], carbonated cement pastes [20]. Besides macropores in cement-based
materials, nanopores (or gel pores) in calcium silicate hydrate (C-S-H) gel could also be demonstrated
by T2 relaxometry [21]. Given that C-S-H gel being one poorly crystalline, which is quasi-amorphous
and contains nanopores with water [22], some attempts have been made with water in C-S-H gel
pores [23,24]. There are some other applications of T2 relaxometry in alkali-activated binders [25],
lime concrete [26], cement pastes with superabsorbent polymers [27], cellulose ethers [28], woods [29],
MgO-based cement [30]. However, the paramagnetic species (mainly Fe3+) in cement pastes could
influence T2 relaxometry [6]. It has been reported that T2 relaxometry would result in a reduced

Materials 2020, 13, 5626; doi:10.3390/ma13245626 www.mdpi.com/journal/materials471



Materials 2020, 13, 5626

volume because of its access to the paramagnetic species in a single channel based on the crystalline
structure of ettringite [31].

Compared to T2 relaxometry, there are few applications of T1 relaxometry in cement-based
materials. It has been found that T1 relaxometry of white cement pastes with w/c = 0.3, 0.4, 0.6, 0.7
could show a significant increase after drying at 105 ◦C while the freeze–thaw cycling of 25 times could
not make obvious changes [32]. Many theoretical studies of T1 relaxometry in cement-based materials
have been done by one joint research group in Yugoslavia and Canada from 1978 to 1996. They have
measured the T1 relaxometry of absorbed water in cement pastes and C3S pastes during the hardening
process [33]. A method has been proposed to determine the specific surface of cement hydrates
based on T1 relaxometry (1/T1) [34]. T1 relaxometry of Portland cement and white cement, as well as
white cement with 5 wt % MSF salts (sulfonated-melamine-formaldehyde), has been monitored,
respectively [35–37]. They have also compared signal differences between the synthesized white
cement at 40 MHz and at 200 MHz [38]. The fractal geometry of C-S-H gel, quantitative changes of
water and Ca(OH)2 in white cement pastes have been monitored successively [39,40]. T1 relaxometry
of calcium aluminate cement, T1 relaxometry of self-stressed expansive cement, T1-weighted line shape
of white cement pastes have been explored by some coworkers with this group afterward [41–43].
Moreover, some researchers have tried to correlate signals of T1 relaxometry to microcracks in cement
pastes [44]. Other researchers have studied the dynamics of liquid water in pores of cement-based
materials based on T1 relaxometry [45].

As it has been found that 5 wt % MSF salts could change T1 relaxometry of white cement pastes,
which have acted as the superplasticizers [37], could polycarboxylate superplasticizers (PCEs) change
T1 relaxometry of Portland cement pastes? In this research, effects of the synthesized PCEs on the
hydration process of Portland cement pastes were initially explored by 1H NMR technique based on
T1 relaxometry and its total signal intensity at three selected time points of 10 min, 605 min, 1210 min,
as well as the evolution process of weighted average T1 from 10 min to 1210 min. We are certain
that this study would enrich the applications of T1 relaxometry in cement-based materials. PCEs are
popular chemicals for ultra-high performance concrete (UHPC). Hence, this study could also provide
useful data to enrich understandings of the effects of PCEs to cement pastes in UHPC.

2. Materials and Methods

2.1. Materials

The P.II.52.5 cement used in this experiment was purchased from Jiangnan Onoda Cement Co.
LTD., Jiangsu, China. The fineness of cement was 315 m2/kg, and its chemical composition as supplied
by its manufacturer is shown in Table 1. The PCEs used in this experiment were synthesized from
these materials. Methyl allyl polyethenoxy ether (TPEG) was purchased from Yangzi Aoke Chemical
Company(Nanjing, China). Maleic anhydride (MA, analytical-grade), acrylic acid methyl ester (AAME,
analytical-grade) and acrylic acid (AA, analytical-grade) were purchased from Shanghai Guoyao
Chemical Company (Shanghai, China).

Table 1. Chemical compositions of cement (wt %).

SiO2 CaO Al2O3 Fe2O3 MgO Na2O K2O TiO2 SO3 Loss on Ignition

Cement 21.1 64.3 5.3 2.6 1.7 0.2 0.35 0.3 1.7 2.45

2.2. Preparation of PCEs

PCEs were synthesized via aqueous free radical copolymerization at the molar ratios of TPEG:
MA: AAME: AA at 6:9:12:6. The average polymerization degree of TPEG was 35, and the Mn of TPEG
was 2400 g/mol, which were provided by its manufacturer. The equipment for the synthesized process
of PCEs was as same as the previous investigation [46]. The initiator in the synthesized process was
(NH4)2S2O8 (ammonium persulfate, AP), which was 3 wt % to total monomers and purchased from
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Shanghai Guoyao Chemical Company (Shanghai, China). The temperature in the synthesis process
was 80 ◦C. The adding time of monomers and the soaking time in the synthesized process were 1 h
and 0.5 h, respectively. The synthesized formula is shown in Figure 1.
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Figure 1. The synthesized formula of polycarboxylate superplasticizers (PCEs).

2.3. NMR Equipment and Theory

The low-field NMR instrument in this experiment was PQ-001 NMR (Niumag Electric Corporation,
Shanghai, China). This instrument had a constant magnetic field of 0.49 T, a proton resonance frequency
of 21 MHz, a permanent magnet of 32 ◦C. T1 relaxometry was detected with the inversion recovery (IR).
The IR sequence (π-τ-π/2-acq) was applied to measure the T1, where t was the waiting time, acq was
the received signal. After the NMR equipment debugged, the prepared samples of different cement
pastes with PCEs were poured into an NMR tube with a height between 17 mm to 20 mm and then
sealed by a PTFE film.

Commonly, the T1 relaxometry used in the cement-based materials was based on the fast-exchange
model, which was originated from the standard model. Based on the assumption that the molecular
exchanging between two phases faster than individual proton relaxation times, the integrated relaxation
rate could be described as Equation (1) in [47]. In Equation (1), Tbulk

1,2 and Tsurf
1,2 were the proton relaxation

times in the bulk and at the surface, fsurf and fbulk were the volume fractions of the surface and bulk
phases. The correlation between fsurf and fbulk could be described as Equation (2). The surface
relaxation rate was much higher than the bulk relaxation rate, so Equation (1) was simplified to
Equation (3), which had been successfully used [6]. In Equation (3), ρ1,2 was the corresponding surface
relaxivity, S and V were the pore surface and the pore volume.

1
T1,2

=
fbulk

Tbulk
1,2

+
fsurf

Tsurf
1,2

(1)

fsurf + fbulk = 1 (2)

1
T1,2

= ρ1,2
S
V

+
1

Tbulk
1,2

≈ ρ1,2
S
V

(3)

2.4. Methods

The water-to-cement ratio (w/c) was 0.28, with the detailed proportions listed in Table 2. In cement
pastes with PCEs, the spectroscopic observation of the liquid water phase was achieved by exploiting
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T1 relaxometry from the initial time point at 10 min, with intervals of 30 min, to the final time point at
1210 min. The curves of T1 relaxometry were obtained by fitting the magnetization recovery curves
with a log-normal distribution of relaxation times. The setting time of cement pastes with PCEs is
shown in Figure 2, which was according to GB/T 1346–2011. It could be seen that the setting time of
cement pastes were delayed by PCEs.

Table 2. Mix proportion of cement pastes with PCE (wt %).

Sample Cement (g) Water (g) PCE (g)

S00 1 0.28 0
S06 1 0.28 0.06
S12 1 0.28 0.12
S18 1 0.28 0.18

Figure 2. Effects of the synthesized PCEs on the setting time of cement pastes.

3. Results and Discussion

T1 relaxometry of cement pastes with PCEs at 10 min, 605 min and 1210 min are shown in
Figures 3–5, respectively. One can see that there is a main peak in every curve of T1 relaxometry. To be
specific, for T1 relaxometry at 10 min in Figure 3, the main peak of plain cement pastes (S00) is shorter
than those of cement pastes with PCEs. Among T1 relaxometry of cement pastes with PCEs (S06, S12,
S18), the main peak seems to stand at the same time. Furthermore, the main peak of plain cement
pastes is obviously lower than those of cement pastes with PCEs. The main peak of S06 (0.06 wt %
PCEs) is remarkably lower than those of S12 (0.12 wt % PCEs) and S18(0.18 wt % PCEs), while those of
S12 and S18 are nearly the same.

Based on principles of the fast-exchange model [47], any shift of peaks in T1 relaxometry means
changes in the motion trail of a proton (or water). T1 relaxometry of plain cement pastes (S00) represents
the “normal” motion trails of protons in cement pastes at 10 min. Consequently, the prolonged main
peaks of cement pastes with PCEs (S06, S12, S18) reveal that the “normal” motion trails of the protons
have already been hindered by the dispersed cement grains due to PCEs.

According to [40,43], this main peak represents the quantity of evaporable water in cement pastes.
The lowest main peak of plain cement pastes (S00) equals the smallest quantity of evaporable water left
in this sample. The higher main peaks of the cement pastes with PCEs (S06, S12, S18) mean that more
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evaporable water was left in those samples. In other words, the hydration process in plain cement
pastes (S00) exhausted more evaporable water than cement pastes with PCEs.

Figure 3. T1 relaxometry of different cement pastes at 10 min.

Figure 4. T1 relaxometry of different cement pastes at 605 min.

Figure 5. T1 relaxometry of different cement pastes at 1210 min.

It can be seen that the main peaks of cement pastes with PCEs (S06, S12, S18) in Figure 4 are all
lower and shorter than those in Figure 3. The deepening hydration process is becoming an extensive
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consumer of evaporable water. Meanwhile, the conglomerating cement hydrates are becoming strong
inhibitors of the “normal” motion trail of protons. All of the main peaks of cement pastes (S00, S06,
S12, S18) in Figure 5 are shorter than those in Figure 4. As shown by the setting time of cement pastes
with PCEs in Figure 2, the hardened cement pastes at 1210 min have controlled the “normal” motion
trail of the protons. Larger area ratios of the main peak in Figure 5 may refer to the bleeding situation
in some subregions in hardening cement pastes, which has been revealed by T1 relaxometry [48].

The total signal intensity of T1 is proportional to the quantity of evaporable water in cement
pastes [49]. It can be found in Figure 6 that the total signal intensity was decreasingly lower from
10 min to 1210 min, which implies the downside of evaporable water in cement pastes. The orders of
evaporable water left in cement pastes at three times are opposite to the dosages of PCEs.

Figure 6. The total signal intensity of cement pastes at different hydration times.

The time-dependent evolution of weighted average T1 is shown in Figure 7. It is shown that the
time evolution of the weighted average T1 of cement pastes with PCEs has decreased successively.
The time-dependent evolution of T1 has been described according to the four-stage hydration mechanism
of tricalcium silicate (3CaO.SiO2, C3S), which occupies 50 wt % to 70 wt % in clinkers [50].

The first stage of C3S hydration is the initial period, which is within 15 min. The initial period
in Figure 7 is only 5 min. During the initial period, the original hydration products form gelatinous
coatings surrounding cement grains. The entire proton magnetization relaxes with a common T1,

which is due to the fast exchange between water spins in the various environments. The fast exchange
may maintain the apparent relaxation homogeneity because of the fluidity of the gelatinous coating
and the permeability of the gel–liquid interface [35]. Therefore, the weighted average T1 of each sample
(S00, S06, S12, S18) seems unchanged from 10 min to 15 min in Figure 7. There are still some differences
among the initial values of weighted average T1 at 10 min. The order of these initial values is against
the dosages of PCEs. The order of weighted average T1 at 10 min is the feedback to gelatinous coatings
thickness of cement hydrates, which has means that the coatings of hydrates in plain cement pastes
were the thickest.

The second stage of C3S hydration is the slow-reaction (dormant) period, which is from 15 min
to 120 min. During the dormant period, the weighted average T1 of each sample (S00, S06, S12, S18)
decreased slowly (Figure 7). The fast exchange of water was hindered by the newly formed hydrates
coatings. Therefore, the decline of weighted average T1 occurred, which was shown by comparisons of
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proton magnetization fractions and relaxation times of H2O, Ca(OH)2 and C-S-H gel [40]. The third
stage of C3S hydration is the accelerated period, which is from 120 min to 1210 min. During the
accelerated period, the weighted average T1 of each sample (S00, S06, S12, S18) has decreased sharply.
The fast exchange of water was heavily hindered by thickening hydrates coatings. The weighted
average T1 of each sample may be regarded as the reverse translation of resistance to the fast exchange
of water.

Why does the weighted average T1 of S18 (most PCEs) have the biggest value during the whole
timeline? Based on T2 relaxometry of cement pastes with PCEs [51], dispersion mechanism of PCEs
in OPC [52], the effects of PCEs on C3A/gypsum [53], the bleeding condition of fresh cement pastes
caused by PCEs [54], this answer would come from two aspects: (1) retardation of PCEs on cement
hydration; (2) dispersion effects of PCEs on cement grains.

Figure 7. Time-dependent evolution of weighted average T1 of different cement pastes within 1210 min.

4. Conclusions

(1) The main peak in the T1 relaxometry of cement pastes at the hydration times of 10 min, 605 min
and 1210 min was delayed by polycarboxylate superplasticizers (PCEs). The delayed intensity
correlated to the dosage of PCEs. The main peak in T1 relaxometry of cement pastes became
shorter along with the hydration times from 10 min to 1210 min;

(2) The height of the main peak in T1 relaxometry of cement pastes at these three times was decreased
by PCEs. In addition to the larger area ratios of the main peak in T1 relaxometry of cement pastes
at the hydration time of 1210 min due to bleeding, the decreased intensity correlated to the dosage
of PCEs:

(3) The main peak in T1 relaxometry of cement pastes represented the quantity of evaporable water
in cement pastes. The delaying situation and the decreasing situation of the main peak was due
to the dispersion mechanism and the retardation mechanism of PCEs on cement grains;

(4) The total signal intensity of T1 of cement pastes at these three times was increased by PCEs.
The increasing intensity correlated to the dosage of PCEs. The total signal intensity of T1 of
cement pastes became smaller during the hydration process. As this intensity was proportional
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to the quantity of evaporable water, its changes mirrored disturbances of PCEs to situations of
evaporable water in the hydration process;

(5) The time-dependent evolution of weighted average T1 of cement pastes from 10 min to 1210 min
was elevated by PCEs. The elevated intensity correlated to the dosage of PCEs. The curves of
weighted average T1 of cement pastes were well followed by the four-stage hydration mechanism
of tricalcium silicate.
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Abstract: Non-destructive testing (NDT) methods are an important means to detect and assess
rock damage. To better understand the accuracy of NDT methods for measuring damage in
sandstone, this study compared three NDT methods, including ultrasonic testing, electrical impedance
spectroscopy (EIS) testing, computed tomography (CT) scan testing, and a destructive test method,
elastic modulus testing. Sandstone specimens were subjected to different levels of damage
through cyclic loading and different damage variables derived from five different measured
parameters—longitudinal wave (P-wave) velocity, first wave amplitude attenuation, resistivity,
effective bearing area and the elastic modulus—were compared. The results show that the NDT
methods all reflect the damage levels for sandstone accurately. The damage variable derived from the
P-wave velocity is more consistent with the other damage variables, and the amplitude attenuation is
more sensitive to damage. The damage variable derived from the effective bearing area is smaller
than that derived from the other NDT measurement parameters. Resistivity provides a more stable
measure of damage, and damage derived from the acoustic parameters is less stable. By developing
P-wave velocity-to-resistivity models based on theoretical and empirical relationships, it was found
that differences between these two damage parameters can be explained by differences between
the mechanisms through which they respond to porosity, since the resistivity reflect pore structure,
while the P-wave velocity reflects the extent of the continuous medium within the sandstone.

Keywords: non-destructive testing; P-wave velocity; amplitude attenuation; resistivity; CT scan;
sandstone; damage variable

1. Introduction

Sandstone is a natural building material and also a common lithology found in the rock surrounding
underground engineering sites such as tunnels and underground powerhouses [1]. Sandstone is
generally characterized by low strength and high permeability, making it a weak link in the surrounding
rock [2]. In underground rock mass engineering, various disturbances will cause damage to the
sandstone. Accumulation of sufficient damage will then lead to rock mass failure and affect the
stability of the surrounding rock during construction and operation. Rock damage can be measured
using a damage test, which provides parameters from which damage variables can be calculated
that reflect the damage and can be used to study its evolution. Mechanical parameters such as the
elastic modulus and plastic dissipation energy are commonly used for defining damage variables.
In addition, damage variables can also be derived from non-destructive testing (NDT) parameters,
such as the ultrasonic velocity, wave amplitude attenuation, resistivity and effective bearing area
based on computed tomography (CT) scans [3]. These NDT parameters can be obtained faster and
more easily than elastic modulus. However, due to the limitations of the measurement methods and
their accuracy, these parameters have not been widely used in rock damage mechanics research [4].
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This motivates the comparative study of non-destructive measurement parameters that can be used to
define the damage variable.

Acoustic testing, including ultrasonic and acoustic emissions testing, are common non-destructive
testing (NDT) methods for rocks [5]. Alemu found through testing that the strength of the rock is
positively correlated with the wave velocity. When cracks appear in the rock, the strain increases and
the wave velocity decreases until the rock is considered to be failed [6]. Heap found that an increase in
the peak stress used for the cyclic loading significantly reduced the dynamic elastic modulus of the
basalt obtained from ultrasonic tests [7]. As an ultrasonic wave propagates inside a rock, the wave
amplitude attenuates at any internal defects. The amplitude attenuation of waves travelling through
rock is very sensitive to rock fracture, making it useful for the definition of damage variables [8].
Yim believed the attenuation of ultrasonic waves in rocks is closely related to the properties of internal
defects and the porosity of the rock [9]. The simplest measure of ultrasonic wave attenuation is the
difference in amplitude between the transmitted wave and the first received wave. Muller suggested
that the first wave amplitude attenuation can be taken to reflect rock damage, but the measurement of
this parameter is challenging [10].

In addition to ultrasonic parameters, electrical resistivity can be used to define rock damage.
Ranade tested the response of resistivity to defects in cement under tension and used resistivity to
study the damage evolution [11]. Kahraman found that resistivity is more sensitive to porosity than
acoustic velocities, but the direct current (DC) electrical resistivity measurement limits the accuracy of
rock resistivity [12]. At present, electrical impedance spectroscopy (EIS) based on alternating current
provides the most accurate measurements of rock resistivity. Zisser used the EIS test to study the
anisotropy of permeability in dense sandstone [13]. Our previous paper found that the resistivity
obtained from the EIS has a high accuracy and can be used to define damage variables in sandstone [14].

From a microstructural perspective, rock damage reflects a change in the effective bearing area.
However, current rock measurement techniques struggle to accurately capture the effective bearing
area and it can only be measured using expensive meso-testing methods such as CT scanning [15].
Yin observed the damage of granite after ultrasound-assisted rock breaking using CT scan tests [16].
Landis established the damage degree of rock by counting instances of defects extracted from CT
images [17].

The aforementioned NDT methods all have their unique advantages. Longitudinal wave (P-wave)
velocity and CT scan testing are commonly used in rock damage studies, while resistivity and wave
amplitude attenuation are less frequently adopted due to limitations in measurement method and
accuracy. Shah compared P-wave velocity and amplitude attenuation that are measured in ultrasonic
tests and concluded that they can both be used to reflect rock damage [18]. Yang used two loading
methods to cause damage to sandstone, and then defined damage variables using the P-wave velocity
and compared them to damage variables that were defined using the elastic modulus [19]. However,
systematic comparative studies among different NDT methods are still lacking.

To verify the accuracy of damage variables derived from NDT parameters, this study compared
damage variables derived from P-wave velocity, amplitude attenuation, resistivity and the effective
bearing area calculated from a CT scan with the damage variables obtained from elastic modulus for
sandstone. The comparison considered four areas of difference: differences between the parameters
used to define the damage variables; consistency between the different damage variables and the
stability of each of the damage tests; differences between microscopic and macroscopic measures of
the damage; and differences between the mechanisms that influence measurements made using the
acoustic and electrical tests.
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2. Materials and Methods

2.1. Sandstone Specimens and Pretreatment

Following ISRM standards and the laboratory’s measuring instrument conditions, a representative
homogeneous and coarse-grained arkose sandstone core was selected for this study and processed
into twelve 75 mm long, cylindrical specimens with diameters of 37.5 mm. The arkose sandstone was
taken from Hunan Province, China, and the specimens were drilled from an adjacent location on the
same rock block. The two end faces of the specimen were ground to make them parallel to each other
and perpendicular to the axis of the cylinder. The physical and mechanical properties of the specimens
were measured and the porosity was found to be 14.9%, the dry density was 2313.08 kg/m3, and the
strength was 18.59 MPa. The oxides of the sandstone specimens were found using X-ray fluorescence
spectroscopy (XRF), and the minerals composition was obtained by X-ray diffraction (XRD) testing.
As shown in Figure 1b, the major mineral compositions of the specimens are quartz and feldspar,
and the major clay composition is kaolinite, accounting for 8.49%.

Figure 1. (a) Major oxides and (b) major minerals composition of rock (wt. %).

Prior to the test, the specimens were placed in a drying oven, heated at 105 ◦C for 12 h and
then cooled naturally, after which the specimens were saturated in a vacuum saturator for 22 h.
Uniaxial cyclic loads with different loading paths were applied to each of the twelve specimens so that
they were each subjected to different damage, as shown in Figure 2.

Figure 2. Cyclic loading path for each sandstone specimen.

As shown in Figure 3, stress and strain were measured simultaneously for the specimens during
the uniaxial cyclic loading. The portion of the unloading section that accounts for 30%–40% of the
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strength is assumed to be the straight line section of the stress-strain curve, marked in red in Figure 3,
and its secant elastic modulus is taken to be the elastic modulus for the sandstone specimen. The elastic
modulus for the first loading cycle in which the peak load exceeds 40% of the strength is taken as the
elastic modulus of the specimen before damage, and the elastic modulus of the last loading cycle is
taken as the elastic modulus after damage. The equivalent strain assumption allows these to be used
to obtain the sandstone damage variable for sandstone derived from the elastic modulus [20]:

D = 1− ED

E0
(1)

where D is the damage variable; E0 and ED are the elastic modulus (GPa) for the initial state and for
the damaged state, respectively.

Figure 3. Stress-strain curve measured for the specimen No. 11 during cyclic loading.

2.2. Non-Destructive Testing

2.2.1. Ultrasonic Test

Ultrasonic parameters are largely determined by the internal structure of the rock and reflect the
damage properties of the rock. A 33522A ultrasonic tester (Agilent, Santa Rosa, CA, USA) was used to
measure the P-wave velocity and first wave amplitude attenuation for the sandstone specimens in
the initial state, and as the damage state evolved following the cyclic loading, as shown in Figure 4.
After pretreatment, the saturated sandstone specimens were tested with an ultrasonic wave frequency
of 50 kHz. The acoustic test was calibrated using a standard aluminum block and an appropriate
amount of vaseline was smeared between the ultrasound probe and the specimens to ensure close
contact. The specimens were tested in a stress-free state at room temperature, and the ultrasonic probes
were fixed to both ends of the specimens.
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Figure 4. Ultrasonic testing setup.

The transmitted and received waves can be captured using an oscilloscope as shown in Figure 5,
where the voltage represents the wave amplitude. The P-wave velocity and first wave amplitude
attenuation can be calculated for the specimens from the captured waveform. The P-wave velocity is
equal to the length of the specimen divided by the time interval between the first maximum in the
transmitted wave spectrum and the first maximum in the received wave spectrum. The first wave
amplitude attenuation is the ratio of the amplitude of the first received wave to the amplitude of the
transmitted wave. The damage variable was calculated from the measured parameters using the
following equations [21]:

D = 1− VD
2

V0
2 (2)

D = 1− FD

F0
(3)

where D is the damage variable; V0 and VD are the P-wave velocity (m/s) for the initial state and for
the evolving damaged state, respectively; F0 and FD are the first wave amplitude attenuation for the
initial state and for the evolving damaged state, respectively.

Figure 5. Transmitted and received waves.
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2.2.2. EIS Testing

The sandstone specimens were saturated with sodium chloride solution and subjected to EIS
testing before and after cyclic loading using an Agilent 4294A precision impedance analyzer, as shown
in Figure 6b. The modulus and phase angle of the electrical impedance were measured for frequencies
from 100 Hz to 50 MHz. Each specimen was tested three times and the mean of these was recorded.
Please refer to our previous paper for a detailed description of the test [14].

Figure 6. (a) Nyquist diagram and (b) EIS testing.

As shown in Figure 6a, The EIS can be visualized by displaying the modulus and phase angle
of the impedance as a Nyquist plot on the complex plane [22]. In the Nyquist diagram, frequency
increases from right to left and the EIS is composed of arcs, corresponding to high-frequency impedance,
and straight lines, corresponding to low-frequency impedance. For the saturated sandstone specimens,
the high-frequency part of the diagram reflects the electrical characteristics of the combined system of
rock and pore fluid, and the low-frequency part reflects differences between the electrical properties of
the specimen and of the electrode. The frequency corresponding to the intersection of the high- and
low-frequency parts of the diagram (around 25 kHz) is called the characteristic frequency and the
corresponding resistance is called the characteristic resistance [23,24].

The characteristic resistance was converted to resistivity using the law of resistance, and the
difference between the resistivity for the initial and damaged states was used as a measure of the
damage of the sandstone specimens. Since current intensity obeys the equivalence assumption in
damage mechanics, the damage variable derived from resistivity can be expressed using the following
equation [11]:

D = 1− ρD

ρ0
(4)

where D is the damage variable; ρ0 and ρD (Ω.m) are the resistivity for the initial state and after
damage, respectively.

2.2.3. CT Scan Test

Meso-measurement methods such as CT scanning provide an important means of examining
rock damage. During the damage process, new pores and cracks are formed in the rock and existing,
previously isolated, pore spaces can become connected via the newly created cracks. Materials with
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different densities attenuate X-ray energy differently and so CT scanning can distinguish pores in the
rock [25].

Three representative sandstone specimens (No. 6–8) were selected for CT scan testing before and
after damage using a d2 industrial CT system (Diondo, Hattingen, Germany). Each specimen was
subjected to a different cyclic load, and the ratio of peak load to strength were 78%, 85% and 88% for
specimens 6, 7 and 8, respectively. A schematic illustration of the CT system is shown in Figure 7.
Excluding the two ends, the scanning height is 70 mm, and a series of scanned cross-sections of the
sandstone specimens were obtained at intervals of 0.5 mm.

Figure 7. Schematic illustration of the CT system.

CT images that show the pore structure before and after damage can therefore be used to
characterize the damage of sandstone specimens. For each specimen, the section for which the pore
area covered the greatest proportion of the section after damage was selected first, and then the
corresponding section from the CT scan image before damage was selected. The effective bearing area
was calculated for each specimen by removing the pore area from the total area before and after the
damage separately, allowing the damage variable to be calculated as follows [26]:

D = 1− APore

A0
(5)

where D is the damage variable; APore and A0 are the pore area and the total area (m2) of the scanned
slices, respectively.

3. Results

3.1. NDT Test Results

An ultrasonic test, an EIS test, and a CT scan test were performed for each specimen before and
after damage respectively, then the corresponding resulting parameters were obtained as follows.
The P-wave velocities for the twelve sandstone specimens before and after damage under different
peak loads and loading cycles are shown in Figure 8. For the initial state, the distribution of P-wave
velocities measured for the sandstone specimens is concentrated at around 3000 m/s, with a range of
2900–3100 m/s. For a single specimen, damage leads to a decrease in the P-wave velocity. However,
the reduction in wave velocity varies between specimens with different levels of damage. The wave
velocities for the sandstone specimens in a damaged state range from 2900 to 2100 m/s, and the decrease,
relative to the velocity for the initial state, becomes increasingly significant as the damage increases.
In particular, when cracks appeared in the sandstone, the wave velocity decreased by more than 30%,
compared with the velocity before damage.
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Figure 8. Wave velocities for sandstone specimens before and after damage.

The measured wave amplitude attenuation increased after damage for all twelve sandstone
specimens, as shown in Figure 9. The distribution of wave amplitude attenuations for specimens
before damage is narrow and is centered on 0.6. When the damage is small, the difference between
the wave amplitude attenuation before and after damage is also small. Similar to the P-wave velocity,
as the degree of damage increases, the decrease in the wave amplitude ratio, relative to the initial
state, becomes greater. When the specimen cracks after cyclic loading, the wave amplitude ratio falls
below 0.2. This indicates that the first wave amplitude attenuation is more sensitive to damage than
the P-wave velocity when the level of damage approaches failure.

Figure 9. First wave amplitude attenuation for sandstone specimens before and after damage.

Figure 10 shows the resistivity of the twelve sandstone specimens before and after damage under
different peak loads and loading cycles. As the loading cycle and peak load increased, the damage
accumulated and the resistivity tended to decrease. However, the rate of decrease in resistivity was
not uniform. As the damage increased, the rate of decrease in resistivity also increased significantly.
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Figure 10. Sandstone resistivity before and after damage under different loading conditions.

In the initial state, the resistivity of sandstone was concentrated around 13 Ω.m, with individual
values in the range 12–14 Ω.m. With increasing peak load and loading cycles, the resistivity of
sandstone in the damage state showed varying rates of decline and was distributed in the range
8.5–13 Ω.m. When the ratio of peak load to strength was small (after few loading cycles), the resistivity
was not much lower than that before damage. As the ratio of peak load to strength and the number of
loading cycles increased, the decrease in resistivity became increasingly obvious. Once penetrating
cracks had developed, the resistivity of the sandstone specimen dropped sharply (by about 40%)
compared to that before the damage.

In CT scan slice images, the different gray levels of the pixels represent different densities of
substance. The pores have relatively smaller grayscale values, corresponding to darker pixels, while the
matrix has relatively larger grayscale values, corresponding to lighter pixels. Therefore, the pores
within the specimen can be identified by selecting a specific threshold value of grayscale. Due to the
different cyclic loads applied to specimens No. 6–8, the specimens presented significantly different
pore structures after damage. Threshold segmentation was performed on the scanned slices and the
pore condition before and after damage was counted separately. Figure 11 shows that the pores and
cracks in the damaged specimens increase significantly as the degree of damage increases.

Figure 11. CT scan slice image after being segmented (6–8 represent the specimen ID, while a and b
indicate the initial state and damage state respectively).
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The change in porosity at the same section before and after damage was obtained by counting
the pore area in the grayscale image. In the initial state, the porosity in the section obtained from CT
scan is around 12%, with a small dispersion. Specimen No. 6 was not broken after damage, so the
change in porosity was relatively small, increasing from 11.8% to 15.5%. The remaining two specimens
were both fractured after damage, with a large number of new pores distributed along the cracks and a
significant change in porosity. The porosity of specimen No. 7 increased from 12.76% to 19.07% and
that of specimen No. 8 increased from 12.74% to 19.67%.

3.2. Damage Variables for Sandstone

The above results show that the four NDT parameters: P-wave velocity, first wave amplitude
attenuation, resistivity, and the effective bearing area obtained from the CT scan test can all reflect
damage for sandstone. The damage variables obtained from ultrasonic testing are calculated from
the P-wave velocity and first wave amplitude attenuation before and after damage. The resistivity
obtained from the EIS test, the effective bearing area obtained from the CT scan test, and the elastic
modulus obtained from the cycle loading test can also be used to derive damage variables for all twelve
sandstone specimens.

Figure 12 shows the differences between the damage variables for sandstone that were derived
from the five different measured parameters. All five damage variables increased monotonically as
the peak load and cycle times increased. As the values of the damage variables derived from these
parameters differ significantly, the consistency between the responses of the different parameters to
damage was further discussed. The P-wave velocity is most consistent with the elastic modulus,
with a correlation coefficient of 0.991, followed by the resistivity and wave amplitude attenuation,
both with a correlation coefficient of 0.885. Among the NDT parameters, the correlation coefficient
between P-wave velocity and resistivity was the highest at 0.991 and that between P-wave velocity
and amplitude attenuation was 0.958. The correlation coefficient between resistivity and amplitude
attenuation is relatively low at 0.939. The high correlation coefficients show that the four macroscopic
damage parameters, P-wave velocity, first wave amplitude attenuation, resistivity and elastic modulus,
responded consistently to damage.

Figure 12. Damage variables derived from different measurement parameters. Note that three
specimens were tested using a CT scan.

The damage variables derived from the P-wave velocity and wave amplitude attenuation that
were measured in the ultrasonic test were greater than the damage variables that were derived from
the other three measurement parameters. The damage variables derived from the first wave amplitude
attenuation were greater than those derived from the P-wave velocity. This shows that ultrasonic
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testing is more sensitive to damage than other tests for sandstone, and that wave amplitude attenuation
is the most sensitive parameter to the damage. The measured resistivity and acoustic parameters
are NDT parameters. Although the damage variable derived from resistivity is smaller than those
derived from the ultrasonic test measurements, it is slightly greater than the damage variable that is
derived from the elastic modulus. This suggests that acoustic and electrical damage measurement
parameters, in addition to being non-destructive, are superior to the elastic modulus tests in terms of
their sensitivity to damage.

CT scan testing allows us to find the effective bearing area for a sandstone specimen, which can
be used to define microscopic damage variables. Figure 12 shows the damage variables derived from
the effective bearing area for specimens No. 6–8 and compares these with the macroscopic damage
variables. The damage variables derived from the CT scan test increase with the degree of damage, in
agreement with the macroscopic damage variables. However, the CT scan test is limited by resolution
and is insensitive to smaller pores, with the result that the damage variable derived from the effective
bearing area is smaller than the damage variables derived from the other damage parameters.

4. Discussion

4.1. Stability of Damage Measurements

The ultrasonic and EIS tests were implemented three times for each specimen, before and after
damage. The spread of the three measurements for each parameter can be used to assess the stability
of the NDT parameters. Three sandstone specimens that were subjected to different degrees of damage
were selected, and three values for the damage variable were calculated from the three repeated
measurements for the P-wave velocity, wave amplitude attenuation and resistivity. The results are
plotted as a box line diagram in Figure 13.

The results show that damage variables derived from resistivity and amplitude attenuation are
less stable when the stress level is low. As the damage accumulates, the stability of the damage
variables derived from resistivity and amplitude attenuation increases. The damage variables that are
derived from the wave amplitude attenuation and from the resistivity become similarly stable when a
specimen is broken. However, the damage variable derived from the P-wave velocity becomes less
stable as the level of damage increases, so that when the specimen fails, the damage variable derived
from resistivity is the most stable, followed by that derived from wave amplitude attenuation, and the
damage variable derived from the P-wave velocity is the least stable.

The reason for these different stabilities is that the three parameters rely on different mechanisms
to detect damage. In sandstone, both resistivity and wave amplitude attenuation reflect damage
detected via the propagation of electrical current and ultrasonic waves through the pore structure,
while the P-wave velocity captures damage detected by the propagation of ultrasonic waves around
pores as the waves follow the continuous medium. When the degree of damage is low, the specimen
has fewer pores and so electrical current and ultrasonic waves do not propagate along a specific pore
channel, which results in the derived damage variables being relatively unstable. Fewer pores means
that the medium is more continuous for ultrasonic wave propagation, and so the damage variable
derived from ultrasonic wave velocity is relatively stable. In contrast, when the degree of damage
is high, continuous pore channels form inside the specimen and the damage variables derived from
resistivity and amplitude attenuation are more stable. For high levels of damage, the proportion
of space occupied by a continuous medium is reduced, so the damage variables derived from the
ultrasonic wave velocity are less stable.
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Figure 13. Stability of the damage variables derived from the NDT parameters. (a–c) correspond to
three separate sandstone specimens for which the peak load reached 40%, 70% and 97% of the strength
during cyclic loading, respectively.

4.2. Mechanisms Behind Damage Measurements

Ultrasonic testing and EIS testing are NDT methods that measure damage by detecting changes in
the internal structure of the specimen. According to the results in the previous section, the difference
between the propagation mechanisms for ultrasonic waves and electrical current leads to a difference
between the derived damage variables and between the stability of damage testing. Kassab believes
that the P-wave velocity measurement can be interpreted as a measure of damage based on the
propagation of ultrasonic waves around pores and thus primarily reflects the continuous medium
of the rock [27]. On the other hand, Wang thought the resistivity measurement can be interpreted
based on the propagation of current in the pore [28]. Both measures are associated with the porosity of
the rock, but there are differences between the mechanisms that control the two measurements [29].
To investigate this, we established the relationships between P-wave velocity and porosity, and between
resistivity and porosity, using theoretical and empirical models. Using porosity as a common factor,
a relationship between P-wave velocity and resistivity was found, and validated using the results from
our experiments.

Many models describe the relationship between P-wave velocity and rock porosity, including the
Gassmann model, which is based on theoretical assumptions, and the Raymer model, which is based
on empirical relationships. The Gassmann model is a theoretical model based on the close relationship
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between the P-wave velocity and the dynamic elastic modulus of rock [30]. The Gassmann formula for
calculating the P-wave velocity is as follows:

V2
pρ =

(
Kd +

4
3

Gd

)
+

(
1− Kd

Ks

)2
(
1−ϕ− Kd

Ks

)
1

Ks
+
ϕ
K f

(6)

where, Vp is the P-wave velocity (m/s); ρ is the bulk density (kg/m3); ϕ is the porosity; Gd is the shear
modulus for rock (GPa); Kd, Ks, and Kf are the moduli for rock, solid fraction of rock, and liquid fraction
of rock (i.e., pore fluid), respectively. Kd and Gd are calculated using Krief’s formula, which includes
the elastic and shear moduli for the rock solid fraction, Ks and Gs, respectively, the porosity ϕ, and the
Krief index, κ (κ = 3) [31]. Check Table 1 for the values of the above parameters.

Kd = Ks(1−ϕ)κ/(1−ϕ) (7)

Gd = Gs(1−ϕ)κ/(1−ϕ) (8)

Table 1. Values used for the material parameters in Equations (6)–(11) (see text for units).

ρs ρf Ks Kf Gs vs vf

1000 0.29 25 2.25 8 3.7 1.4

Raymer’s formula is an empirical formula for calculating acoustic velocity for materials with
different porosities, based on measured acoustic logging data [32]. The formula is calculated as follows,
where vs and vf are the P-wave velocities for the rock solid fraction and pore fluid, respectively:

vp = (1−ϕ)2vs + ϕv f (9)

The Hashin-Shtrikman (HS) bounds are the theoretical upper and lower boundaries for the elastic
and shear moduli and can therefore be used to calculate upper and lower boundaries for the P-wave
velocity for rocks [33]. Figure 14 shows the relationship between the P-wave velocity and porosity,
calculated using the above models for porosities ranging from 0% to 45%, with a scatterplot of the
experimental data superimposed, where porosities are measured separately for all 12 specimens after
damage. The model results generally fall within the HS boundaries, and the P-wave velocity calculated
by the models decreases with the increase in porosity. The measured data are in good agreement with
the Raymer model based on empirical relationships, which is consistent with the results in the previous
literature [34].

The relationship between resistivity and porosity can be described by a self-similar model, which is
based on self-consistent effective medium theory, or by the Archie model, which is based on empirical
relationships. In the self-similar model, resistivity is continuously iterated and its relationship with
porosity is then given by the following expression [35]:

ρ =

(
ρ− ρs

ρs − ρ f

)m
ρ fϕ

−m (10)

where ρ, ρs and ρf are the resistivity (Ω.m) of the rock, matrix and pore solution, respectively; ϕ is the
porosity; and m is the cementation exponent, which equals 2.2 for the moderately cemented sandstone
specimens in this study [14].
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Figure 14. Different P-wave velocity-to-porosity models.

The Archie model is an empirical equation based on measured resistivity logging data [36].
The equation for the Archie model assumes that the resistivities for pure and saturated sandstone are
proportional to the resistivity for the pore solution and includes tortuosity factor, a, which is equal
to 0.8:

ρ = aρ fϕ
−m (11)

If the effect of particle geometry is assumed negligible, then the HS boundary can also provide
upper and lower boundaries for the resistivity [37]. Figure 15 shows the experimental data alongside
the relationships between resistivity and porosity calculated using the different models. The results
show that the resistivity of the sandstone decreases with increasing porosity and the experimental data
are in good agreement with the Archie model [30]. When the porosity is low, the experimental data are
distributed near the Archie model curve. When porosity is high, the experimental data are scattered
between the curves for the Archie model and for the self-similar model.

Figure 15. Different resistivity-to-porosity models.

The relationships between the P-wave velocity and porosity with the relationships between
resistivity and porosity were combined to establish the relationship between the P-wave velocity and
resistivity, using the porosity as a common variable. Figure 16 shows that the experimental data
were generally consistent with the Raymer-Archie model, which was constructed from empirical
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data. This demonstrates the accuracy of the test data and proves that the differences between damage
measured parameters of sandstone is caused by the differences in reflecting changes to pore condition
between damage measuring methods.

Figure 16. Different models of the relationship between the P-wave velocity and resistivity.

5. Conclusions

Ultrasonic tests, EIS tests and CT scan tests were carried out on sandstone specimens before and
after subjecting the specimens to different levels of damage, and the unloading elastic moduli were
obtained from the resulting stress-strain curves. Four NDT parameters: P-wave velocity, first wave
amplitude attenuation, resistivity, and CT-based effective bearing area, and one destructive test
parameter, the elastic modulus, were compared in terms of derived damage variables for sandstone.

The results show that the elastic modulus result in damage variables that agree closely with
those derived from NDT damage measurement parameters, justifying the use of NDT test parameters
to determine sandstone damage variables. The P-wave velocity agrees more closely than the wave
amplitude attenuation with the other damage measurement parameters but is only moderately stable.
The wave amplitude attenuation is more sensitive than the other measurement parameters to sandstone
damage, and its stability increases significantly as the level of damage increases. Damage variables
calculated from the CT scan tests capture microscopic properties, but the finite resolution of the CT
scans means that the derived damage variables have lower values than those derived from macroscopic
measurement methods.

The resistivity and wave amplitude attenuation reflect the condition of the pore structure, while the
P-wave velocity reflects the condition of the continuous medium inside the sandstone. The relationship
between the P-wave velocity and resistivity was modeled by considering the relationship of both to
porosity. The experimental data were consistent with the Raymer-Archie model, verifying that the
different responses of the measured parameters to porosity is what drives the differences between the
different damage measurement parameters.
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