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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
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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 (f.; q) and
fracture energy (Gg) 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-0) relationship and unconventional force-crack tip
opening displacement (CTOD) relationship was made. On the basis of the obtained test
results, estimations of the parameters f.; g4 and Gy 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 (8) of SFRHSC beams
as the function of crack tip opening displacement (CTOD) instead of crack mouth opening
displacement (CMOD), were proposed [22].
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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 mm? 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 x 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 x 20,2 x 35,2 x 50,
and 2 x 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



Materials 2021, 14, 3412

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 (uCT) 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 (Michatek 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 E10.5/6¢ (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 (T4, 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 T; relaxometry of cement
pastes was shorter and lower along with the hydration times. PCEs delayed and lowered
this main peak in the T 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 Ty of cement pastes at these three times, which still correlated to its dosages.
Both changes of the main peak in Ty relaxometry and the total signal intensity of T; revealed
interferences in evaporable water during cement hydration by the dispersion mechanisms
of PCEs. The time-dependent evolution of the weighted average T; 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
(PFC?P). 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 CO, 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., V¢ = 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 /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 (V) from the bender elements test
(BET), the shear modulus of soils at small strains (G;y) 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 (x,},) obtained through the shod ramp test,
slip resistance value (SRV), and sliding friction coefficient (1) 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 (E-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: In this study, 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 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.

Keywords: waste paper sludge ash (WPSA); controlled low-strength material (CLSM); unconfined
compressive strength; bearing capacity; backfill material

1. Introduction

With the aging of buried pipes, incidents of ground subsidence around them have become
increasingly frequent in South Korea. Underground cavities around sewage pipes in urban areas
caused by aging and damage have been found to be the main cause of ground subsidence, accounting
for approximately 82% of the total number of occurrences, as shown in Figure 1 [1,2].
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Figure 1. Causes of ground subsidence [1].

When aged sewage pipes are replaced, the ground is excavated and soil is backfilled after new
sewage pipes are placed. The soil excavated on site is used as backfill in many cases, but there are also
many cases in which the compaction of the ground around the pipes is not sufficient. The reason is that
the compaction energy by equipment may affect the damage to sewer pipes when such compaction
is performed. This problem can occur when the hydraulic filling of high-quality sand is difficult at
the construction site. Specifically, it is a general restoration method that must be restored immediately
after excavation construction, in order to secure the usability of the surface ground over sewage pipes,
such as roads.

Poor compaction of the ground around sewage pipes causes stress concentration on the pipes
when loaded from above, causing long-term damage as the pipes age. As this causes underground
cavities that lead to ground subsidence around sewage pipes, it is necessary to use backfill materials
that provide sufficient bearing capacity and stability of the ground around the pipes.

Studies on various backfill materials and methods have been conducted to determine how to
prevent sewage pipe damage and ensure sufficient bearing capacity of the surrounding ground [3].
Controlled low-strength material (CLSM) was developed to address various problems caused by
inadequate backfill materials and poor compaction [4].

CLSM is a construction material that applies the concept of low-strength concrete to geotechnical
engineering. CLSM, which was developed in the United States in the mid-1900s, has been used as
a backfill material for buried pipes, such as water and sewage pipes. The American Concrete Institute
(ACI) has defined CLSM as material composed of sand, cement, admixture, fly ash, and water, and has
suggested that the strength range be determined according to the method of excavation. For example,
the suggested unconfined compressive strength is less than approximately 0.3 MPa when excavation is
performed using manpower, 0.7-1.4 MPa when excavation is performed using machinery, and less
than 8.3 MPa when excavation is not required. Unlike conventional soil backfill materials, CLSM is
self-leveling, self-compacting, and flowable. In addition, it is possible to control its strength. Therefore,
it can be used as a countermeasure against ground subsidence caused by the faulty installation of
buried pipes and soil loss underground, as shown in Figure 2. It is also highly useful as an eco-friendly
material because various recycled materials can be incorporated into it [5].
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Figure 2. Backfilling of buried pipes using controlled low-strength material (CLSM) [6].

In recent years, various studies have been conducted on CLSM with coal ash as the main
component to explore the feasibility of utilizing coal ash in CLSM on a large scale. Kim et al. [7]
conducted unconfined compressive strength tests of CLSM with coal ash as the main component, in an
effort to develop various construction materials and analyzed strength as a function of curing time
and water content. Kong et al. [8] evaluated the strength characteristics of CLSM composed of fly
ash, cement, water, and pond ash in place of sand, depending on the mixing ratio between pond ash
and fly ash. Won and Lee [9] conducted research on the basic properties and strength characteristics
of a CLSM mixture with bottom ash and a mixture with fly ash. Razak et al. [10] prepared a CLSM
mixture using bottom ash and evaluated its performance under various curing conditions.

While several studies have been conducted on CLSM using coal ash as the main component,
several others have been conducted on the development of new concrete mixtures using materials such
as recycled concrete aggregate (RCA) and supplementary cementitious material (SCM) as replacements
for Portland cement, a component of CLSM.

Hao et al. [11] evaluated the compressive and tensile strength of CLSM mixtures with fly ash,
bottom ash, and paper sludge used as substitutes for cement and conducted research on methods
for reducing carbon dioxide (CO,) emissions. Kubissa et al. [12] measured compressive strength in
the range of 0.52-4.29 MPa for CLSM containing fly ash and RCA. They also developed a mixture that
achieved the same performance as conventional CLSM, using only a small amount of cement.

Naganathan et al. [13] prepared a CLSM mixture in which the amount of cement was minimized
using RCA and fly ash, and they confirmed that the addition of fly ash improved the strength of
the mixture. Ahmadi and Al-Khaja [14] compared the chemical properties of concrete mixtures
with various paper sludge mixing ratios with those of existing concrete mixtures and confirmed that
paper sludge can be used as a construction material. Frias et al. [15] and Garcia et al. [16] developed
a material that could be transformed into metakaolinite through the calcination of paper sludge,
and used the material to evaluate the applicability of paper sludge as a cement substitute and its
environmental impact through recycling. Monz6 et al. [17], Horiguchi et al. [18], and Boni et al. [19]
conducted research on the feasibility of replacing Portland cement with paper sludge, sewage sludge,
and the waste obtained by incinerating them and derived management plans for industrial waste from
an environmental perspective.

The amount of waste generated is increasing exponentially every year, due to the growing
consumption caused by the growth of cities, and this increasing generation of waste is causing serious
environmental problems. Therefore, it is urgent to identify ways to treat the ash emitted in large
quantities by the incineration of waste and develop treatment technologies for such waste [20].

Fly ash and waste paper sludge ash (WPSA), which is obtained by incinerating paper sludge,
are typical products of waste incineration. Various studies have been conducted on recycling WPSA.
Heo et al. [21] reported that WPSA can be used as a lightweight embankment material because it
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has excellent engineering properties in comparison to fly ash and soil. They also noted that WPSA
causes no problems in terms of environmental impact, because the proportion of lime (CaO) is
nine times higher than that of fly ash and the concentrations of toxic heavy metals are lower than
the established thresholds.

Lee et al. [22] conducted research on recycling WPSA as a construction material, by analyzing
the quality characteristics of concrete and clay bricks fabricated by mixing with WPSA. Seo [23]
evaluated the physical and engineering properties achieved when WPSA and fly ash were used as
cement mixing materials. The possibility of stabilizing soil by improving the strength of clay using
WPSA was evaluated in [24]. Bujulu et al. [25] evaluated the feasibility of using WPSA as a replacement
for lime and cement in the stabilization of quick-clay and found that up to 50% of the lime and cement
normally used can be replaced with WPSA.

Ahmad et al. [26] confirmed that WPSA is suitable for use as a concrete substitute by comparing
the compressive and tensile strength of concrete, in which 5-20% cement was replaced with WPSA
with those of ordinary concrete. Sani et al. [27] replaced ordinary Portland cement with 50-100% WPSA
and compared the compressive strength obtained as a function of curing time. Ridzuan et al. [28]
investigated the mixing characteristics of RCA and WPSA when used to replace Portland cement and
evaluated the strength of CLSM based on the optimal content of WPSA (which yielded the maximum
strength). Fauzi et al. [29] and Azmi et al. [30] evaluated the strength of WPSA and RCA mixtures. Bai
et al. [31] and Mozaffari et al. [32] evaluated the applicability of WPSA and blast furnace slag through
physical and chemical evaluation, using them as mixing materials and comparing the strength of mixes
containing them with mixes containing ordinary Portland cement.

Concrete and grout materials such as CLSM have an important correlation with the environmental
characteristics and material improvement belowground. Farzampour [33,34] analyzed the strength of
concrete and grout materials according to various temperature and humidity conditions. The results
confirmed that the behavior of concrete and grout material has a greater effect on temperature
than humidity. In addition, it was found that the material does not reach its ultimate strength when
the temperature is significantly low in the curing conditions. Mansouri et al. [35] analyzed the structural
behavior of concrete, considering the steel fiber effect and curing time in order to improve its abrasion
resistance. It was confirmed that abrasion resistance increased when the steel fiber ratio was high.

The results of various studies confirm that WPSA can be used to address various problems
associated with waste treatment, the unavailability of natural aggregates, and environmental concerns.
Studies have shown that CLSM with WPSA can be used as a backfill material to prevent sewage
pipe damage, by ensuring sufficient bearing capacity. In this study, the strength and bearing capacity
characteristics of CLSM with WPSA were analyzed. The strength characteristics were evaluated by
conducting unconfined compressive strength tests of mixtures with various WPSA mixing ratios, and
the bearing capacity was evaluated by conducting plate bearing tests.

2. Strength Evaluation of CLSM with WPSA

To evaluate the strength characteristics of CLSM with WPSA, a mix design process for determining
the proportions of components (cement, sand, fly ash, and WPSA) was performed. In addition,
flowability tests and unconfined compressive strength tests were conducted.

2.1. Materials

The CLSM used in this study was prepared by adding WPSA to conventional CLSM materials,
resulting in mixtures of cement, sand, fly ash, and WPSA. Ordinary Portland cement was used as
the cement, and Jumunjin standard sand was used as the sand. Table 1 lists the engineering properties
of the standard sand.
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Table 1. Engineering properties of Jumunjin standard sand in Korea.

e . Maximum Dry Unit Optimum Moisture Internal Friction
Spec1fzégrav1ty Weight Content Angle uUscs *
(Yd(max); kN/mS) (wopt; %) (h; )
2.65 16.9 9.4 33.4 SP **

* Unified soil classification system, ** Poorly graded sands and gravelly sands, little or no fines

Fly ash was obtained from Ekons Co., Ltd. (Incheon, South Korea), and its main components were
analyzed. The specific gravity of fly ash is 2.3, which is two-thirds that of ordinary cement, and it is
known that the value increases as the iron content increases [36]. As Table 2 shows, SiO, and Al,O3
made up more than 90% of the fly ash used in this study, indicating that reactive oxides that can be
used in the polymerization reaction were present in large quantities. SiO, can improve compressive
strength in the long term, because it generates calcium silicate when it reacts with Ca(OH),, which is
generated when cement undergoes hydration.

Table 2. Components of fly ash (FA).

. . Loss on
Component SiO, AlLL,O3 Fe;O3 CaO K,O TiO, MgO Na,O SO3 Igni ﬁl:m
FA (%) 7594  14.70 3.85 1.47 1.11 0.83 0.6 0.54 0.46 0.5

Scanning electron microscopy (SEM) imaging was performed using equipment (model; JSM-7001F)
manufactured by JEOL Ltd., Tokyo, Japan, to analyze the structural characteristics of the fly ash.
The results are shown in Figure 3. The particle size of the fly ash ranged from 1 to 100 um, with
an average particle diameter in the range of 20 to 30 um, which is very similar to the particle size
characteristics of cement. The fly ash particles were smooth spheres, with pores observed on the surfaces
of relatively large particles. XRD (X-ray diffraction) analysis of fly ash was performed using equipment
(model; smartlab) manufactured by Rigaku, Tokyo, Japan, and it showed that quartz (5iO,) and
mullite (3A1,03-25i0;) were present as crystalline substances, as shown in Figure 4. The general
principle and operation of SEM and XRD can be confirmed in the research of Joseph et al. [37] and
Borchert [38], respectively.

(@) (b)
Figure 3. SEM images of fly ash: (a) 500x; (b) 2000x.
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Figure 4. XRD results for fly ash.

The WPSA used in this study was obtained from Ekons Co., Ltd. (Incheon, South Korea).
The results of the analysis of its main components are as follows. The specific gravity was 2.5, and
CaO, Si0,, and Al,O3 accounted for more than 80% of the main components (Table 3). CaO, which is
a main component of cement, contributes to the excellent strength development of cement. Therefore,
it is possible to adjust the strength development by adjusting the WPSA content. SEM imaging results
for the WPSA showed that it was composed of ash particles and unburned fibers, with particle size
ranging from to 2 to 100 pm. The WPSA included both spherical particles with smooth surfaces and
plate-shaped particles (Figure 5). The results of XRD analysis of the WPSA confirmed that it was
composed of CaO, CaCOs3, and CqA7, as shown in Figure 6.

Table 3. Components of waste paper sludge ash (WPSA).

Component  SiO, ALO; Fe,03 CaO K,O TiO, MgO Na,O SO Ifg‘:iii‘(’;‘l

FA (%) 59.35 11.19 1027 443 4.02 3.98 1.74 1.36 0.64 3.02

THURF
v LED

Figure 5. SEM images of WPSA: (a) 500x; (b) 2000x.
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Figure 6. XRD results for WPSA.

2.2. Mix Design of CLSM

As the CLSM used in this study was intended for use as backfill material for sewage pipes,
re-excavation in the future must be easy, and the time required for construction needs to be minimized.
As mentioned previously, ACI recommends an unconfined compressive strength in the range of
0.7-1.4 MPa for CLSM when mechanical excavation is conducted. In this study, the criterion
for unconfined compressive strength at an age of 28 days was determined to be 0.8-1.2 MPa,
based on previous studies, because the CLSM developed in this study must allow re-excavation
for the maintenance of sewage pipes.

Mix designs with cement proportions of 5% and 10% and sand proportions of 35, 40, 45, and 50
were developed to assess the effects of the proportions of cement and sand on the strength characteristics
of CLSM. For each combination of cement and sand, mix designs with WPSA-to-fly-ash ratios of 1:0,
1:1, and 0:1 were developed. The mix design was determined for a relative quantitative comparison of
WPSA and FA, considering the ratio of cement and sand. Table 4 summarizes the mix designs.

Table 4. Mix designs.

Case Number 1 2 3 4 5 6 7 8 9 10 11 12
Cement (%) 5
Sand (%) 35 40 45 50
WPSA (%) 60 30 0 55 27.5 0 50 25 0 45 22.5 0
Fly ash (%) 0 30 60 0 27.5 55 0 25 50 0 22.5 45
Case Number 13 14 15 16 17 18 19 20 21 22 23 24
Cement (%) 10
Sand (%) 35 40 45 50
WPSA (%) 55 27.5 0 50 25 0 45 22.5 0 40 20 0
Fly ash (%) 0 27.5 55 0 25 50 0 22.5 45 0 20 40

2.3. Experiment Details

ACI specifies that materials with excellent flowability should not exhibit noticeable material
segregation, and their flowability value must be at least 200 mm. Flowability tests were conducted
in accordance with ASTM (American Society for Testing and Materials) [39] to ensure water content
conditions that would satisfy the flowability requirements for each mix design.

Unconfined compressive strength tests were conducted in accordance with ASTM [40]. In general,
the unconfined compressive strength of a concrete material is based on a curing time of 28 days, but
there are cases in which earlier strength information is required, depending on the use of the material.
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CLSM, which was used in this study, must perform adequately immediately after construction, because
it is used as backfill material for sewage pipes. Emery and Johnston [41] proposed a value of 0.1 MPa
for the strength of CLSM at 1 day of age. NRMCA (National Ready Mixed Concrete Association) [42]
and Crouch et al. [43] proposed a range of 0.1-0.5 MPa for the strength of CLSM at 3 days of age. In this
study, the criteria set for strength at 1 and 28 days of age were 0.1 MPa and 0.8-1.2 MPa, respectively.
Unconfined compressive strength was measured at curing times of 1, 7, 28, and 60 days, the latter to
assess the long-term strength characteristics of CLSM.

The CLSM specimens used in the unconfined compression strength tests were 100 mm (D) x
200 mm (H) and were fabricated by producing a mix with appropriate water content for each mix
design, based on the flowability test results. After initial curing, the specimens were subjected to
water curing. Three specimens were tested for each curing time, and the average value was calculated.
The specimens were subjected to unconfined compression at a rate of 1 mm/min. Photographs in
Figure 7 illustrate the test procedure.

(b) (0

Figure 7. Procedure for unconfined compressive strength test: (a) specimen placement; (b) measurement
of unconfined compressive strength; (c) specimen failure.

2.4. Flowability and Unconfined Compressive Strength

Figure 8 and Table 5 show the flowability test results for the various mix designs. The water content
that satisfied the flowability criterion (200 mm) ranged from 24 to 32%. When the proportions of WPSA
and fly ash were identical, the water content required to ensure flowability decreased as the amount of
sand increased. In addition, the required water content increased as the WPSA content increased.

3451 L @ Paper ash only

@ Paper ash : Fly ash = 1:1
3 r AFly ash only
322 +m
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Figure 8. Water content required for adequate flowability.
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Table 5. Results of flowability tests.

Mix Design Water Content Required For
Case Adequate Flowabili
Number Cement Sand WPSA FA equate Flowability

(%) (%) (%) (%) (%)
01 60 0 320
02 35 30 30 29.0
03 0 60 27.0
04 55 0 315
05 40 275 275 285
06 0 55 26.0
07 5 50 0 295
08 45 25 25 26.0
09 0 50 25.0
10 45 0 29.0
1 50 25 25 26.0
12 0 45 25.0
13 55 0 315
14 35 275 275 285
15 0 55 265
16 50 0 30.0
17 40 25 25 275
18 0 50 255
19 10 45 0 285
20 45 25 25 25.0
21 0 45 24.0
» 40 0 28.0
23 50 20 20 25.0
2 0 40 24.0

Table 6 presents the results of the unconfined compressive strength tests for the various mix
designs, showing the average value of the results of three specimens, with minimal deviation for each
curing time. The unconfined compressive strength tended to increase as the curing time increased,
regardless of the mix design, and increased very little if at all after 28 days of age. The unconfined
compressive strength increased as the proportion of cement increased, all other aspects of the mix
design being equal. Based on these test results, the effects of various aspects of the mix designs on
the unconfined compressive strength characteristics were analyzed.

Table 6. Unconfined compressive strength test results.

Unconfined Compressive Strength Unconfined Compressive Strength

Case Case
Number (MPa) No. (MPa)
1 Day 7Days 28 Days 60 Days 1 Day 7 Days 28 Days 60 Days
01 0.12 0.59 1.00 1.10 13 0.13 0.76 1.70 2.11
02 0.16 0.60 1.30 1.31 14 0.21 1.10 1.50 2.50
03 0.56 0.86 1.50 1.53 15 1.40 3.60 4.50 5.00
04 0.08 0.31 0.53 0.76 16 0.17 0.87 1.15 1.30
05 0.05 0.50 1.00 1.20 17 0.16 0.91 1.84 191
06 0.50 0.81 0.90 091 18 1.30 3.90 4.79 5.20
07 0.09 0.49 1.10 1.20 19 0.18 1.00 1.37 1.20
08 0.13 0.52 1.20 122 20 0.30 1.20 2.47 2.50
09 0.65 0.90 1.30 1.29 21 1.20 3.50 5.84 5.96
10 0.06 0.30 0.54 0.70 22 0.32 0.79 1.00 1.20
11 0.04 0.50 0.80 0.72 23 0.44 0.92 1.82 1.88
12 0.40 0.60 0.80 0.73 24 1.10 3.00 4.81 5.06
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3. Results and Discussion

3.1. Unconfined Compressive Strength Versus Mixing Ratio between WPSA and Fly Ash

For cases in which only WPSA was used (i.e., WPSA/FA ratio of 1:0), the effect of the WPSA
content on the unconfined compressive strength was assessed, as shown in Figure 9a,b. Regardless of
the cement content (5% or 10%), the unconfined compressive strength increased steadily from 1 to
28 days of age, and no significant strength change occurred after 28 days. The strength increased as
the WPSA content increased, and was thus lowest when the WPSA content was lowest (cases 10 and
22). When the cement content was high (10%), the strength was higher than when the cement content
was low (5%), because the WPSA content was relatively lower.

When the mixing ratio between WPSA and fly ash was 1:1, the unconfined compressive strength of
CLSM increased steadily from 1 to 28 days of age for all mix designs, but did not increase significantly
beyond 28 days, as shown in Figure 9¢c,d. When the cement content was 5%, the strength decreased as
the sand content increased. However, when the cement content was 10%, the strength characteristics
differed depending on the sand content. This may be because both WPSA and fly ash, which act as
binders, have a significant impact on the overall strength when the cement content is low (5%), whereas
sand has a larger impact on the strength characteristics than ash materials when the cement content is
high (10%).

Figure 9e,f show the unconfined compressive strength of CLSM containing only fly ash (i.e.,
WPSA/FA ratio of 0:1). When the cement content was 5%, the mix with the highest fly ash content
exhibited the highest unconfined compressive strength. However, when the cement content was
10%, the mix with the lowest fly ash content exhibited the highest unconfined compressive strength.
The strength increased significantly as the cement content increased, all other aspects of the mix design
being equal. Especially, the result of case 21 shows that FA, cement, and sand are the mixing conditions
with the maximum unconfined compressive strength when only FA is applied to CLSM. These results
indicate that fly ash has a significant influence on the strength development of CLSM.

& casc 1 [Sand 35%)
~¢-case 4 [Sand 40%]
4 case 7 [Sand 45%)]
-&-case 10 [Sand 50%)

Hcase 13 [Sand 35%]
~-case 16 [Sand 40%]
#casc 19 [Sand 45%)]
#-case 22 [Sand 50%)]

Unconfined compressive strength (MPa)
Unconfined compressive strength (MPa)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 0 5 10 15 20 25 30 35 40 45 50 55 60 65
Curing time (days) Curing time (days)

(@ (b)

Figure 9. Cont.
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Figure 9. Unconfined compressive strength versus mixing ratio between WPSA and fly ash: (a)
WPSA/FA = 1:0 (cement 5%); (b) WPSA/FA = 1:0 (cement 10%); (c) WPSA/FA = 1:1 (cement 5%); (d)
WPSA/FA = 1:1 (cement 10%); (e) WPSA/FA = 0:1 (cement 5%); (f) WPSA/FA = 0:1 (cement 10%).

3.2. Unconfined Compressive Strength Versus Sand Content

The effect of the cement content on the unconfined compressive strength for a given sand content
was evaluated. As shown in Figure 10, the rates of strength increase and strength achieved were
significantly higher when the cement content was higher, regardless of the sand content and WPSA/fly
ash mixing ratio. The lowest rate of increase in unconfined compressive strength was 18.3% when
the sand content was 45%, and the highest was 593% when the sand content was 50%. As mentioned
above, it was confirmed that, for the range of sand content considered, the rate of strength increase
was highest when only fly ash was used.

Mix designs that minimized the cement and sand content were selected to evaluate the applicability
of CLSM by recycling WPSA. For cement content of 5%, cases 1, 2, and 8 were found to yield appropriate
mix characteristics. For cement content of 10%, cases 16 and 19 were found to yield appropriate
mix characteristics. In this study, however, the strength criteria for 28 days (0.8-1.2 MPa) and 1 day
(0.1 MPa) of age were determined based on findings from previous studies on how to ensure the desired
excavation conditions. As such, case 8, which corresponded to stable strength characteristics, was

31



Materials 2020, 13, 4238

determined to be the optimal mix design, based on short-term (1 day) and long-term (60 day) strength,
as well as cement content.
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Figure 10. Unconfined compressive strength versus sand content: (a) sand 35%; (b) sand 40%; (c) sand
45%; (d) sand 50%.

4. Bearing Capacity Evaluation of CLSM Using Plate Bearing Test

A site was prepared for plate bearing tests of CLSM with WPSA. Plate bearing tests were conducted
at a location where CLSM was produced according to the mix design for case 8, which was determined
to be the optimal mix design, and was used as backfill material at a location where weathered granite
soil, which is commonly used as backfill material, was used. Based on the test results, the bearing
capacity of the CLSM backfill and weathered granite soil backfill was evaluated.

4.1. Materials

Various laboratory tests were conducted to assess the engineering properties of the weathered soil
used as control backfill. The specific gravity was 2.66 and the USCS (Unified soil classification system)
soil classification was SP (Figure 11a). A maximum dry unit weight of 20.2 kN/m? was observed at an
optimal water content of 11.7% (Figure 11b).
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Figure 11. Engineering properties of weathered soil and CLSM: results of (a) sieve analysis of weathered
soil; (b) compaction tests of weathered soil; (c) direct shear test.

The cohesion and internal friction angle of the weathered soil determined from direct shear testing
were compared with those of CLSM. For this purpose, the CLSM test results at 7 and 28 days of
age, when the rate of increase of unconfined compressive strength was high, were used. As shown
in Figure 11c and Table 7, CLSM exhibited significantly higher shear strength than weathered soil.
The cohesion and internal friction angle of CLSM after 28 days were 368% and 23% higher, respectively,
than those of weathered soil.

Table 7. Comparison of shear strength between weathered soil and CLSM with WPSA.

Normal Stress (kPa) Strength Parameters
Classification . Internal
50 100 150 Cohesion Friction Angle

(c; kPa) 5

(B; %)
Weathered soil Shear str 57.8 77.6 120.1 229 31.9
CSLM after 7 days e(akrf )ess 90.0 1290 1621 549 35.8
CSLM after 28 days 4 144 196.7 225.5 107.2 39.2

4.2. Plate Bearing Test Procedure

At the site, a large soil tank was installed in the ground. The tank was separated in the middle
so that the plate bearing test could be conducted, depending on the application of CLSM. The load
was applied in six steps, in each of which the load was less than 98 kPa, or one-sixth of the test target
load. After the load was increased in each loading step, it was maintained for at least 15 min. Ground
settlement was measured at 1, 2, 3, 5, 10, and 15 min from the time of loading to 15 min, while the load
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was held constant using an LVDT (Linear Variable Differential Transformer) with an accuracy of
0.01 mm. It was assumed that settlement had stopped when settlement was less than 0.01 mm after
15 min or less than 1% of cumulative settlement after 1 min. Plate bearing tests were conducted at 1,
7,14, 28, and 60 days of age to assess the effect of curing time on unconfined compressive strength,
and the yield strength was expressed by a P-S curve developed from the test results. Figure 12 shows
photographs of the plate bearing test procedure.

(0) (d)

Figure 12. Plate bearing test procedure: (a) ground excavation and soil box installation; (b) ground
construction; (¢) buried sewage pipe; (d) CLSM construction; (e) plate bearing test; (f) test measurement.
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4.3. Evaluation Results

Figure 13 shows the plate bearing test results for the ground backfilled with weathered soil, for
comparison with the bearing capacity of the ground where CLSM was applied. The P-S curve was
used to calculate the load, corresponding to 10% settlement of the load plate diameter. A safety factor
of 3 was applied to the allowable bearing capacity, based on the consideration that continuous cyclic
loading could be applied to the ground in which sewage pipes were buried. It was found that the load
corresponding to settlement equal to 10% of the load plate diameter increased from 550 to 575 kPa as
the curing time increased. The bearing capacity of the weathered soil appeared to increase, because
ground compaction was achieved by the tests conducted on selected curing days, but the rate of
increase was judged to be insignificant.

Figure 14 shows the plate bearing test results for the ground where CLSM with WPSA was applied.
When the results were analyzed in the same manner as those for weathered soil, it was found that
the load increased from 560 to 730 kPa, as the curing time increased. When the rate of load increase
was evaluated with respect to curing time, the load was found to increase by 20.5%, 24.1%, 28.6%, and
30.4% at 7, 14, 28, and 60 days of age, relative to the load at 1 day. These results show that the load
increased continuously up to 28 days, but the rate of increase was not high after that. This trend is
similar to that observed in the unconfined compression test results.

Figure 15 and Table 8 show the allowable bearing capacity of weathered soil and CLSM calculated
from the plate bearing test results. As mentioned previously, the allowable bearing capacity was
calculated by applying a safety factor of 3 to the load measured in the plate bearing test. The test
results for weathered soil show that the allowable bearing capacity increased from 1 to 60 days of age
by approximately 4%. In the case of ground where CLSM was applied, however, the allowable bearing
capacity gradually increased as the curing time increased; it increased most significantly from 1 to 7
days of age, and then slowly after 28 days. The weathered soil and CLSM exhibited similar allowable
bearing capacity immediately after construction.
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Figure 13. Plate bearing test results for weathered soil over time, with elapsed time of (a) 1 day; (b) 7

days; (c) 14 days; (d) 28 days; (e) 60 days.
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Table 8. Allowable bearing capacity of weathered soil and CLSM.

Classification Elapsed Time (Days)
1 7 14 28 60
Allowable Weathered soil 183.3 186.7 188.3 190.0 191.7
bearing capacity CSLM 186.7 225.0 231.7 240.0 2433

(kPa)

These results suggest that when CLSM with WPSA is used as sewage pipe backfill material, it
is possible to achieve acceptable performance immediately after construction. In addition, it was
confirmed that CLSM with WPSA can be used as a backfill material that ensures higher stability than
conventional soil backfill, because its allowable bearing capacity increases over time.

5. Conclusions

In this study, the strength characteristics of controlled low-strength material (CLSM) made with
recyclable waste paper sludge ash (WPSA) were evaluated, to assess its ability to prevent ground
subsidence caused by poor compaction of the ground around sewage pipes and ensure adequate
bearing capacity of the ground above the pipes. The unconfined compressive strength of WPSA was
evaluated with respect to the mixing conditions, and the bearing capacity of CLSM produced with
the optimal mixing conditions was evaluated. The results of this study are summarized as follows:

(1) When only WPSA was used, unconfined compressive strength increased steadily over time
from 1 to 28 days, regardless of the cement content (5% or 10%). The strength did not change
significantly after 28 days. Unconfined compressive strength increased as WPSA content increased.

(2) When the mixing ratio of WPSA to fly ash was 1:1, both materials, which act as binders, had
a significant impact on strength when the cement content was low, but sand had a larger impact on
the strength characteristics than ash material when the cement content was high.

(3) The strength and rate of strength increase were significantly higher when the cement content
was high than when it was low, regardless of the sand content and WPSA-fly ash mixing ratio. The rate
of strength increase was highest when only fly ash was used.

(4) The strength corresponding to 10% settlement of the loading plate diameter was calculated
based on the load-settlement relationship of the plate bearing test results. The strength of weathered
soil increased from 550 to 575 kPa with increased age, and the increase rate of strength decreased with
increased age. Furthermore, CLSM with WPSA increased from 560 to 730 kPa. In addition, the increase
rate of CLSM strength increased, and then decreased after 28 days of age; this tendency was the same
in weathered soil.

(5) The allowable bearing capacity of weathered soil and CLSM was calculated from plate bearing
test results. The allowable bearing capacity of weathered soil increased by approximately 4.5%, with
aging from 1 to 60 days. In the case of the ground where CLSM was applied, the allowable bearing
capacity gradually increased as the curing time increased. Weathered soil and CLSM exhibited similar
allowable bearing capacity immediately after construction.

The results of this study confirm that CLSM with WPSA can be utilized as a sewage pipe backfill
material, that can ensure higher stability than soil backfill. However, limited mixing conditions of
WPSA and FA were applied in this study. Therefore, it is necessary to perform experiments and
analyses on subdivided mixing conditions of WPSA and FA, in order to analyze the effect of WPSA on
the strength of CLSM in detail.
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Abstract: Taking into account the possibilities offered by two imaging methods, X-ray microcomputed
tomography (uCT) and two-dimensional optical scanning, this article discusses the possibility of
using these methods to assess the internal structure of spun concrete, particularly its composition after
hardening. To demonstrate the performance of the approach based on imaging, laboratory techniques
based on physical and chemical methods were used as verification. Comparison of obtained results
of applied research methods was carried out on samples of spun concrete, characterized by a
layered structure of the annular cross-section. Samples were taken from the power pole E10.5/6¢
(Strunobet-Migacz, Lewin Brzeski, Poland) made by one of the Polish manufacturers 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 significantly complement the results of 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
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.

Keywords: concrete centrifugation; morphology; image processing; porosity; aggregate; cement

1. Introduction

Concrete centrifugation is the process of forming and compacting concrete mix due to the normal
(radial) force generated during the spinning of the mold around its longitudinal axis at a speed of
500-700 rpm. Due to its specificity, this method is applicable only to hollow elements. As a result of the
centrifugation process, concrete with a heterogeneous and layered structure is obtained [1-3]. Thus,
the structure is different from that of precast or monolithic concrete elements, which in practice can be
considered homogeneous. The spun concrete is marked by the fact that components with a larger mass
(coarse grains) come to the outside of the cross-section, while components with a smaller mass (cement
slurry) tend to remain inside (Figure 1). Under these conditions, the outer layer can achieve high
compactness and, after hardening, high strength and resistance to chemical and mechanical impacts.
The inner layer, on the other hand, consists of highly compacted, very thick cement paste and may,
after hardening, obtain special resistance to water permeability.
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Figure 1. The structure of spun concrete in the wall thickness of a power pole.

One of the first to describe the structure of spun concrete used in pipe production was Marquardt [4].
Based on his observations, he found that a greater difference between the specific gravity of the concrete
mixture components led to faster and deeper fractionation. He recommended that well-sorted,
mixed aggregate grains with similar petrographic properties and a maximum diameter of 15 mm were
preferred for concrete mixtures subjected to centrifugation. He also discussed the change in cement
content as a function of the wall thickness of spun concrete elements. He found that cement at 83% of
the wall thickness is quite evenly distributed, and an increase in its content is observed only in the
inner layer of the section with a thickness of 2-5 mm. He proposed to use layered centrifugation at
lower mold rotational speeds to reduce layering.

In [5], Kuranovas and Kvedaras presented the concrete centrifugation process as a four-phase
process. The first phase is feeding the concrete mix inside the mold, with its even distribution over the
length of the mold at a low centrifuge rotational speed. Afterward, the rotational speed of the mold
increases, and the process enters the second phase, where the centrifugal force begins to compress the
concrete mix and a layered wall of the concrete section is formed. The third phase is a further increase
in the rotational speed of the mold, at which the wall thickness of the concrete section is compacted and
stabilized with some of the mixing water squeezed inside. The fourth phase occurs at the maximum
rotational speed of the mold, during which the concrete mix is further compacted and excess mixing
water is squeezed out. The element’s wall reaches its designed thickness.

Kliukas, Jaras, and LukoSevic¢iené in [6] found that each phase of the concrete centrifugation
process has a specific rotational speed, which depends on the dimensions of the element and the
time needed to obtain the selected speed. According to [6], the duration of the first phase should be
3-4 min, the second and third phase should be 1-2 min, and the fourth phase should be 10-15 min.
It should be noted that the centrifugation time of an element in a steel form also depends on the initial
water—cement ratio of the concrete mix and the pressure caused by centrifugal force, depending on the
rotational speed and the diameter of the product.

Adesiyun et al. [7-9] used a computer image analysis method to describe the structure of spun
concrete allowing extraction of quantitative and qualitative information contained in the image of an
element wall cross-section. For a precise description of the structure, the wall thickness of the sample
was divided into 20 strips with a width of 2.25-3.00 mm (depending on the overall wall thickness).
The tests were carried out with different combinations of concrete mix parameters, such as sand point
(25-50%), cement content (410-530 kg/m?), amount of plasticizer (0-2%), spinning speed (400700 rpm),
and its time (5-11 min). Computer image analysis allowed for graphical representation of the aggregate,
cement matrix, and air-void distribution as a function of the wall thickness in individual samples.
It was found that the volume fraction of aggregate decreases from the outside of the centrifuged sample
to the inside, while the cement matrix content changes in the opposite direction (in the inner zone,
its content is almost 100%). The air content in the cross-section of the wall was higher for internal
rather than external layers. Segregation of components was found in all tested samples.
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Volgyi et al. [10,11] found that segregation of the concrete mix during centrifugation depends
to a large extent on the excess of the cement paste and the degree of compaction. Properties such as
strength, porosity, hardness, and composition vary across the wall of the spun concrete due to the
segregation of components. The latter can be reduced by using less paste and optimal compaction
energy. A relationship between the consistency and the advisable compaction energy was proposed.
The formula for the optimal centrifuge settings, i.e., time and speed of spinning, was derived to obtain
the best strength properties of the sample.

This paper focuses on methods of assessing the internal structure of spun concrete, which can be
used in practice to verify the selection of spinning parameters. In the first part of the work, standard
methods for determining the composition of hardened concrete were used to assess its variability
across the element wall. Next, based on preliminary results presented in [12], imaging techniques
followed by appropriate image analysis were utilized to determine spatial distribution of pores,
aggregate, and cement matrix. Comparison of obtained results was carried out for the samples of spun
concrete power pole E10.5/6c made by one of the Polish manufacturers of prestressed concrete E-poles.
The capabilities and performance of the research methods used were discussed. Conclusions regarding
their potential use in practice were formulated.

2. Preparation of Test Samples

The E10.5/6¢ pole used for testing was made in one of the Polish prefabrication plants and was a
precast, partly prestressed element shaped as a truncated cone with hollow core. The length of the pole
was equal to L = 10.5 m. The annular shape of the cross-section resulted from the adopted technology
of manufacturing poles by the method of concrete centrifugation in longitudinally unopenable steel
mold [13]. The outer diameter of the E10.5/6c column increased from d; = 173 mm at the top to
dp = 330.5 mm at the base with a constant taper t = 15 mm/m. The equivalent characteristic peak
resistance force, applied at a distance of 0.17 m from the top, was Py = 6 kN. The E10.5/6¢ pole is
designed to be produced from C40/50 spun concrete.

When designing power poles made of spun concrete, it was taken into account that they are
exposed to direct environmental impacts, described by standard [14], class XC4 (cyclically wet and
dry concrete surfaces exposed to contact with water), and for structures located near motorways,
class XF2 (vertical concrete surfaces exposed to freezing and de-icing agents from air). The durability
of spun prestressed concrete poles is ensured by appropriate thickness of the concrete cover of the
reinforcement. Concrete that protects steel against corrosion is marked by limit values describing,
among others, the quantity and quality of components (e.g., minimum cement content, water—-cement
ratio w/c, and classified aggregates), as well as the minimum compressive strength of concrete and
its absorbability. For the XC4 and XF2 environmental exposure class, the standard [14] imposed a
minimum cement content of 300 kg/m3, maximum w/c = 0.5, and minimum concrete strength class
C30/37. A concrete mix recipe was obtained from the manufacturer for the production of the E10.5/6¢
pole (Table 1).

Table 1. Recipe for concrete mix used in the production of E10.5/6¢ pole.

Component Quantity (kg/m?)
Sand 0-2 mm 750
Gravel 2-8 mm 350
Gravel 8-16 mm 400
Basalt grit 8-11 370
CEM I 42.5R cement 400
Plasticizer 0.5
Superplasticizer 1.6
Water 105
w/c ratio 0.26
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For laboratory tests, from an E10.5/6c power pole, about a 200-mm-long fragment was cut off
(Figure 2a) to obtain a sample in the shape of a hollow truncated cone. The wall thickness of the
fragment was about 60 mm. The fragment of the pole was then cut along the generatrix into slices
about 10-20 mm thick (Figure 2b), with the prestressing wires being avoided. One of the slices was
intended for testing the concrete structure with the use of imaging techniques, while the other was
intended for testing the composition of hardened concrete using laboratory methods.

(b)

Figure 2. Preparation of test samples: (a) cutting off the top of the pole; (b) a slice of concrete intended
for laboratory testing.

3. Determining the Composition of Hardened Concrete

For testing the composition of hardened concrete, an estimation method was used in accordance
with the instructions [15] based on the determination of apparent density of concrete, the content of
parts insoluble in HCl, and the amount of components attached to the binder during its hardening.
Since there is no direct method for determining the cement content of a concrete sample, the procedure
consists of determining the content of soluble silica and calcium oxide and, on this basis, calculating the
cement content. The method is based on the fact that the silicates in Portland cement are much more
soluble than the silicate components normally contained in the aggregate. The same applies to the
relative solubility of the calcium oxide components in cement and aggregate (except, however, limestone
aggregate). The methods for determining the Portland cement content in concrete are described in
standards [16,17], as well as in the already mentioned manual [15]. In addition, the extension of the
research to determine water absorption and specific density according to [18,19] made it possible
to calculate the total and open porosity. The composition of hardened concrete was determined
independently for four layers of concrete pole section as shown in Figure 2b.

Due to the layered structure of spun concrete, for laboratory tests, samples were prepared by
longitudinally cutting the concrete slices (Figure 2b) into four parts (as shown in Figure 3). Samples
(layers) were marked with consecutive numbers 1-4, where sample 1 describes the inner layer of the
annular cross-section, and sample 4 describes the outer layer. In addition, sample 5 was an entire slice
of the concrete wall without splitting into layers. For aggregate with a grain diameter of up to 40 mm,
the weight of the concrete sample should be at least 3 kg according to [15]. During the tests, due to
the dimensions of separated centrifuged concrete samples, this condition was not met. Moreover,
while the concrete slices were being cut, it was not possible to get distinct layers of precise dimensions
(as in Figure 1); thus, the boundaries between the layers were in practice inexact, which was especially
visible for the inner layer No. 1.
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Figure 3. Sample shapes for laboratory tests.

The apparent density of concrete p. was determined via the hydrostatic method due to the
irregular shape of the samples. Determination was performed according to [18]. The samples were
first dried at 105 °C to constant weight, i.e., until the changes in mass during 24 h were less than 0.2%.
Dried samples were weighed after that. Then, the samples were saturated by immersion in water
at a temperature of 20 °C until the changes in mass during 24 h were less than 0.2% and weighed.
The volume of each sample was determined on the basis of its apparent mass in water and mass in air
according to the following formula:

Mg — My
V=t
Pw
where 1, is the mass in air of saturated sample, 1, is the apparent mass in water of saturated sample,
and py, = 998 kg/m? is the density of water at 20 °C. When weighing the samples in water, the correction
due to apparent mass of suspension wire and holder was made. The apparent density of dry concrete
was calculated as

)

_
pe =" @

where 111, is the mass of dry sample. At the same time, water absorption of concrete can be calculated as

My — My

o = = ©)

The procedure for determining the content of parts insoluble in HCl was as follows:
after comminution, sieving through a 1-mm sieve, and drying to constant weight at 105 °C, the samples
were sieved through a 0.2-mm sieve. Samples of about 2 g were tested using an aqueous solution (1:3)
of hydrochloric acid (HCI) to determine the content of insoluble parts. Each sample was placed in a
250-mL beaker and 100 mL of HCl solution was added at room temperature. The contents of the beaker
were mixed and the insoluble residue was triturated with a glass rod. After 15 min, the supernatant
fluid was decanted. Next, 50 mL of HCl solution was poured onto the precipitate in a beaker and
placed in a water bath at 90 °C for 15 min. Then, the contents of the beaker were washed twice with hot
water and decanted. The precipitate remaining in the beaker was flooded with 50 mL of 5% Na,COs
and placed in a water bath at 90 °C for 15 min, before being washed twice with hot water and decanted.
The remaining precipitate was flooded with 50 mL of water, acidified with HCI (1:3) against methyl
orange, while adding an excess of 3—4 drops of acid to the neutralized solution, after which the contents
of the beaker were filtered. The filtered precipitate was washed six times with hot water until the
reaction due to chlorides ceased. The washed precipitate was transferred to a weighed porcelain
crucible and, after burning, the filter was calcined at 1000 °C to finally determine the mass of parts
insoluble in HCI. Typically, it is assumed that the aggregate mass in the tested sample is equal to the
mass of parts insoluble in HCl determined as a result of the analysis. However, when determining
the aggregate content in this study, a preliminary analysis was performed to determine the aggregate
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behavior under the influence of hydrochloric acid. It turned out that basalt in the form of aggregate is
resistant to HCl acid, while, after being pulverized, it dissolved partly in hydrochloric acid. Probably
weathered basalt was used for concrete in some parts of the aggregate 811 mm (Table 1) [20]. Thus,
when determining the aggregate content, account was taken of the presence of HCl-soluble parts in
the aggregate, by introducing the appropriate correction. Finally, the aggregate mass percentage was
calculated as

Miys
Caoe% = Cins o, - corr = —— - 100% - corr 4
agg,% ins,% o o ( )

where Cjy,s 9, is the mass percentage of insoluble parts in concrete, 11,5 is the mass of insoluble parts
remaining from the sample of concrete, 11, is the initial mass of dry concrete sample, and corr = 1/Ciys g¢,%
is the correction factor, in which Cips aee,% stands for mass percentage of HCl-insoluble parts in the
aggregate. The aggregate content in kg/m® was calculated as

Cagg = Cagg,% *Pe ()

The content of compounds attached to cement during the setting and hardening of concrete
(which are H,O and CO,) was determined on the basis of calcining losses. The samples were prepared
according to the procedure for determining the aggregate content in concrete; they were additionally
ground on a 0.06-mm sieve. Calcining losses were determined in an oxidizing atmosphere, while the
samples were heated in the air at 950 °C until a constant sample mass was obtained. The constant mass
was determined by successive heating for 15 min, followed by cooling and weighing. The percentage
calcining loss was determined by the following formula:

Catton = W -100% )

0
where m, is the the mass of the sample tested, and i, is the the mass of the calcined sample.
The obtained value of Cyt o, was converted to the content of attached ingredients expressed in kg/m3
according to the following formula:

Catt,%

Cont = T00% Pe (7)
Finally, the content of cement C.;; was calculated from the following condition:
Ceem = pc — Cugg = Catt (8)

The density of concrete p,;, defined as the ratio of the mass of the dried sample to the volume of
the solid part (without taking into account the volume of voids), was determined using the Le Chatelier
flask method [19]. On the basis of the values of p. and p,, total porosity was calculated as

¢p,tot =1-— (9)

cr

Open porosity ¢, was estimated based on water absorption 7, as follows:
q’p,ap = ”w& (10)
Pw

The obtained parameters of concrete in the particular layers are presented in Table 2.
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Table 2. Test results and calculations for individual samples 1-4 and average sample 5 (Figure 1).

Parameter Sample No. 1 Sample No. 2 Sample No. 3 Sample No. 4 Sample No. 5
Apparent density p (kg/m®) 2086 2170 2124 2175 2149
Specific density pe (kg/m?) 2509 2597 2640 2592 2599
Water absorption 11y, (%) 5.1 4.4 4.8 4.5 4.6
Open porosity ¢p,op (%) 10.7 9.5 103 9.7 10.0
Total porosity ¢p,tor (%) 16.9 16.4 19.6 16.1 17.3
Solid volume fraction s (%) 83.1 83.6 80.4 83.9 82.7
Aggregate mass percentage Cygg,9, (%) 71.6 825 823 81.2 782
Aggregate content Cyge (kg/m?) 1493.9 1790.6 1748.0 1766.4 1680.5
Attached ingredients mass percentage Caxt, o, (%) 5.5 4.1 3.8 4.6 3.7
Content of attached ingredients Ct (kg/m3) 114.8 89.0 80.7 100.1 79.5
Cement mass percentage Ceem,, (%) 229 134 139 14.2 18.2
Cement content Ceepy (kg/m3) 477.8 290.8 295.2 308.9 391.1

4. Assessment of Morphology of Concrete Microstructure

4.1. Theoretical Assumptions

Research on the morphology of the spun concrete microstructure was divided into two parts due
to the method of image acquisition: flat optical scanning and three-dimensional (3D) imaging in X-ray
microcomputed tomography (uCT). Regardless of the method of obtaining the image, the analysis is
aimed at characterizing selected morphology measures of the considered microstructure components:
pores, aggregate, and cement matrix. Inboth cases, the following stages of research can be distinguished:

e  obtaining an image;
e  segmentation of the component under consideration;
e morphometric analysis.

In the conducted analyses, it was assumed that, due to the axial symmetry of the spun elements,
the properties of the obtained material do not depend on the angular coordinate. Thus, at a fixed
pole height (i.e., for a fixed coordinate value along the axis of rotation of the element), the parameters
of the microstructure change only along the radius. The identified values were, therefore, referred
to coordinate R in the radial direction (perpendicular to the axis of rotation of the spun concrete
element). Coordinate R increases from R = 0 on the outer edge of the element toward the center of the
cross-section in accordance with Figure 3.

The mathematical morphology methods were used to describe the distribution of concrete
components (i.e., macropores, cement matrix, and aggregate) over the wall of the spun column.
The theoretical foundations for these tools, based mainly on works [21-23], were described in more
detail in the previous work of the authors [12].

On the basis of the analyses carried out, selected morphological statistical measures were
determined: component volume fraction and so-called local thickness. The average volume fraction
of the selected component is defined as the number of pixels in the component divided by the total
number of pixels (in a selected area of the image). To describe the variability of the volume of the
component as a function of R, a series of image subareas was selected, which are narrow circumferential
bands of the concrete pole wall. The volume fraction ¢(R) (dependent on coordinate R) is calculated in
the band with the center line corresponding to coordinate R and the width AR. The method of selecting
the aforementioned band is shown in Figure 4a. It is worth mentioning that, in the case of cross-section
analysis as in [12], the shape of the band is annular (see Figure 4b).
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(b)
Figure 4. Selection of peripheral band: (a) in longitudinal section; (b) in cross-section [12].

Local structure thickness is a scalar field, defined only in the area occupied by the considered
constituent. The procedure for determining the local element thickness generally consists of filling
the area occupied by the considered constituent with circles of the largest possible diameter [24].
Then, the thickness of the element at a given point x is defined as the largest diameter of the circle,
which entirely fits within the constituent under consideration and, at the same time, contains point x in
its interior. This is schematically illustrated in Figure 5.

Figure 5. Element thickness at point x as the maximum diameter of the inscribed circle.

The calculations are performed first for the entire image, resulting in a map of the local thickness
of the constituent under consideration. Then, to describe the variation of local thickness as a function
of the wall thickness of the concrete element (i.e., relative to coordinate R), a procedure analogous to
that for the volume fraction was used; specifically, the average in the appropriate circumferential band
was determined as in Figure 4.

4.2. Two-Dimensional (2D) Imaging in an Optical Scanner

The research procedure used is based on the procedure given in [12]. It consists of the following
consecutive actions:

cutting the sample;

surface preparation for scanning;

scanning;

segmentation of the considered constituent from the obtained image;

SN

morphometric analysis of the considered component based on its binary image.

Staining the pores first and then the matrix (with a different color), after etching it with acid,
allowed quantifying the morphology of the following components: air voids (macro-pores), cement
matrix, and aggregate. Thus, the scope of analyses was expanded compared to the analysis presented
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in [12], where only aggregate morphology was described. To perform calculations as a part of the
analysis of the morphology of individual components, the author’s own procedure written in the
Mathematica program was used. Selected image transformations were carried out in GIMP, Image]
(Fiji distribution), and CTAn programs.

The first stage of sample preparation for scanning was to level the cut surface in such a way that it
was as flat, even, and smooth as possible. For this purpose, a Struers LaboPol 5 grinding and polishing
machine with an MD Piano grinding disc was used. The result of the optical scan of the surface of
the test sample prepared in this way (before staining) is shown in Figure 6. The scan was performed
using a standard office scanner with a resolution of 600 dpi, which, calculated using the pixel size,
gives 42.33 um/pix.

The pores were stained green by applying acrylic ink to the entire surface of the sample, which was
then ground again. After this procedure, the sample was rescanned Figure 7.

Then, after etching the matrix with hydrochloric acid, it was stained yellow (Figure 8). The method
of staining was analogous to that for pores; only the ink color changed.

To enable comparison of scans at individual stages of staining, all images were superimposed and
matched to each other by appropriate rotation and shift. The pictures presented below show already
“matching” images, for which the dimensions in pixels are the same and the position of the analyzed
sample is the same. To exclude the background from the analysis, as well as inadequately polished
fragments, edges jagged during cutting, and reinforcing bars, further analysis focused on the area of
the image showing the correctly prepared surface of the concrete sample. This area is called the region
of interest (ROI). The complement of ROI was not included in the analysis. For this part of the image,
a white mask was applied. The image of the stained sample, limited by the aforementioned mask to
RO, is presented in Figure 9. By using ROI, most of the polishing marks, which were stained as pores,
were eliminated from the analysis.

Figure 6. Raw scan of the tested sample.

4.2.1. Macropore Morphology

Pore segmentation was performed by subtracting images before and after staining, followed by
global thresholding. The particular technique was described in more detail in previous work [12].
The segmentation result, i.e., the binary image of pores, is shown in Figure 10. Figure 11 shows
a contour map of pore local thickness, as well as its histogram. Graphs of porosity and average
pore thickness as a function of coordinate R are presented for the consideration sample in Figure 12.
The brightest gray lines correspond to the width AR (as in Figure 4) equal to the pixel size. Darker
lines correspond to greater values of adopted width AR. The same remark holds true throughout the
remaining graphs in the paper.
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Figure 9. Image of the tested sample after staining the matrix (limited to the region of interest (ROI)).
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Figure 11. Pore local thickness: (a) contour map; (b) histogram.
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Figure 12. Porosity (a) and average local thickness of pores (b) as a function of R coordinate.

4.2.2. Cement Matrix Morphology

The matrix was segmented by extracting the appropriate color channels from the scan after
staining the matrix, followed by thresholding. Next, the pores were removed and the calculations were
carried out. Figure 13 presents a map of the local thickness of the cement matrix together with the
histogram. Figure 14 shows the variability of the volume fraction and the average local thickness of
the matrix as a function of coordinate R.

4.2.3. Aggregate Morphology

The aggregate was segmented as a complement of the area, being the union of the binary images
of cement matrix and pores. The map of local aggregate thickness, as well as its histogram, is presented
in Figure 15. Figure 16 shows the variability of the volume fraction and average aggregate thickness as
a function of coordinate R.

4.3. 3D Imaging in Microcomputed Tomography

In order to describe the pore space network, a nondestructive technique, namely, pCT, was used.
The sample was cut to a cuboid with dimensions allowing to obtain a test resolution of 21.40 pum/pix.
Then, the prepared cuboid was fixed to the holder in the chamber of the device (Figure 17).
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Figure 13. Local thickness of cement matrix: (a) contour map (limited to ROI); (b) histogram.
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Figure 14. Volume fraction (a) and average local thickness (b) of cement matrix as a function of the
element thickness.
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Figure 15. Local thickness of aggregate: (a) contour map (limited to ROI); (b) histogram.
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Figure 16. Volume fraction (a) and average aggregate thickness (b) as a function of coordinate R.
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Figure 17. The sample attached to the holder and mounted in the chamber of X-ray scanner.

Scanning was performed in a Bruker Skyscan 1172 device (Bruker, Kontich, Belgium).
The examination consisted of acquiring a series of X-ray projections, followed by the reconstruction of
3D image of the tested sample. The scanning parameters used are shown in Table 3.

Table 3. Selected, more important scanning parameters.

Parameter Value
Source voltage (kV) 100
Source current (1A) 100

Image pixel size (um) 21.38
Filter Al 0.5 mm
Exposure (ms) 270
Rotation step (°) 0.32
Frame averaging On (8)
Random movement On (10)
Use 360 rotation Yes
Geometrical correction On

Image reconstructions were made using the NRecon program based on the Feldkamp algorithm [25].
The set of reconstruction parameters is presented in Table 4.

Table 4. Selected, more important reconstruction parameters.

Parameter Value
Pixel size (um) 21.39861
Object bigger than field of view (FOV) Off
Ring artefact correction 9
Beam hardening correction (%) 30
Threshold for defect pixel mask (%) 0
CS static rotation (°) -49.14
Minimum for CS to image conversion 0.000
Maximum for CS to image conversion 0.070

The reconstructed structure of the tested sample is shown in Figure 18a. In order to carry out
a quantitative and qualitative assessment of the material, it was also necessary to specify in the
reconstructed model the volume of interest (VOI). A quasi-cuboidal area was assumed, highlighted in
green in Figure 18b.
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Figure 18. Reconstruction of the tested sample: (a) rendered three-dimensional (3D) view with
exemplary cross-sections; (b) volume of interest (VOI) selection.

Macropore Morphology

The first stage of the analysis was pore segmentation using the threshold method preceded by the
use of a smoothing filter. The spatial morphology of the pores extracted in this way is shown in the
perspective view in Figure 19a, in which the pores are indicated in red and the reconstruction is shown
in gray, for which a high level of transparency was set. Morphometric analysis was performed on
the binary image of the pore space. In particular, porosity and local pore thickness were determined.
The variability of these quantities as a function of coordinate R is shown in Figure 19b,c. Figure 19d
presents the histogram of pore size. The variation with R was determined in a manner analogous to

that used in 2D analyses. This time, however, subsequent layers (horizontal sections) of the 3D image
were treated as circumferential bands.
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Figure 19. Results of morphometric analysis: (a) segmentation of pore space; (b) macroporosity as a
function of coordinate R; (c) average local pore thickness as a function of coordinate R; (d) histogram of
pore local thickness.

5. Test Results Obtained Using Different Methods

5.1. Pores

In general, all three methods used in the study allow determining porosity. The undoubted
advantage of methods based on image analysis is the possibility of obtaining a virtually continuous
function of porosity distribution, which in qualitative assessment (whether porosity changes as a
function of the element thickness and what s the course of this variability) is very important. In addition,
these methods make it possible to evaluate the morphology of pore space, in particular, to determine
quantities such as pore width (see Figure 12) or shape parameters, e.g., sphericity. The laboratory
method does not boast these advantages; in the field of assessment of porosity distribution, it allows in
practice determining only the average porosity values in several arbitrarily determined layers of the
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element wall. In turn, the main limitation of the methods based on image analysis is linked to resolution.
It is possible to obtain information only about pores larger than the pixel size (or voxel in 3D). With the
test resolution used, on the order of tens of micrometers, such pores should be defined as structural
macropores [26,27]. Obtaining any information about microporosity using methods based on image
analysis requires extension of the methodology and the adoption of additional assumptions, e.g., [28,29].
Laboratory tests used in this work allow determining two types of porosity, i.e., total porosity and open
porosity. The latter, due to the physical basis of the study (i.e., water absorption of concrete), should
be primarily identified with capillary porosity. Apart from the limitations of the research methods
used, they should be considered complementary to each other, i.e., giving detailed information on
individual types of porosity: structural, total, and capillary (open).

Comparison of the results obtained with all of the methods used is only possible for average
values in arbitrarily separated (four) layers of the wall of a spun pole, which corresponds to the division
used in laboratory tests. For the results of optical scanning and tomography, the means were calculated
on the basis of predetermined porosity distributions as a function of the wall thickness and referred to
four layers equal in thickness. The average values of macroporosity in the layers calculated in this way
are represented by blue lines in the graphs in Figures 12 and 19. The average values of the porosities in
the layers according to all considered research methods are presented in Table 5.

Table 5. Comparison of results for different types of porosity.

Parameter Layer1 Layer2 Layer3 Layer4
Total porosity from laboratory test ¢p,tot (%) 16.9 16.4 19.6 16.1
Capillary porosity (open) from laboratory test ¢,op (%) 10.7 9.5 10.3 9.7
Macroporosity based on optical scanning ¢y, (%) 15 4.5 4.3 2.7
Macroporosity from tomography ¢, (%) 0.2 12 1.6 19

Due to the differences in the research methodology, it is difficult to unequivocally compare
the values or mutually verify the results of laboratory and image-based tests, as different types of
porosity were determined. Of course, certain constraints should be met, e.g., both macroporosity and
microporosity should be less than total porosity. This condition was met.

The comparison of macroporosity results obtained from optical scanning and tomography led
to unexpected conclusions. Better resolution used in tomography (smaller pixel size) would suggest
the possibility of extracting some portion of small pores, which cannot be observed by the second
method with worse resolution. Then, the porosity of the tested sample should be lower in the case
of optical scanning, in which the inferior resolution was used [30]. The presented results were the
opposite. There can be several reasons for this surprising result. First, the image obtained through
tomography results from mathematical reconstruction, and pixel/voxel size should not only be taken as
a measure of accuracy. The resolution of the reconstructed image may be impaired due to inaccuracy
of the projection images (causing blur) or noise. This may result in a lower porosity value. Secondly,
the volume of material, due to the width of the sample subjected to scanning, may be too small to obtain
representative results. It is usually assumed in concrete tests that the representative volume element
(RVE) dimension should not be less than four aggregate diameters [26]. Fulfilling such a condition
while maintaining adequate resolution is in practice very difficult. In the case of optical scanning,
on the other hand, the possibility of “tearing out” fine grains when cutting and grinding the surface
before scanning should be taken into account. Such an effect could possibly lead to increased porosity.

With regard to the assessment of porosity of the analyzed sample, thanks to the combined use of
laboratory methods and imaging, the following findings were obtained:

e capillary porosity (open) is basically constant in all layers and its value is around 10%;
e total porosity is significantly higher only in layer 3 (by approximately 20%) compared to the other
layers, where the value of total porosity is between 16% and 17%;
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e  structural macroporosity (as can be seen from both imaging methods used) shows the largest
relative differences between individual layers and is even several times smaller in the middle part
(i.e., in layer 1) compared to the other layers.

5.2. Aggregate

The aggregate content was determined using two methods: in laboratory tests and on the basis of
plain optical scanning. General comments on the possibilities of the research techniques used are very
similar to those given in Section 5.1. The surface scanning combined with image analysis gives the
possibility of obtaining a virtually continuous function of the aggregate content distribution, as well
as other morphology measures, characterizing, e.g., grain size (Figures 15 and 16). The laboratory
method allowed determining the average values of aggregate content in four layers of the element wall.
As in the case of pore analysis, the results of optical scanning had to be averaged within the four layers
of equal thickness. Averaged values are presented in blue lines in the graph in Figure 16. In addition,
to enable comparison of results from both methods, the volume fraction of aggregate was converted
into its content as follows:

Cagg = PaggPagg (11)

where Cqg, is the aggregate content (kg/m3), (agg is the volume of aggregate, and pg is the specific
density of aggregate.

To apply Equation (11), it is necessary to know the specific density of aggregate psq, in individual
layers. Unfortunately, this value was not explicitly determined as part of the research. Therefore,
two approaches were taken to estimate this value. In the first approach (*), a constant value equal to
the average density of the aggregate used for the mixture was assumed, i.e., page = 2710 kg/m?; thus,
its segregation (variability in wall thickness) due to centrifugation was not taken into account. In the
second approach (**), it was assumed that the specific density of all solid particles is a sufficiently
accurate estimation of aggregate density, i.e., pagg = pcr- This approach takes into account the variability
due to centrifugation, and the estimation error should not be large, because aggregate represents the
vast majority of the weight of the solids in the concrete mix (almost 80%); moreover, cement density
is similar to aggregate density. Finally, regardless of the adopted estimation, good compliance of
laboratory test results and imaging was obtained (Table 6). Relative differences in the results obtained
using different methods did not exceed a few percent, while the values in individual layers differed by
up to 20%.

Table 6. Comparison of results (aggregate content).

Parameter Layer1 Layer2 Layer3  Layer4
Aggregate content based on laboratory determinations Cygq (kg/m®) 1494 1791 1748 1766
Aggregate content calculated using optical scan results (*) Cagq (kg/m?3) 1505 1732 1729 1661
Aggregate content calculated using optical scan results (**) Cgq (kg/mS) 1620 1801 1769 1731

While analyzing the results in Table 6, it should be borne in mind that, in the case of imaging,
only the aggregate volume fraction ¢,¢e was determined intrinsically. Calculation of mass content in this
case required additional data, which could be determined from the recipe for the mixture and physical
characteristics of its components, or even on the basis of laboratory test results. However, the obtained
compliance indicates that the results of both methods are consistent; the aggregate morphology
determined from scanning corresponds to the average values of its content from tests based on
physicochemical methods. The results of both test methods used can be considered complementary;
they can be used together to analyze spun concrete structure. In particular, thanks to the use of known
relationships (e.g., Equation (11)), by creating an appropriate correlation, the image analysis can be
used to “extend” point information (in layers) to a continuous functional distribution as a function of
the wall thickness.
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The content of coarse aggregate decreases toward the inner cross-sectional area. The last inner
layer is marked by almost zero aggregate content (Figure 16). It is interesting that the aggregate
content as a function of the wall thickness is constant in all layers (Figure 16 and Table 6) except for
the very inner layer (layer 1). The results of aggregate distribution as a function of the wall thickness
of the cross-section confirm the authors’ expectations and macroscopic observations, and they are
consistent with the literature [9]. The aggregate content determined using both methods approximately
corresponds to the amount of aggregate declared in the mixture recipe given by the manufacturer of
spun concrete poles (Table 1).

5.3. Cement Content

From the optical scan, the volume fraction of the cement matrix can be determined. Similarly
to the analysis of other concrete components, it is possible to assess the variability of the matrix
volume fraction as a function of the wall thickness (see Figure 14). The laboratory test determines the
average cement content expressed as the mass of cement used per volume unit of hardened concrete.
To determine the relationship between these quantities, both of which in fact show the amount of
cement, it is necessary to use some additional information. In order to compare the results obtained
using different techniques, the content C, (kg/ms) was referred to, because the requirements for the
minimum value of this parameter are provided by the standard [14]. Cement content can be defined as

Ceem = q)mat . (1 - (Z)‘up/mut) -C (12)

where ¢4t is the volume share of cement matrix (including capillary micropores) according to the
estimation made on the basis of optical scanning, ¢,p,mat is the cement matrix microporosity, and C*
is the mass of cement used per volume unit of solid parts of hardened cement matrix (including
nonevaporable gel water); according to the relationships given in [31], C* = 1473 kg/m® was assumed.

In Table 7, a comparison of obtained results is given. Due to the lack of detailed information on
the microporosity of the matrix, an upper and lower estimation was made, assuming the following as
the limit assumptions: (1) an even distribution of porosity within the matrix and aggregate and (2) full
tightness of the aggregate, i.e., that all micropores are located in the cement matrix. The microporosity of
the matrix corresponding to such assumptions ¢ mat can be estimated from the following inequalities:

(Pp,tut - (Pp,m < < ¢p,t0t - ¢p,m 13
- L = (P‘up,mat S (13)
¢rnat + ¢agg ¢’mm

where ¢y, 1ot is the total porosity (from the laboratory test), ¢, is the macroporosity (based on scanning,
average value in the layer), ¢y is the volume fraction of cement matrix, and ¢gq is the volume fraction
of the aggregate.

Table 7. Comparison of results (cement content).

Parameter Layer1 Layer2 Layer3 Layer4

Cement content based on laboratory determinations
Ceem (kg/m?)
Upper cement content estimation calculated using
optical scanning results Cees,max (kg/m3 )
Lower cement content estimate calculated using optical
scanning results Coepy min (kg/m?)

477.8 290.8 295.2 308.9

478 371 374 422

340 249 219 292

The specified ranges in Table 7 are quite wide; however, in terms of quality, cement content is
“well rendered”, i.e., the smallest values are in the middle layers (No. 2 and 3), and the highest value is
in the inner one (Layer 1) (see Figure 20).
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Cement content C_,, (kg/m?)

Layer 1 Layer 2 Layer 3 Layer 4

I | ower estimate from image analysis
I Upper estimate from image analysis

I Result of laboratory determinations

Figure 20. Estimation of cement content Cey, (kg/m?) in particular layers of the element’s wall.

The conclusion concerning the applied research methodology is similar to the previous analyses.
The results are comparable and consistent; they complement each other. Imaging naturally results
in geometrical relationships, i.e., a description of the cement matrix morphology, which is important
information from the point of view of determining the effective parameters of concrete as composite
using micromechanics tools or the theory of homogenization [21,32-34]. Information on the structure of
concrete obtained from laboratory methods is limited to average values of cement content in arbitrarily
separated layers. This information directly refers to the practical aspects of design and construction,
related, for example, to the formulation of a recipe and control of the composition of concrete mix.

The description of the cement distribution as a function of the wall thickness of the cross-section
obtained by means of both methods allows for straightforward qualitative description of this distribution.
Optical scanning allowed determining the volume fraction of the cement matrix (Figure 12), with the
cement matrix being segmented as a homogeneous component, although in fact it may contain a certain
amount of the finest aggregate fraction. However, the laboratory study determined the average cement
content expressed as the mass of cement used per volumetric unit of hardened concrete (Table 2).
To determine the relationship between these quantities, some additional information was necessary.
Due to the lack of detailed data on the microporosity of individual components (aggregate and matrix),
a final estimation on the basis of the method of image analysis was made for the lower and upper
cement content bounds in individual layers of the element wall (Table 7 and Figure 20). The obtained
results show that the cement distribution was relatively constant as a function of the wall thickness,
and an increase in its quantity was observed only in the inner layer of the cross-section (2 mm thick)
(Figure 14 and Table 7). These research results coincide almost exactly with Marquardt’s conclusions [4].

Cement content in individual layers determined by the laboratory method (Table 2) and by the
image analysis method (lower estimate, Table 7) was lower than the amount of cement declared in the
recipe by the manufacturer of spun concrete poles (Table 1). It can also be stated that, in the outer layer,
the amount of cement, as a result of the centrifugation process, was reduced from 400 kg/m? (Table 1)
to about 308 kg/m? (according to the laboratory method, Table 2) and to about 292 kg/m? (according to
the lower estimation from the image analysis method, Table 7). Due to the durability of power poles
made of spun concrete exposed to direct influence of atmospheric factors, described by standard [14]
class XC4 (cyclically wet and dry concrete surfaces exposed to contact with water), and for structures
located near motorways class XF2 (vertical concrete surfaces exposed to freezing and de-icing agents),
the minimum cement content in the outer layer should not be less than 300 kg/m?3.

5.4. General Remarks

It was expected that, during concrete centrifugation, air and water would be squeezed out more
from the outer, more compressed layers. Approaching the inner surface of the concrete section,
less water would be squeezed out. From the inner layer of the concrete section, where the radial
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pressure is close to zero, water would not be removed at all. Following laboratory tests, it was observed
that the total porosity of the inner layer (No. 3) increases (Table 2) compared to the porosity of other
layers. This result confirmed the authors’ expectations and previous research [5,7-9], in which it was
found that the total porosity of concrete is greater for the inner layers than the outer layers. The other
observation made in [7-9] was confirmed using image analysis methods. It was observed (Figure 21)
that the pores (mostly in layer No. 3) were usually located next to the edges of large grains of aggregate
on its outer side. Furthermore, the cement matrix had distinctly fewer aggregate inclusions in these
locations compared to the other ones. Therefore, water and air were blocked there from being moved
toward the inside of the cross-section as imposed by the centrifugal forces. Such a picture of the
porosity and fine aggregate arrangement next to large aggregate grains indicates that the speed and
spinning time of concrete in the pole were probably incorrectly selected, preventing the escape of
excess air and water from the concrete mixture.

Figure 21. Arrangement of pores (white), aggregate (gray), and cement matrix (black) in the section of
the element wall.

6. Summary and Conclusions

The aim of the article was to compare different methods for determining porosity, as well as
cement and aggregate content, in the layered structure of spun concrete. The variability of these
parameters considered as a function of the thickness of the concrete wall determines the macroscopic
properties such as durability, load capacity, and rigidity of spun concrete poles. The article compares
the results obtained using two methodologically different approaches: laboratory determinations
based on chemical and/or physical methods and image analysis. In general, mass content per unit
volume is obtained in laboratory tests, and the volume fraction of individual concrete components is
obtained using image analysis methods. If the specific density of the component under consideration
is known, conversion of one quantity to another becomes easy.

The main advantage of the methods based on image analysis is the possibility of obtaining a
practically continuous function of the content of the considered concrete components as a function of
the wall thickness of a spun pole. In this context, the main limitation of chemical/physical methods is
the ability to determine only the average value for a few, arbitrarily separated layers of the concrete
wall of a spun pole. In turn, the main limitation of image analysis methods is the pixel/voxel size and
image quality, particularly due to sample preparation and image acquisition method.

In terms of concrete porosity, it should be stated that the attempt to validate the results obtained
from imaging the structure of concrete using laboratory techniques (determining the composition
of hardened concrete on the basis of physical and chemical methods) was only partially successful.
The results obtained cannot be directly compared due to the fact that porosities are described on
different scales. The methods based on image analysis allowed describing the structural porosity (i.e.,
macroporosity) of concrete, while the laboratory methods enabled describing total and open porosity
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(capillary microporosity). Quite importantly, imaging methods give the opportunity to analyze the
macropore morphology. In particular, it was possible to visualize the location of air voids in relation to
the other concrete components (Figure 21), which may have a direct impact on the assessment of the
centrifugation process in terms of centrifugation parameters selection such as speed and time.

In terms of the description of aggregate distribution as a function of the wall thickness of the
cross-section, very good compatibility of both methods was obtained. The image analysis method
allowed determining the volume fraction of aggregate ¢yg¢. Calculation of aggregate mass content per
unit volume in this case required additional information about the density of the aggregate, which could
be determined either from the recipe for the concrete mixture and the physical characteristics of its
components or from laboratory tests. The obtained consistency of the results from both methods shows
that the methods are consistent, and the aggregate morphology determined by scanning corresponds
to the average values of its content coming from research based on physicochemical methods.

Very good qualitative and quantitative compatibility of both methods in the field of aggregate
morphology as a function of the wall thickness of the element was obtained. Thanks to the positive
validation of laboratory methods and the method based on image analysis, it can be safely stated that
optical scanning is a cheap, relatively fast, and effective method of assessing aggregate segregation as a
function of the wall thickness of a spun concrete element.

The description of cement distribution as a function of the wall thickness of the element
cross-section obtained using both methods allows for straightforward qualitative description of
this distribution. However, full validation success was not achieved because the results based
on optical scanning allow obtaining quantitative results only after taking into account additional
calculations and information from laboratory tests. Thus, in this case, to get full information about
the distribution of cement as a function of the wall thickness of the element, both methods must
complement each other. Nevertheless, the information obtained as a result of testing with any of
methods used allows assessing the cement content, which determines the requirement for durability of
columns made of spun concrete.

An attempt to validate the imaging method with the use of laboratory techniques based on
physical and chemical methods showed that optical scanning methods are relatively effective, and they
can be a significant complement to the research methods used so far. The analyses also showed that
there is a further need to conduct research in the area of spun concrete structure, with particular
emphasis on the distribution of concrete porosity and cement content as a function of the wall thickness
of the ring-shaped cross-section. The research methods presented in the work can be used to improve
the production process of poles made of spun concrete as an effective tool for testing its structure.
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Abstract: Herein, we 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 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 aggregate roundness classification was 2.

Keywords: aggregate; classification; wire mesh; roundness; tilting angle; opening size

1. Introduction

Aggregates are necessary for manufacturing various construction materials such as concrete,
mortar, brick, ballast, filter, backfill, and so forth. Natural aggregates with different shapes and sizes
are obtained from rivers and seas, but they are becoming depleted. Currently, artificial aggregates
are produced by crushing rock fragments from mountains. Both natural and artificial aggregates
are widely used in many civil engineering structures, such as buildings, bridges, tunnels, roads,
dams, among others. Moreover, a huge amount of aggregate is recycled from concrete structures
and asphalt pavements, of which 85% is utilized in earthworks and road sub-bases in Korea [1].
The shape and size of aggregates contribute to their engineering characteristics such as interlocking,
friction, and settlement. Rounded aggregates used in concrete give excellent performance and high
strength whereas angular aggregates are utilized in road sub-bases and railway ballast for minimizing
settlement and producing high interlocking [2]. Lee carried out a series of direct shear tests on recycled
aggregates and showed a 4° higher friction angle for angular-shaped aggregates than rounded ones [3].
Therefore, the particle-shape classification for large amounts of aggregate is important because the
aggregate’s engineering characteristics depend on its shape. Even though the shape is more important
than the size for engineering purposes, the aggregates are usually classified by size through sieve
analysis in practice.
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The measurement of particle shape is difficult due to varying edges and irregular surfaces. Various
indexes such as the particle perimeter, convexity, sphericity, and shape factor have been suggested
to classify the particle shape for mainly academic purposes [4-12]. A comparison of these indexes
and their key parameters are introduced in Table 1. The determination of such indexes seems to be
difficult for practical purposes, especially for the angularity factor. Krumbein [10] and Rittenhouse [12]
both presented charts of aggregate shape for classifying them based on sphericity. The abrasion of
particles can be quantitatively determined using the Krumbein chart and is in the range of 0.1-0.9.
The roughness of angular particle edges is 0.1 before abrasion and 0.9 afterward. The Rittenhouse chart
shows the degree to which the shape of a particle approaches a sphere. The sphericity of a particle is
the ratio of the surface area of a sphere of the same volume as the particle to the actual surface area
of the particle. The sphericity of a very irregularly shaped particle is 0.45 whereas one that is nearly
spherical is 0.97 and one that is completely spherical is 1. However, the analysis of particle shapes using
the aforementioned methods is limited as they depend on the judgment of the one doing the particle
classification [13]. Digital image processing can be used to quantitatively analyze the characteristics
of the shape and/or the shape coefficient of an aggregate particle [14-16]. Furthermore, stereoscopic
image analysis can be performed using two cameras to determine the surface area characteristics of
aggregates [17-19].

Table 1. Particle angularity index.

Index

(Reference) Equation Key Parameter Symbol
Roundness N: number of
(Wadell [9]) ZNN 5 Corner diameter D: diameter of largest inscribed circle
=1 d: diameter of corners
Y: Sphericity
Sphericity ¥ — b Diameter a: The longest diameter
(Krumbein [10]) Tl (a,b,¢) b: The longest diameter perpendicular to a
c: Second longest diameter perpendicular to a
Angularity factor, AF N (B pdmae*ISO)z( a2 Number of sampling N: Number of sampling points
(Sukumaran [14]) AF = —— s em/n——  Points and internal angle Bi particle: Internal angle
Volume ratio 143 Vp: Aggregatecircumscribed volume
(Fei Xu [11]) VB = &7 lmax Fxternal volume L: The longest length

The results of previous studies indicate that particle classification is usually performed on each
particle rather than on the number of particles, and a practical classification method is still required in
the field. Therefore, it is necessary to improve the way of evaluating the particle shape. In this study,
a wire mesh method was investigated for classifying three different sizes of aggregates by controlling
the tilt angle and using a suitable opening size of wire mesh. A classification chart for the wire mesh
method is also proposed to simplify the classification of a large amount of aggregate.

2. Wire Mesh Method

2.1. Materials

Crushed aggregates used in more than 90% of Korean construction sites were used in this study.
The aggregates were classified into three different sizes after performing a sieve analysis according
to the KS F 2502 [20] standard. Particle size distribution curves are shown in Figure 1. Aggregate
particles between 11 mm and 15 mm are termed small aggregates, those between 17 mm and 32 mm
are called medium aggregates, and those between 33 mm and 51 mm are termed large aggregates.
The small, medium, and large aggregates are commonly used in concrete making, road sub-base, and
railroad ballast at the site, respectively [21,22].
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Figure 1. Particle size distribution curves of the three different sizes of aggregate.

The three types of the aggregates (small, medium, large) are illustrated in Figure 2. In addition,
three wire mesh opening sizes were selected depending on the type of aggregate, as shown in Figure 3.
The aggregate particles had a variety of shapes and their color was mostly blue. The specific gravity of
the aggregates is 2.7 and detailed engineering properties of the aggregates are summarized in Table 2.
A wear rate indicates the reduction in the size of aggregate due to friction. The bulk densities of the
each size were obtained by the test according to ASTM C 29 [23]. The results of petrographic analysis
from the scanning electron microscope (SEM) were shown in Figure 4, micro structure images (a, b) and
mineral component spectrum from the energy dispersive X-ray spectroscopy (EDX) (c). Petrographic
analysis indicated that the aggregate is a granite-based rock containing mainly silica and alumina.

Figure 3. Photographs of the three different sizes of wire mesh: (a) 6 mm, (b) 11 mm, and (c) 17 mm.

71



Materials 2020, 13, 3682

Table 2. Physical properties of the used aggregates.

Bulk Density Water Modified ~ Wear Rate OMC ** Porosity ~ Contamination Sand
(KN/m?3) Absorption (%)  CBR * (%) (%) (%) (%) Content (%) Equivalent (%)
15.20 (Small)
15.32 (Medium) 6.16 58 36.5 11.3 2-3 0.11 45
15.69 (Large)

* CBR: California bearing ratio, ** OMC: optimal moisture content.

(b)
Figure 4. Petrographic analysis: (a) X 10 microscope, (b) X 50 microscope, (¢) mineral components.
2.2. Wire Mesh Method

Herein, we suggest the particle shape classification of a large amount of aggregate using a wire
mesh method. The concept of the particle shape classification using the wire mesh method is illustrated
in Figure 5. The basic concept is that the greater the degree of particle roundness, the longer the moving
distance while rolling on the inclined wire mesh plane. The aggregates were rolled from various tilting
angles of the wire mesh that was determined by trial and error for proper classification. The aggregate
particles with different sphericities were colored differently and then used for classification via the
wire mesh method.

Figure 5. Illustration of particle-shape classification using the wire mesh method.

The frame containing the wire mesh was 1800 mm long and 500 mm wide. Three wire mesh
plywood frames were connected with enough rolling distance depending on the sloping angle of the
frame, which was a parameter considered during the experiment. When this technique is applied
in the field, the size of the wire mesh frame can be modified to accommodate a suitable amount of
aggregate. Suitable amounts of aggregate (1-5 kg) were poured onto the start position of the wire mesh,
which was then tilted to the desired angle. The aggregates started to roll due to gravity depending
on the particle shape. The wire mesh frame was inclined at various angles (10°, 15°, 20°, 25°, and
30°) to evaluate the rolling degree. The tilting angle was selected depending on the aggregate size
and the wire mesh opening size. For the given aggregate and wire mesh used in this study, the
majority of aggregates rolled down when the tilting angle was higher than 30°, and thus particle
classification was not properly achieved. At a low tilting angle, it was difficult to classify the aggregate
because only some of it moved. The aggregate that rolled and traveled the longest distance (from
1200-1800 mm) was classified as rounded, that which rolled and traveled to the middle of the wire
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mesh (from 600-1200 mm) was classified as sub-rounded/sub-angular, and that which remained on the
inclined wire mesh without rolling or falling (from 0-600 mm) was classified as angular. These ranges
were determined by trial and error.

3. Results and Discussion

3.1. Particle-Shape Classification Using a Sphericity Index

In this study, before applying a wire mesh method the sphericity proposed by Krumbein [10] was
used for classifying aggregates. The sphericity ¥ is calculated as:

¥ = b—‘; 1)
a

where a, b, and c are the longest, intermediate, and shortest diameters of the aggregate particle, as
shown in Figure 6. Sphericity is in the range of 0.1-0.9, and when it is close to 1, the particle shape is
close to spherical, while <0.1 means that the particle shape is angular.

Figure 6. Particle dimension definition (a, b, and ¢ are the longest, intermediate, and the shortest
diameter).

The sphericities of three different sizes of aggregate particles (11-15, 17-32, and 33-51 mm)
was measured, and based on these values, the aggregate particles were classified as rounded,
sub-rounded/sub-angular, or angular. The corresponding sphericity indexes were 0.8-0.9, 0.5-0.7,
and 0.3-0.4, respectively. As an example, the sphericity indexes and a comparison of 30 small-sized
aggregates with different sphericities were included in Table 3.

3.2. Particle-Shape Classification Using the Wire Mesh Method

Three different aggregate-particle sizes of 11-15, 17-32, and 33-51 mm were used to classify the
roundness of the aggregate. These aggregates had already been classified by the sphericity index
to angular, sub-angular/sub-rounded, and rounded as described in Section 3.1. The wire mesh was
inclined at various angles of 10°, 15°, 20°, 25°, and 30° to evaluate the rolling degree of the aggregates.
When the tilting angle and opening size of the wire mesh had been optimally adjusted, the aggregates
rolled and stopped on the tilted wire mesh depending on their roundness. The results showed
that the angular aggregates remained on the wire mesh in the interval from 0.0-0.6 m from the top,
the sub-angular/sub-rounded aggregates remained in the interval from 0.6-1.2 m, and the rounded
aggregates remained in the interval between 1.2-1.8 m. For the small aggregate-particle size, some of
the aggregate rolled down with a tilting angle of 20° but all the aggregates rolled down at 30°. The most
suitable tilting angle for the small aggregate particles was 25°, as shown in Figure 7. For the middle-
and large-sized aggregate particles, some of the aggregate rolled down with a tilting angle of 15° but
all of it rolled down at 25°. The most suitable tilting angle for these aggregates was 20°. The ratio of
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the average aggregate size to mesh-opening size was approximately 2 for reasonable classification.
When the ratio was less than 2, all of the aggregate rolled down. On the other hand, when the ratio
was greater than 2, most of the aggregate particles rolled less far.

Table 3. Aggregate roundness classification.

Sample (11-15 mm)

Parameter
1 2 3 4 5 6 7 8 9 10
a (mm) 21.03 18.35 22.86 20.53 17.18 17.55 18.0 16.36 18.29 15.41
b (mm) 17.02 16.27 17.68 14.87 13.42 13.89 15.21 14.52 16.99 14.27
¢ (mm) 14.02 13.25 14.14 13.46 13.38 11.99 13.8 14.3 13.63 12.69
Y 0.8 0.9 0.8 0.8 0.9 0.8 0.9 0.9 0.9 0.9
Sample (11-15 mm)
Parameter
11 12 13 14 15 16 17 18 19 20
a (mm) 21.79 19.51 20.42 23.13 27.0 19.77 18.66 17.87 19.63 22.14
b (mm) 11.03 9.59 13.85 13.11 14.43 9.15 14.08 7.56 13.27 13.07
¢ (mm) 6.93 6.01 11.46 10.03 12.66 6.11 10.08 6.21 11.04 8.73
Y 0.5 0.5 0.7 0.6 0.6 0.5 0.7 0.5 0.7 0.6
Sample (11-15 mm)
Parameter
21 22 23 24 25 26 27 28 29 30
a (mm) 26.96 27.73 2591 20.45 23.21 29.82 29.99 28.97 27.53 19.17
b (mm) 7.04 23.8 11.13 8.32 11.14 14.02 11.08 8.04 10.13 9.37
¢ (mm) 4.08 3.57 5.16 4.03 4.23 5.13 3.15 4.02 6.0 3.12
Y 0.3 0.4 0.4 0.4 0.4 0.4 0.3 0.3 0.4 0.4

a, the longest particle diameter; b, the intermediate particle diameter; ¢, the shortest particle diameter; ¥, sphericity.

Figure 7. Aggregate shape classification via the wire mesh method (11-15 mm).

3.3. Comparison of Particle-Shape Classification Methods

The potential usage of the wire mesh method for classifying a large amount of aggregate was
evaluated via comparison with the sphericity index. The relationship between the sphericity index
(y) and the travel distance (x) from the top of small-sized aggregate particles is shown in Figure 8.
The correlation showed a linear relationship (y = 0.42x + 0.22) and the correlation coefficient (R?)is 0.97.
The comparison between the sphericity and the wire mesh method showed a well-matched correlation.
Similar relationships were observed for all three aggregate-particle sizes.

The tilting angle and opening size of wire mesh needs to be determined for accurately classifying
aggregates using a wire mesh method. A classification chart for the opening size and tilting angle of
the wire mesh is shown in Figure 9. It can be used to select a suitable tilting angle and size of mesh.
Three classification levels are suggested: good, moderate, poor, and N.A. When the average lengths of
the aggregate diameter were 34 and 24 mm, the most efficient tilting angle of the wire mesh was 20°
whereas, for an average length of 14 mm, the tilting angle was 25°. The greater the aggregate-particle
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size, the greater its self-weight, so it is expected that even with a low tilting angle, large aggregate
particles can roll down due to their self-weight. For the wire mesh method, the tilting angle of the wire
mesh seems to decrease as the aggregate size increases. When the ratio of the average aggregate size to
the opening size of the wire mesh was 2, all of the aggregate types were properly distinguished from
one another. Hence, our method can be used for aggregate-particle shape verification and classification.
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Figure 8. Relationship between the sphericity measurements and the wire mesh technique.
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Figure 9. Aggregate shape classification with the wire mesh method.
4. Conclusions

In this study, the particle-shape classification of a large amount of aggregate was conducted using
a wire mesh method. Three different types of aggregate that are usually used on construction sites
were selected by size (11-15 mm, 17-32 mm, and 33-51 mm) to test the performance of the wire mesh
classification. Based on the experimental results, the following conclusions can be drawn:

1. The sphericity of the three different sizes of aggregate was measured for classifying them as
angular, sub-angular/sub-rounded, and rounded based on sphericity ranges of 0.3-0.4, 0.5-0.7,
and 0.8-0.9, respectively.
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The aggregates classified via sphericity were used to evaluate the wire mesh method. The opening
size and tilting angle of the wire mesh were adjusted to properly classify the aggregate-particle
shapes. When these factors are optimal, the angular aggregate remained on the wire frame in the
interval from 0.0-0.6 m from the top, the sub-angular/sub-rounded aggregate remained in the
interval from 0.6-1.2 m, and the rounded aggregate remained in the interval from 1.2-1.8 m.

As the tilting angle of the wire mesh increased, most of the aggregate rolled down and the
classification became difficult. A suitable inclination angle of the wire mesh for the aggregate with
a size range of 11-15 mm was 25°, while that for the aggregate with size ranges of 17-32 and 33-51
mm was 20°. When the opening size of the wire mesh was too small, all of the aggregate tended to
roll down. On the other hand, when it was too large, none of aggregate rolled. The experimental
results show that the ratio of the mesh-opening size to the average aggregate size is 1:2.
Classification via the wire mesh method showed similar results when using the sphericity index.
Therefore, the wire mesh method can be used to classify a large amount of aggregate with different
sizes and shapes at once by controlling the opening size and tilting angle of the wire mesh
in practice.
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Abstract: Phenomena occurring during the curing of concrete can decrease its mechanical properties,
specifically strength, and serviceability, even before it is placed. 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 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.
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 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 processes detection.

Keywords: early age concrete; acoustic emission method; damage processes detection before loading;
strength of structures

1. Introduction

All engineering projects encounter a range of challenges associated with the most widely used
building material, concrete. Being a major problem in current concrete construction, concrete cracking
or damage requires a continuous search for new methods and improvement of the existing concrete
assessment techniques. This is especially important for fresh concrete, which affects the behavior of
concrete under load.

Due to the multilevel nature of concrete, with qualitatively distinct mechanisms taking place
during the formation of the concrete, the interaction of various parameters must be considered and
the ways to study these relationships and effects have to be found to detect damage. Concrete
deterioration occurs primarily through technological cracks (microcracks) and different interfacial
properties (cracks) formed at various structural levels, which propagate and initiate operational cracks
affecting the usability and strength of concrete elements. The composition of the concrete largely
affects its properties. Concrete has high compressive strength and is durable. It can be formed into
virtually any shape. Weak points of this material include low tensile strength, shrinkage during
the hardening process, and susceptibility to external influences, such as moisture [1], temperature,
chemical influences, etc. [2,3].

Particularly important for concrete elements is the early period accompanied by a number of
phenomena related to cement hydration [4—6].
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Chemical reactions occurring in the cement paste during the hydration process, drying out (water
evaporation), the cement paste properties themselves (e.g., bleeding in fresh concrete and temperature
changes), as well as volumetric changes due to external factors (temperature and air humidity) cause
swelling and chemical, plastic, autogenous, and drying shrinkage. These volume changes of hardening
concrete generate natural stress, including “micro” stress. Stresses occur most often in the interfacial
transition zones (ITZ) between the grains of aggregate and cement paste and decide on the mechanical
properties of these zones and their microcracking. At stress concentrations exceeding the tensile
strength of concrete, the microcracks may propagate into the deeper layer of the cement paste or to the
surface of the element. Examples of damages in the concrete elements shown in Figure 1.

cement matrix aggregate grain
\ damages| in the contact layer
damages in the matrix

\ \/ \< surface microcrack

damages in the contact layer

Figure 1. Examples of damages in the concrete microstructure, adapted from [6,7].

To mitigate microcracking in concrete, an addition of fly ash, an application of the blast-furnace
slag cement or low density aggregate is good practice, as demonstrated in [8]. However, in the case of
normal-weight concrete, under the influence of destructive external factors, such as high temperature,
frost, and loading, these microcracks can develop into cracks, thereby reducing structural durability
and serviceability and in rare cases lead to failures, e.g., walls in tanks [9], concrete slabs [10,11], precast
elements [12], or other structural elements [13].

Objective assessment of damage formation and development in concrete, which is independent of
the components, additives, and external impacts is essential.

Various non-destructive methods have been used for this purpose [14-16]. Acoustic emission
(AE) is the technique capable of detecting, classifying [17], and locating [18,19] damage in concrete.
Traditional use of acoustic emission methods in the building industry includes the monitoring of
damage [20,21] and crack development under load [22-26], cement setting and curing [27-32], or an
assessment of the ASR (alkali-silica reaction) in concrete [33,34].

The research analyzing stress in concrete is especially related to the acoustic emission phenomenon.
The acoustic emission method enables the determination of basic parameters of fracture mechanics
necessary to analyze the course of stress affecting concrete destruction. Depending on the grade
of concrete tested, the criteria for the estimation of the level of stress were established [35,36].
Another approach aimed at estimating the correlation between acoustic emission and stress in
compressed concrete is the technique that relies on the Gutenberg-Richter (GBR) law [37]. It was
observed that the event frequency in concrete samples during compression corresponds to about 70%
of the maximum stress.

Progressive damage of structural elements (Reinforced Concrete beams—RC beams) under
bending is assessed using the Keiser effect by monitoring AE activity during cyclic loading [38].
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The Keiser effect is used to estimate the stress to which the structural element was previously
exposed. To estimate the Kaiser effect (according to NDIS-2421 by JSNDI—the Japanese Society for
Non-Destructive Inspection) two ratios are calculated: the load ratio and calm ratio. Their values
are the basis for damage qualification as intermediate, minor, or heavy. Digital image correlation
(DIC) techniques supporting the AE method are applied for providing information about the level
of damage in the RC beams [39]. The relaxation ratio may also be a good indicator of damage status.
During initial stages of loading the deflections increase slightly (loading phase). The element is in a
serviceable state up to 50% of the deflection limit. In a higher deflection range (50-85%) the structural
element is no longer serviceable. Deflection higher than 85% represents the failure of the element.
The acoustic emission method is also used for the observation of the crack mouth opening displacement
(CMOD). The different nature of dissipated and emitted energy rates was observed in [38] during the
loading process.

The methods performed on concrete subjected to compression and bending do not consider an
influence of internal stress on concrete strength. At the initial stage of concrete setting, the cement
paste shrinks and meets the resistance of aggregate grains that do not shrink. A self-balancing state
of compressive and tensile stress arises. If the tensile stresses in the cement paste exceed the tensile
strength, microdefects occur. These defects may form in the matrix and in the interfacial transition
zone (ITZ) around the aggregate [4] (first destructive process). Internal microcracks interact with each
other; they can join together in a damage network. This happens when the structure surrounding the
internal microcracks in the cement paste is not able to transfer accumulated stresses. This is when
the second destructive process arises. Furthermore, the heterogeneous increase in temperature in the
cross-section of the element, as well as water evaporation from the surface layers causes the stretching
in the outer zones and compression of the inner zones of the element. These non-stationary and
non-linear temperature and humidity areas generate macrostress in the cross-section [36] that can
lead to microcracks on the concrete surface (third destructive process) and then their propagation
(fourth destructive process). These destructive processes result in discontinuities in the structure.
Local structural defects initiate future destruction of the concrete and may reduce the strength of
elements, causing their linear deformation and affecting serviceability functions [4,36,40].

There is no information about the assessment procedure of fresh concrete quality by acoustic
emission before loading. In most cases analysis of non-loaded concrete is based on ring-down
counting, which involves counting how many times the amplitude passes the fixed threshold or
event-counting corresponding to number of AE waves recorded by a single sensor [41]. In these cases,
acoustic emission signals the damage (crack formation) without being able to identify the underlying
processes. Only some of the AE techniques, such as the methods described in [19,23,24], allow for
effective identification and location of the destructive process.

The non-invasive acoustic emission method (modified TADP method—Identification of Active
Destructive Processes method) presented in [42-44] has been shown to be suitable for investigating
defect formation process at the early stage of hardening of young concrete.

The study presented in this paper demonstrates that this method is of a general nature and allows
observation and identification of destruction processes regardless of the aggregate used, cement types,
admixtures added, hardening conditions, temperature, or the presence of reinforcement. It also enables
quantitative assessment of destructive processes, which can be important when assessing the strength
properties of concrete.

The method can thus be applied to diagnosing elements made of reinforced concrete, controlling the
concrete hardening stage, and supporting decision making (e.g., related to demolding), thereby ensuring
the reliability of the structure.

2. Materials and Methods

A total of 30 samples (ten concrete series, W2, W3, W4, W5, W6, W7, W8, B2, B3, and B4, of three
samples each—A, B, and C) were tested.
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Twenty-one samples (W2-W8) were made of C30/37 concrete, six samples (B2, B3) were made of
C40/50 concrete and three (W2) of C25/30 concrete. Except for sample W2 (100 mm x 100 mm X 500 mm),
all samples had square cross-sections with 150 mm on each side and the length of 600 mm. Samples B2
were made with chemical admixtures (plasticizer and air entraining agent), other samples without
admixtures. Samples denoted by “W” were made with limestone aggregate from the Trzuskawica
quarry, while these marked with “B” with basalt aggregate from Gérazdze quarry. All samples were
made with cement CEMI 42,5N—MSR/NA from the Warta cement plant (Cementownia Warta S.A.,
Trebaczew, Poland) (except B4—CEMIII/A 42, 5N—LH/HSR/NA from the cement plant in Matogoszcz,
(Cementownia Lafarge Malogoszcz, Poland). The chemical compositions of the cements are compiled
in Table 1. Mixture proportions of samples W2-W8 and B2-B4 are listed in Table 2.

Table 1. Cement composition (%).

Cement CaO MgO SiO; AlO3; Fe;O3 SOs3 NaOeq Cl-
CEM 1 66.03 0.79 21.23 3.66 3.21 2.63 0.43 0.076
CEM III 2.69 0.81 0.066

Table 2. Mixture proportions (kg/mS).

Symbol  Aggregate 2-16 Sand 0-2 CEMI/CEMIII Water  Air Entraining Agent

Plasticizer
W3-W8 11101 740 338 (CEMI) 169 0 0
W2 10731 777 290 (CEMI) 188 0 0
B2 13122 691 360 (CEMI) 150 0.36 1.98
B3, B4 13122 691 360 (CEMIII) 180 0 0

! limestone aggregate, 2 basalt aggregate.
Three samples B4 were made with basalt aggregate, blast furnace slag, and cement CEM III
without any additions.

The W3 and W4 samples after fabrication were cured in water for 10 days and then tested for

58 days under cyclic temperature variations (Figure 2). Additionally, steel reinforcement was embedded
in the W4 samples (Figure 3a).
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Figure 2. Temperature conditions during the first 14-days of test.

The samples in series W7 were tested for 58 days without water curing at a constant temperature
(+22+£2°Q).

Before the test, the AE (Acoustic Emission) sensors were attached to one side of each sample
(Figure 3b,c).

To provide appropriate conditions, the test stand was developed, comprising of a thermally and
acoustically insulated chamber. A list of samples examined is shown in Table 3.

AE signals were recorded for 58 days in 12-h stages.

The proposed identification of active damage processes (IADP) method was presented in [19,21,24]
and applied for damage identification and location in reinforced concrete beams under loading [22].
It relies on the study of AE signals produced by the process causing the deterioration of strength
properties in structural elements. The results recorded in samples (AE signals) were compared with
the reference signals obtained in the laboratory.
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Then the modified version of this method was applied to detect damage in young concrete [23,42].

The IADP method outline is shown in Figure 4. This concept is based on the comparative
analysis of waves generated by defects in concrete (detected by sensors) with a database of reference
signals created earlier. Preamplifiers with a gain of 35 dB were used to amplify signals generated
by defects. Then the signals were detected, transformed into electric signals, measured, recorded,
analyzed, and assigned to the reference signals in the database using Noesis software and unsupervised
learning methods.
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Figure 3. (a) Schematic diagram of reinforcement of W4 samples; (b) sample during the test;

and (c) acoustic emission (AE) sensor arrangement (unit: mm).

Figure 3 shows the AE sensors arrangement on the test sample. Two piezoelectric sensors with a
gain of 25-80 kHz allow not only detection of destructive processes (AE source) but also finding their
linear location.

Table 3. Sample parameters and testing conditions.

Series Water Curing (days) Hardening Temperature Cement Type Concrete Class
W2 10 constant 22 + 2 °C CEMI C25/30
W3 10 varied -5 to + 42 °C CEMI C30/37
W4 (reinforced) 10 varied =5 to + 42 °C CEMI C30/37
W5 10 constant 22 + 2 °C CEMI C30/37
W6 (100 x 100 x 500) 10 constant 22 + 2 °C CEMI C30/37
W7 (without curing) none constant 22 +2 °C CEMI C30/37
W8 (without curing) none varied -5 to +42 °C CEMI C30/37
B2 (with admixtures) 10 constant 22 + 2° C CEMI C40/50
B3 different agregate type) 10 constant 22 + 2 °C CEMI C40/50
B4 10 constant 22 + 2 °C CEM III C30/37

The preliminary reference signal database was developed based on 12 parameters of the AE signal:
counts, counts to the peak, amplitude signal duration, signal rise time, signal amplitude, signal energy,
signal strength average, effective voltage, absolute energy, average frequency, reverberation frequency,
and initiation frequency. There are four destructive processes, described in [2—4,7], which may be a
source of AE in freshly made concrete before loading. In [42,43,45] damage processes were ascribed to
four signal classes recorded in non-loaded concrete (Table 4).
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Figure 4. The concept of the method—IADP (Identification of Active Destructive Processes).

Table 4. Destructive processes by the IADP (Identification of Active Destructive Processes) method.

Denotation AE (Acoustic Emission) Number of The Source of the
Signal Class Destructive Process Destructive Process
. Class 1 I formation of internal microcracks
. Class 2 I propagation of internal microcracks
. Class 3 1II formation of surface microcracks
. Class 4 v propagation of surface cracks
3. Results

3.1. Test Results

The method of assessing the quality of early-age concrete must enable identification of internal
defects, regardless of the components used for its manufacture or the conditions under which the
structure of hardened concrete forms. The potential of the IADP method was analyzed in this context.
Damage processes were identified based on the assessment of signal classes recorded during the test.

The AE signals were recorded for 12 h on days: 1-8, 12, 16, 20, 24, 28, 38, 46, and 57 using MISTRAS
software. Then the proposed IADP method was used to analyze the signals (hits). The signals from the
tests were compared by 12 AE parameters with signals from the database and assigned to particular
classes. The reference database was first developed using K-means clustering and then verified in [43].

An analysis was performed on averaged results of the number of recorded signals (hits) with
respect to destructive processes assigned to them. Concrete of each series was investigated by 6
sensors (two sensors were attached to one side of each of the three samples (A, B, and C) in a given
series). All signals recorded by these 6 sensors capturing the processes were averaged for each series.
The number of signals recorded on average by one sensor was analyzed.

The development of damage processes in series W3, W4, W6, and W7 and B2, B3, and B4 is shown
in Figures 5, 7,9, 10, 12, and 13. Corresponding images of side surface cracks (for samples A, B, and C)
are presented in Figures 6, 8, and 11, except W6 and B2-B4 samples, because no cracks were observed
on their surfaces.

3.1.1. Concrete W3—Curing in Water, Variable Hardening Temperature (+42 to -5 °C)

Figure 5 shows the values of destructive processes I-III captured during 56 days in samples W3.
Throughout the test, 5195 signals (hits) were assigned to the initiation of internal microcracks (damage
process I) and 94 AE signals were assigned to damage process II.
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Figure 5. Number of damage processes I-1II obtained from W3 samples.

Twenty-three hits assigned to surface microcrack formation (destructive process III) were captured
in samples A, B, and C (Figure 6).
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Figure 6. Surface microcrack distribution on sides of the W3 samples. Linear location of destructive
processes III (AE signal class 3) in W3 samples obtained by the AE (Acoustic Emission) method is

marked in red.

3.1.2. Reinforced Concrete W4—Curing in Water, Variable Hardening Temperature (+42 to =5 °C)

Figure 7 shows the values of destructive processes I-1II captured during 56 days in samples W4.
Most processes I and II were recorded during 20 days, later their number decreased. Throughout the
test, 8608 hits were assigned to the initiation of internal microcracks (damage process I) and 90 AE
signals were assigned to damage process IL
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Figure 7. Number of damage processes I-1II obtained from W4 samples.

Ten signals assigned to destructive process III (surface microcracks formation) were detected in
samples A, B, and C (Figure 8) until day 46.
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Figure 8. Surface microcracks distribution on sides of the W4 samples. Linear location of destructive
processes III (AE signal class 3) in W4 samples obtained by the AE method is marked in red.

3.1.3. Concrete W6—Curing in Water, Constant Hardening Temperature of 22 °C

Figure 9 shows the values of destructive processes I and II recorded during 56 days in samples
W6. Most processes were recorded during the first week of the test, then their number decreased.
Throughout the test, 2560 hits were assigned to the initiation of internal microcracks (damage process
I) and 94 AE signals were assigned to damage process Il but not on every measuring day.
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Figure 9. Number of damage processes I-1II obtained from W6 samples.

Class III signals were not captured in the test and no microcracks at the surface of the samples
were observed.

3.1.4. Concrete W7—Curing in Water, Constant Hardening Temperature of 22 °C

Figure 10 shows the values of destructive processes I-III captured during 56 days in samples W7.
Most processes denoted as I were recorded during 20 days, later their number decreased. Throughout
the test, 2795 hits were assigned to the initiation of internal microcracks (damage process I) and six AE
signals were assigned to damage process II until day 24.

A few signals Class III assigned to the formation of surface microcracks were recorded in W7
samples. A single surface microcracks were detected on the sides of the samples (Figure 11).

3.1.5. Concrete B2 (with Admixtures)—Curing in Water, Constant Hardening Temperature of 22 °C

Figure 12 shows the values of destructive processes I and II recorded during 56 days in samples
B2. Most processes were recorded during the initial days of the test, then their number decreased.
Throughout the test, 4519 hits assigned to the initiation of internal microcracks (damage process I)
were recorded together with 52 AE signals assigned to damage process II, which practically faded out
after day 24 of the test.

Class III signals were not captured in the test and no microcracks at the surface of the samples
were observed.

87



Materials 2020, 13, 3523

1000

@
=3
=3

=3
=}
)

200

Number of AE signals due
to Damage Process T
IS
=3
= 53

Number of AE signals due
to Damage Process IT

Number of AE signals due
to Damage Process ITI

numbers denoting
specimens faces

upper AE sensor

microcrack ||

lower AE sensor

® 2795 Damage Processes I

4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55

Time (days)

® 6 Damage Processes II

°
o g% ° ®
4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55
Time (days)
® | Damage Process III
L]
4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55
Time (days)
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Figure 11. Surface microcracks distribution on sides of the W7 samples.

3.1.6. Concrete B4—Curing in Water, Constant Hardening Temperature of 22 °C

Figure 13 shows the values of damage processes I and II captured during 56 days in samples B4.
Throughout the test, 2886 hits assigned to the initiation of internal microcracks (damage process I) and
19 AE signals assigned to damage process I were recorded.

Class III signals were not captured in the test and no microcracks at the surface of the samples

were observed.
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3.2. Destructive Processes Analysis

The analysis of the destructive processes confirmed that the internal structure of the concrete
was affected by a range of factors such as aggregate and cement type, curing conditions (especially
moisture and ambient temperature) that influence cement hydration, dimensions of the tested element
as well as reinforcing bars embedded in the samples.

The identified processes, number of signals and curing conditions are shown in Table 1.

Analysis of the results shows that Class 1 signals were recorded most often in the test. These signals
correspond to internal microcrack formation. Most damage processes I were observed during the first
week. Their number decreased over time but they did not fade out during 56 days.

The number of Class 2 signals assigned to damage process II (internal microcracks development)
was almost an order of magnitude smaller.

Class 3 signals were not recorded in (W2, W6, and B2-B4) concrete samples cured after demolding
during 10 days and then hardened at constant temperature (22 + 2 °C). This indicates that destructive
processes III (surface microcrack formation) did not occur, which was confirmed by the observation of
the sample.

In addition to tracking the growth of individual destructive processes in time, the number of
destructive processes recorded at any given time interval can be also analyzed. Several analyses
based on this precise information about damage and damage development in early age concrete
were performed.

The results selected for W3 and W4 concrete samples (Figure 14) show that in the case when
reinforcement was used, the number of damage processes I (internal microcrack formation) increased
(in the analyzed concrete samples by about 65%) due to the occurrence of additional interfacial
transition zones (ITZ) between reinforcing bars and cement paste. Damage processes II (propagation of
internal microcracks) in the analyzed samples slightly decreased and damage processes III (formation
of microcracks on the surface of concrete) were limited by embedded reinforcement.

10 000

9000

8000

7000

6000

5000

4000

3000

2000

Destructive Processes Il and Il

Destructive Processes |

1000

Figure 14. Number of hits accompanying processes I-III recorded in W3 and W4 samples (10 days
curing, varied temperature, and with and without reinforcement).

In Table 5 shown the testing conditions of the samples with the results of number of AE signals and
destructive processes in non-loaded concrete obtained by modified IADP acoustic emission method.

Figure 15 shows an influence of variable temperature on the number of damage processes in
concrete hardening without initial curing. In the samples hardened at variable temperatures (=5 to
+42 °C), far more destructive processes (I-III) were recorded compared to constant temperature
conditions. This indicates a significant impact of the heating and cooling cycles on damage processes
development in the early-age concrete, which may influence the strength of hardened concrete.
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Table 5. Sample parameters, testing conditions, results, and detected damage.

Curing Concrete
Series Conditions Hardening Cement Strength Process No of
(Days of Temperature Type after 28 Signals
Curing) Days (MPa)
I 5980
W2 10 constant 22 +2 °C CEMI 36.0 I 31
1 0
I 5195
W3 10 variable —5 to +42 °C CEMI 44.5 I 94
I 23
1 8608
W4 (reinforced) 10 variable -5 to +42 °C CEMI 445 I 90
11 10
I 2192
w51 10 constant 22 + 2 °C CEMI 40.1 It 9
I 0
I 2560
W6 (100 x 100 x 500) 10 constant 22 + 2 °C CEMI 40.1 I 6
1T 0
I 2795
W7 (without curing) none constant 22 + 2°C CEMI 45.8 I 6
I 1
1 5200
W8 ! (without curing) none variable -5 to +42°C CEMI 41.2 I 0
1T 7
I 4519
B2 2 (with admixtures) 10 constant 22 +2 °C CEMI 63.5 I 50
1 0
1 2984
B3 2 different agregate type) 10 constant 22 + 2 °C CEMI 55.8 It 18
I 0
I 2
B4 10 constant 22 + 2 °C CEM III 48.1 —886
I 19

! The tests and analysis of W5 and W8 samples results were described in [45], ? the test results of the B2 and B3
samples were described in [44].
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Figure 15. Number of hits accompanying processes I-III recorded in W7 and W8 samples (without
curing and constant and varied temperature).

91



Materials 2020, 13, 3523

4. Discussion

The presented results for concrete tested under different curing conditions, hardening temperature,
aggregate type, concrete strength, dimensions of the sample, presence of the admixtures, and presence
of reinforcement show that the proposed AE method is the general method that allows for early age
damage identification, damage tracking, and location.

In each of the analyzed cases, it was possible to select damage classes. The emergence of class 1
and class 2 signals does not represent direct effects on the strength level.

Evaluation of concrete strength based on the presented AE method has a qualitative nature.
Therefore, it seems expedient to look for a correlation between the intensity of destructive processes
and the strength of the concrete obtained.

The data obtained can also be used in several analyses of practical significance such as:

e Inthe case of hardening at varied temperature, class II damage (internal microcrack development)
increases but class III (surface microcracks) decreases in reinforced concrete, which confirms that
the reinforcement restricts most dangerous class III damage (Figure 14),

e All damage processes increase in the case of hardening at variable temperature (Figure 15).

Author Contributions: Conceptualization, B.G. and W.T.; Methodology, B.G. and W.T.; Software, M.B.; Validation,
B.G.,, W.T. and M.B.; Formal Analysis, B.G.; Investigation, M.B.; Resources, B.G.; Data Curation, M.B.;
Writing—Original Draft Preparation, W.T.; Writing—Review and Editing, W.T., B.G. and M.B.; Visualization, M.B.;
Supervision, W.T.; Project Administration, B.G.; Funding Acquisition, B.G. and W.T. All authors have read and
agreed to the published version of the manuscript.

Funding: This experiments were funded by Project POIG No.01.01.02-10-106/09-01
Acknowledgments: Research was carried out as part of the Project POIG No.01.01.02-10-106/09-01

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

References

1. Wu, Z; Wong, H.S,; Buenfeld, N.R. Transport properties of concrete after drying-wetting regimes to elucidate
the effects of moisture content hysteresis and microcracking. Cem. Concr. Res. 2017, 98, 136-154. [CrossRef]

2. Kurdowski, W. Cement and Concrete Chemistry; Springer: London, UK, 2014; pp. 1-677. ISBN 978-94-007-7944-0.

3. Neville, AM. Properties of Concrete, 5th ed.; Prentice Hall: Lincoln, UK, 2011; pp. 1-872.
ISBN 978-0-273-75580-7.

4. Bischop, J.; van Mier, ].G.M. How to study drying shrinkage microcracking in cement-based materials using
optical and scanning electron microscopy? Cem. Concr. Res. 2002, 279-287. [CrossRef]

5. Boshoff, W.; Combrinck, R. Modelling the severity of plastic shrinkage cracking in concrete. Cem. Concr. Res.
2013, 48, 34-39. [CrossRef]

6.  Flaga, K. Impact of residual stress on stress destruction and strength parameters of concrete [Wptyw naprezen
wiasnych na destrukcje naprezeniowa i parametry wytrzymatosciowe betonu—in Polish]. Inzynieria Bud.
1995, 6, 315-322.

7. Golewski, G.; Sadowski, T. Analysis of brittle defects in concrete composites [Analiza kruchych uszkodzeri w
kompozytach betonowych in Polish]. Czas. Tech. (Bud.) 2007, 104, 55-62.

8.  Schindler, A.; Byard, B, Tankasala, A. Mitigation of early-age cracking in concrete structures.
MATEC Web Conf. 2019, 284, 07005. [CrossRef]

9. Flaga, K.; Furtak, K. Problem of thermal and shrinkage cracking in tanks vertical walls and retaining walls
near their contact with solid foundation slabs. Archit. Civil Eng. Environ. 2009, 2, 23-30.

10. Linek, M.; Nita, P. Thermal Stress in Concrete Slab of the Airfield Pavement. ]. KONBiN 2020, 50. [CrossRef]

11. Kwak, H.G.; Ha, S.J. Plastic shrinkage cracking in concrete slabs. Part I Mag. Concr. Res. 2006, 58, 505-516.
[CrossRef]

12. Raczkiewicz, W.; Bacharz, K.; Bacharz, M.; Grzmil, W. Manufacturing Errors of Concrete Cover as a Reason
of Reinforcement Corrosion in Precast Element—Case Study. Coatings 2019, 9, 702. [CrossRef]

13.  Klemczak, B.; Knoppik-Wrdbel, A. Early age thermal and shrinkage cracks in concrete structures—description
of the problem. Archit. Civil Eng. Environ. 2011, 2, 35-47.

92



Materials 2020, 13, 3523

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Ranachowski, Z. Application of acoustic emission to fault diagnosis in civil engineering. Roads Bridges 2012,
2, 65-87.

Ohtsu, M.; Isoda, T.; Tomoda, Y. Acoustic Emission Techniques Standardized for Concrete Structures.
J. Acoust. Emiss. 2007, 25, 21-32.

Hota, J.; Schabowicz, K. State-of-the-art. Non-destructive methods for diagnostics testing of building
structures anticipated development trends. Arch. Civil Mech. Eng. 2010, 10, 5-18. [CrossRef]

Ohno, K.; Ohtsu, M. Crack classification in concrete based on acoustic emission. Constr. Build. Mater. 2010,
24,2339-2346. [CrossRef]

Ohtsu, M.; Shigeishi, M.; Iwase, H.; Kyotanagit, W. Determination of crack location type and orientation in a
concrete structures by acoustic emission. Mag. Concr. Res. 1991, 43, 127-134. [CrossRef]

Goszczynska, B.; Swit, G.; Trampczynski, W.; Krampikowska, A.; Tworzewska, J.; Tworzewski, P.
Experimental Validation of Concrete Crack Identification and Location with Acoustic Emission Method.
Arch. Civil Mech. Eng. 2012, 12, 23-28. [CrossRef]

Nair, A.; Cai, C.S. Acoustic emission monitoring of bridges Review and case studies. Eng. Struct. 2010, 32,
1704-1714. [CrossRef]

Goszczynska, B.; éwit, G.; Trampczynski, W. Monitoring of active destructive processes as a diagnostic tool
for the structure technical state evaluation. Bull. Polish Acad. Sci. Tech. Sci. 2013, 6, 97-109. [CrossRef]
Goszczyniska, B.; éwit, G.; Trampczynski, W. Analysis of the microcracking process with the Acoustic
Emission method with respect to the service life of reinforced concrete structures with the example of the RC
beams. Bull. Polish Acad. Sci. Tech. Sci. 2015, 63, 55-63. [CrossRef]

Goszczyniska, B. Analysis of the process of crack initiation and evolution in concrete with acoustic emission
testing. Arch. Civil Mech. Eng. 2014, 14, 134-143. [CrossRef]

Swit, G. Predicting Failure Processes for Bridge—Type Structures made of Prestressed Concrete Beams Using the
Acoustic Emission Method [Analiza Proceséw Destrukcyjnych w Obiektach Mostowych z Belek Strunobetonowych z
Wykorzystaniem Zjawiska Emisji Akustycznej in Polish]; Kielce University of Technology: Kielce, Poland, 2011;
pp. 1-179.

Karcili, M.; Alver, N.; Ohtsu, M. Application od AE rate-process analysis to damaged concrete structures due
to earthquake. Mater. Struct. 2016, 49, 2117-2178. [CrossRef]

Wu, K.; Chen, B.; Yao, W. Study on the AE characteristics of fracture process of mortar concrete and
steel-fiber-reinforced concrete beams. Cem. Concr. Res. 2000, 30, 1495-1500. [CrossRef]

Lura, P; Couch, J.; Jensen, O.M.; Weiss, |. Early-age Acoustic emission measurements in hydrating cement
paste: Evidence for cavitation during solidification due to self-desiccation. Cem. Concr. Res. 2009, 39, 426-432.
[CrossRef]

Van, D.; Abeele, K.; Desadeleer, W.; De Schutter, G.; Wevers, M. Active and passive monitoring of the early
hydration process in concrete using linear and non linear acoustics. Cerm. Concr. Res. 2009, 39, 426—-432.
Watanabe, T.; Ohno, T.; Hashimoto, C. Detection of Thermal Cracks in Early-Age Concrete by AE.
Concr. Res. Lett. 2011, 2, 290-294.

Tliopoulos, S.N.; Khattabi, Y.E.; Angelis, D.G. Towards the establishment of a continuous nondestructive
monitoring technique for fresh concrete. ]. Nondestruct. Eval. 2016, 35, 37. [CrossRef]

Bischop, J.; van Mier, ].G.M. Drying shrinkage microcracking in cement-based materials. Heron 2002, 47,
163-184.

Chotard, T.J.; Smith, A.; Rotureau, D.; Fargot, D.; Gault, C. Acoustic emission characterization of calcium
aluminate cement hydration at an early stage. J. Eur. Ceram. Soc. 2003, 23, 387-398. [CrossRef]

Sargolzahi, M.; Kodjo, S.A.; Rivard, P.; Rhazi, ]. Effectiveness of nondestructive testing for the evaluation of
alkali-silica reaction in concrete. Constr. Build. Mater. 2010, 24, 1398-1403. [CrossRef]

Swit, G.; Zapata-Staweta, J. Application of acoustic emission to monitoring the course alkali-silica reaction.
Bull. Polish Acad. Sci. Tech. Sci. 2020, 68, 169-178.

Newman, K.; Newman, I.B. Failure theories and design criteria for plain concrete. In Proceedings of the Civil
Engineering Materials Conference; Te’eni, M., Ed.; Wiley-Interscience: London, UK, 1969; Part 2, pp. 963-996.
Hota, J. Determination of initiating and critical stress levels in compressed plain and high-strength concrete
by Acoustic Emission. Arch. Acoust. 2000, 25, 57-65.

Carni, D.L.; Scuro, C.; Lamonaca, F.; Sante Olivito, R. Damage analysis of concrete structures by means of
acoustic emissions technique. Compos. Part B 2017, 115, 79-86. [CrossRef]

93



Materials 2020, 13, 3523

38.

39.

40.

41.

42.

43.

44.

45.

Sagar, R.V.; Prasad, B.K.R. Damage limit states of reinforced concrete beams subjected to incremental cyclic
loading using ratio analysis of AE parameters. Constr. Build. Mater. 2012, 35, 139-148. [CrossRef]
Carpinteri, A.; Lacidogna, G.; Corrado, M.; Di Battista, E. Cracking and crackling in concrete-like materials:
A dynamic energy balance. Eng. Fract. Mech. 2016, 155, 130-144. [CrossRef]

Kiernozycki, W. Massive Caoncrete Structures [Betonowe Konstrukcje Masywne in Polish]; Polski Cement: Cracow,
Poland, 2003.

Miller, R.K. Acoustic Emission Testing. In Nondestructive Testing Handbook, 3rd ed.; Moore, P.O.,
Hill, E.vK., Eds.; American Society for Nondestructive Testing: Columbus, OH, USA, 2005; Volume 6,
pp. 1-446.

Bacharz, M. Application of the Acoustic Emission Method to the Evaluation of Destructive Processes in Unloaded
Concrete [Wykorzystanie Metody Emisji Akustycznej do Badania Proceséw Destrukcyjnych w Betonie Nieobcigzonym
in Polish]; Kielce University of Technology: Kielce, Poland, 2016.

Bacharz, M.; Trampczynski, W.; Goszczynska, B. Acoustic emission method as a tool for the assessment
of influence of the temperature variation on destructive processes created in early age concrete.
MATEC Web Conf. 2019, 284, 1-12. [CrossRef]

Bacharz, M.; Goszczynska, B.; Trampczynski, W. Analysis of destructive processes in non-loaded early-age
concrete with acoustic emission method. Procedia Eng. 2015, 108, 245-253. [CrossRef]

Bacharz, M.; Trampczyniski, W. Identification of active destructive processes in unloaded early-age concrete
with the use of Acoustic Emission method. In Proceedings of the 2016 Prognostics and System Health
Management Conference (PHM-Chengdu), Chengdu, China, 19-21 October 2016; pp. 1-6.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

94



7o

vesl materials MBPY
e w #
Article

The Use of Wavelet Analysis to Improve the Accuracy
of Pavement Layer Thickness Estimation Based on
Amplitudes of Electromagnetic Waves

Matgorzata Wutke *, Anna Lejzerowicz 2 and Andrzej Garbacz 2

1 TPA Sp. z 0.0., Parzniewska 8, 05-800 Pruszkéw, Poland

2 Faculty of Civil Engineering, Warsaw University of Technology, Al. Armii Ludowej 16, 00-637 Warsaw,
Poland; a.lejzerowicz@il.pw.edu.pl (A.L.); a.garbacz@il.pw.edu.pl (A.G.)

*  Correspondence: malgorzata.wutke@tpaqi.com

Received: 17 June 2020; Accepted: 17 July 2020; Published: 19 July 2020

Abstract: The article 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, it was 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.

Keywords: ground penetrating radar (GPR); HMA dielectric constant; wavelet analysis; road pavement
thickness estimation

1. Introduction

The requirements for pavements, not only newly built, but also existing, maintained,
and undergoing renovation are increasing along with new guidelines [1]. The proper recognition of the
thickness of pavements layers [2,3] directly influences the quality assurance of assessing the current
pavement load capacity and the correctness of the pavement repair technology being developed.

The measurement of road pavement thickness can be performed using non-destructive methods
such as the ground penetrating radar (GPR) method [4-9], eddy currents (StratoTest device) [10],
Impact Echo [11-14], and ultrasonic [15] or semi-destructive [16] method, which is drilling. However,
the eddy current method is only suitable for measuring the thickness of new surfaces, since it requires
placing an aluminum reflector on the bottom of the layer [10]. The Impact Echo method is used only to
measure thick elements, and repaired surfaces often have a thickness smaller than 10 cm [12]. While the
Impact Echo device has been developed that has many probes that can be implemented to study
large areas [14], the device based on ultrasound allows only point measurements [15]. In addition,
the high frequency of ultrasonic devices is associated with attenuation of the signal in shallow layers,
which means that the signal may not reach the bottom of the layer and thickness measurement may
not be possible. Therefore, it is concluded that GPR is the best device for the continuous measurement
of road surface thickness.

Identifying the thickness of 10 km road pavement layers based on boreholes is almost twice
as expensive as that based on GPR surveys. In addition to the price, the social burden and
destructive interference in the pavement is increasing the likelihood of premature degradation;
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however, when the structure is recognized based on GPR measurement, these negative consequences
are much smaller. In addition, the detail of road construction information obtained from GPR
measurement is incomparable to the information obtained from boreholes. A better diagnostic of road
structures means, first, a greater safety of road users, and additionally, a possible reduction of costs of
renovation works. Continuous recognition of the pavement structure enables an optimal and proper
design of renovation treatments. By reducing the thickness of the layer by 1 cm on a 100 km stretch of
road consisting of two lanes and a roadside, according to the present prices, we can save around PLN
600,000-800,000 on the asphalt wearing course and PLN 400,000-500,000 on the asphalt bonding and
the asphalt base. This prompts an in-depth analysis of the issue of determining the thickness of road
pavement layers using the GPR method.

The aim of this paper is an estimation of pavement thickness with GPR based on advanced signal
analysis using wavelet transform.

2. Pavement Layers Thickness Estimation Based on GPR Method

2.1. Thickness Estimation Based on GPR Method

To calculate the layer thickness based on the GPR test, the following equation is used [5]:

d= e 1)
where:
d [cm)] layer thickness
clem/ns]  speed of light propagation in a vacuum, ¢ = 30 cm/ns
t [ns] two-way travel time between reflections from boundary surfaces
& - dielectric constant of the layer.

The unknown in Equation (1) is the dielectric constant of the medium, which depends on many
factors, including among others the humidity of the medium, porosity, and mineral composition.
The dielectric constant can be selected based on the values published in the literature (rough information,
which is shown in Table 1 and Figure 1), which may be calculated based on a drilled core (accurate,
but point information) or calculated based on the amplitude of the wave reflected from the surface (the
value depends on the surface conditions).

2.2. Dielectric Constant of Hot Mix Asphalt (HMA) Published in Literature

The wide range of values of the dielectric constant of the pavement layers, which are taken for
the thickness determinations, causes errors. Table 1 summarizes the dielectric constants of bitumen
determined in microwave frequencies given in various sources. For example, according to [17],
the range of dielectric constants of asphalt mixtures determined by the GPR is from 2 to 12, according
to [18] from 2 to 4, according to [19] from 4 to 10, and according to [20] from 4 to 15.

Table 1. Dielectric constants of asphalt mixtures published in the literature.

Dielectric Constant [-] Note
2-4 value given as “typical” for asphalt [18]
2-4 dry asphalt [17]
6-12 wet asphalt [17]
2.5-3.5 value given as “typical” for asphalt [21]
3-6 value given as “typical” for asphalt [22]

value determined based on SMA (stone mastic asphalt) field tests, dielectric

4049 constant calculated based on the reflected wave amplitudes [23]
4-8 value given as “typical” for asphalt [20]
8-15 slag asphalt [20]
4-10 value given as “typical” for asphalt [19]
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As one can see then, the dielectric constants of materials published in the literature should be
used only as an indication of the approximate value of the electrical properties of the tested medium.
A way to accurately determine the dielectric constant is to drill a core and calculate it based on the
thickness of the core. However, as a result, the dielectric constant value is obtained at one specific point,
and its value can also change between drilling points, especially in the case of roads after repeated
repairs. In addition, we strive to interfere as little as possible in a destructive way, which is drilling,
into the conditions on the pavement and reduce its durability. To correctly determine the thickness of
the medium by the GPR method, the dielectric constant should be determined continuously and in a
completely non-destructive way.

2.3. Calculation of Dielectric Constants Based on the Amplitude of the Wave Reflected from the Surface

The method of determining the dielectric constants of a medium in a continuous way is to calculate
itbased on the amplitude of the wave reflected from the surface and the amplitude of the wave reflected
from the ideal reflector, e.g., metal plate (reference amplitude). In this case, the following formula is
used [5,6]:

2
1+ 42
&r = 1 A (2)
T A
where:
&[] dielectric constant of the first layer of the medium
Ao [-] reflected wave amplitude on the border: air-tested surface
A [-] reflected wave amplitude on the border: air-metal plate (reference amplitude).

However, as already mentioned, the result of determining the dielectric constant, as it is calculated
based on the amplitude of the wave reflected from the surface, strictly depends on the conditions on
the surface. In the presence of a water film on the surface, dielectric constants calculated based on the
amplitude of the wave reflected from the surface increase, which was confirmed by research by the
authors of this publication in the paper [24] (as a result of the presence of a water film on the asphalt
pavement resulting from a small rainfall, an increase in dielectric constant from about 6, determined
on a dry surface, to 9 determined on a wet surface was observed).

2.4. Impact of Incorrect Estimation of the Dielectric Constant on the Accuracy of Asphalt Pavement
Thickness Determination

Figure 1 shows how an incorrect determination of the dielectric constant affects the error in
measuring the asphalt pavement thickness using the GPR method. A surface made of HMA with a
dielectric constant of 5 and thickness of 22 cm is assumed. Then, the two-way travel time is 3.3 ns
(nanoseconds). Assuming such a time and taking the dielectric constants given in the literature from 2
to 15 [18,20] for calculations, the relative error in thickness estimation is determined as a commonly
used formula [25]:

d-d
Ad = "L 100% ®3)
dre f
where:
Ad [%] relative error in thickness determination using the GPR method
d [cm] layer thickness determined by the GPR method

dref [cm]  reference thickness of the layer (thickness of the drilled core).
The relative error in thickness determination using the GPR method is from —58% (for a dielectric

constant of 2) to +42% (for a dielectric constant of 15). It is noted that the assumption of a smaller
dielectric constant than the real one has a stronger impact on the actual thickness value than using
higher dielectric constant values.
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Figure 1. Impact of incorrect estimation of the dielectric constant of the asphalt mixture on the accuracy
of thickness determination using the ground penetrating radar (GPR) method; blue arrows show the
relative error in determining hot mix asphalt (HMA) thickness in situations when for HMA (22 cm
thick and with an actual dielectric constant of 5), we incorrectly assume ¢, = 2 or &; = 15 (red arrows,
the smallest/largest published HMA dielectric constant in the literature [18,20]).

The article proposes the use of one of the methods of advanced GPR signal analysis—wavelet
analysis—as a support tool in determining the atmospheric conditions on the surface of the HMA during
GPR tests (in determining whether the HMA surface was dry, wet, covered with ice, snow or de-icing
salt). Depending on the surface conditions, the dielectric constants will be corrected accordingly.

3. Wavelet Analysis of GPR Signal

3.1. Theoretical Foundations of Wavelet Analysis

Wavelet analysis is based on wavelet functions—the equivalents of trigonometric functions found
in the Fourier analysis [26]. Wavelet analysis splits the signal into components that are properly scaled
and shifted (in time) by the basic wavelet (mother wavelet). Unlike trigonometric functions, wavelet
functions are not periodic—they are irregular and asymmetrical, and their shape is similar to the shape
of the pulse emitted by the radar antenna.

The idea of the wavelet transform is similar to that of the Fourier transform—they both rely on
the decomposition of the examined signal into component functions, but instead of the harmonic
components of the Fourier transform, wavelet functions of different scale and position are used. Scaling
a wavelet means stretching or compressing it. Moving the wavelet, as the name implies, is a change
in the position of the wavelet on the time axis. The results of the wavelet analysis are the wavelet
coefficients, which are the sum relative to the time of the product of the signal and the scaled and
shifted forms of the wavelet.

Wavelet coefficients describe how the wavelet function of a certain scale and position is similar
to the signal fragment being considered. A smaller scale factor corresponds to a more ‘compressed’
wavelet. Larger scale values correspond to more ‘stretched” wavelets. The more stretched the
wavelet, the longer the signal range with which it is compared, and therefore the rougher the signal
features represented by the wavelet coefficients that are obtained. The results are presented in the
form of a wavelet scalogram showing the energy distribution of the signal in the coordinates time
(shift)-scale [27]. It is the distribution of energy into individual wavelet coefficients as a function of
scale and time. The scale allows determining what spectra the GPR pulse has at different time intervals
(at different depths).

The results of the wavelet analysis depend on the type of the wavelet we choose as the wavelet
mother. MatLab is a popular tool for wavelet analysis. The following wavelets can be used:
Daubechies, Coiflet, Gaussian derivative, Haar, Symlets, Biortogonal, reverse Biortogonal, Meyer,
discrete approximation of Meyer, Mexican hat, Morlet. The wavelet sets that can be used are Gaussian
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derivative, Shannon, and comprehensive Morlet. The wavelets that are the most often used in GPR
signal analysis—Daubechies 4, 5 and 6, Bioorthogonal 3, 3.1, 3.5, and 7, and Symlet 6—will be discussed
in more detail in the next section.

3.2. The Use of Wavelet Analysis in GPR Signal Interpretation

Reviewing the applications of wavelet analysis as a tool for processing signals emitted by
non-destructive diagnostics devices mostly leads to monitoring the condition of engineering structures
or its elements. Publication [28] presents the possibility of using wavelet analysis to monitor the
condition of composite panels. It has been observed on wavelet spectrograms from various plates
that the time—frequency structures differ in the dominant frequency bands depending on the moisture
content of each panel. Publication [29] presents an application of continuous wavelet transform in
vibration-based damage detection method for beams and plates. The promising application of a
wavelet analysis of Impact Echo signals to assess the quality of concrete structure repairs is presented
in publication [30].

The scope of applications of wavelet analysis of GPR signals in road infrastructure includes the
use of wavelet analysis, among others, in the assessment of the backfill of the tunnel [31]. The tests
were carried out using a 400 MHz ground-coupled antenna, and the GPR signal was compared to the
Daubechies 4 wavelet. After analyzing the A-scan from a place where clays, silt, and water occur,
faster suppression of the high-frequency component and slower suppression of the low-frequency
component were observed.

Another application of wavelet analysis is the assessment of the condition of railway ballast
in terms of the presence of impurities in it [32]. The standard deviations of the wavelet coefficients
were considered to represent the signal scattering intensity. It turned out that the standard deviation
decreases as the level of pollution increases. The measurements were made with an air-coupled
2.0 GHz antenna; 5 levels of signal decomposition with a Daubechies mother wave were used.

Wavelet analysis is also used to remove noise and interference, especially where the useful
signal-to-noise ratio is so small that the correct signal is not visible. In measurements taken with 25, 50,
250, and 500 MHz ground-coupled antennas to distinguish geological layers, wavelets Bioorthogonal
3.1 (for 25 and 50 MHz antennas), Bioorthogonal 3.5, 3 (250 MHz), and 7 (500 MHz) were used.
Noise reduction was based on 5-level decomposition of the recorded GPR signal [33]. In [34], it was
checked which wavelets are best suited for removing noise from the GPR signal from measurement on
a flexible surface using a 1 GHz antenna. Daubechies 6, Symlet 6, Biorthogonal, and Haar wavelets
were tested (the Haar wavelet is significantly different from the GPR signal; this served to indicate the
essence of the appropriate selection of the mother wavelet and to highlight the effect of this choice on
the result); Daubechies 6 and Symlet 6 wavelets turned out to be the best for this application.

4. GPR Measurements of Asphalt Slabs in Various Atmospheric Conditions

4.1. Testing Area

Table 2 shows different constructions of tested model asphalt slabs with dimensions of 50 cm x
50 cm x 22 cm. Each slab consists of three layers with a total thickness of 22 cm. The slabs differ in their
wearing course type, which is: MA—mastic asphalt being the most tight asphalt mix, SMA—stone
mastic asphalt, AC—asphalt concrete, BBTM (fr. beton bitumineuse trés mince)—asphalt concrete for
thin layers, and PA—porous asphalt, being the most porous asphalt mix. The slabs were placed on a
metal plate to intensify wave reflection from the bottom of the slab (see Figure 2). The metal plate has
a dielectric constant higher than asphalt; hence, during propagation by asphalt media, the wave phase
does not change. This is important from the point of view of marking the bottom level of the slab.

Table 3 shows the atmospheric conditions when performing different GPR tests. The reference
measurement was made at 28 °C (wl). Other measurements were made at a temperature below zero
in the following order: on the dry surface of the slab (wll), after pouring water onto the slab (wIII),
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after ice formation on the slab surface (wIV), in the presence of a thin layer of fluffy snow on the slab
(wV), and in the presence of de-icing salt on the surface of the slab (wVI). Measurements were carried
out using a GSSI (Geophysical Survey Systems, Inc., Nashua, NH, USA) air-coupled antenna with a
central frequency of 1.0 GHz.

Table 2. Constructions of model asphalt slabs.

Slab No. Wearing Course (4 cm) Bonding Layer (8 cm) Base Layer (10 cm)
ml MA 8
m2 SMA 8
m3 ACS8S AC16 W AC22P
m4 BBTM 8
m5 PAS8S

Figure 2. Tested model asphalt slabs.

Table 3. Atmospheric conditions during GPR surveys.

Condition No. Atmospheric Condition Description
wl temperature 28 °C, dry slab surface
wil temperature —5 °C, dry slab surface
temperature —5 °C, water film on the slab surface as a result of pouring water
wlll
(about 5 L per slab)

wlV temperature —5 °C, thin layer of ice on the slab surface

wV temperature —2 °C, thin layer of fresh snow on the slab surface
wVI temperature —2 °C, de-icing salt on the slab surface
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4.2. A-Scans from m1-m5 Slabs Measurements in Various Atmospheric Conditions

In Figures 3-5, A-scans from measurements of slabs m1-m5 in conditions wl-wVI are shown.
As a zero level, the minimum amplitude of the wave reflected from the slab surface was assumed.
The bottom level is the minimum amplitude of the wave reflected from the bottom of the metal plate
under the asphalt slab. Based on the A-scans, it is visible that both the propagation time through the
slab and the reflection amplitude from the surface vary depending on the weather conditions.

slab m1
100 100 slab m2
g 50 g 50
T o ERCRS
< s 3.00 400 5R9/ 6.00 7.00 8.00 10.00
2-50 B -50
-100 ' . “.100 | .
Two-way travel time [ns] Two-way travel time [ns]
wl wll ——wllII wl wil —— wlII
—wIV wV —wVI —wIV wV —wVI
(a) (b)

Figure 3. A-scans of m1 (a) and m2 (b) slabs in atmospheric conditions wl, wiI, wllI, wIV, wV, and wVT;
green arrow—assumed zero level, blue arrow—assumed bottom of the slab.
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2 ES
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Figure 4. A-scans of m3 (a) and m4 (b) slabs in atmospheric conditions wl, wiI, wllI, wIV, wV, and wVI;
green arrow—assumed zero level, blue arrow—assumed bottom of the slab.
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Figure 5. A-scans of m5 slab in atmospheric conditions wl, wll, will, wIV, wV, and wVT;
green arrow—assumed zero level, blue arrow—assumed bottom of the slab.
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4.3. Dielectric Constants of HMA

4.3.1. Dielectric Constants Calculated based on Propagation Time through the Slab of Known
Thickness, Hereinafter Named the “B” Method

Table 4 shows two-way travel time through the slabs m1-m5 read directly from the GPR
measurement. Knowing that the thickness of slabs m1-mb5 is equal to 22 cm, and transforming Equation
(1), their dielectric constants (¢;,) were calculated. The results are summarized in Table 5.

Table 4. Two-way travel time through the slabs.

t [ns] ml m2 m3 m4 m5
wl 3.78 3.71 3.66 3.63 3.61
wll 3.64 3.56 3.53 3.53 3.53

wlll 3.67 3.67 3.64 3.64 3.56

wlV 3.64 3.49 3.64 3.56 3.53
wV 3.75 3.75 3.59 3.67 3.67

wVI 3.79 3.75 3.63 3.71 3.75

Table 5. Dielectric constants calculated based on propagation time through the slabs (‘B” method).

&y [-1 m1 m2 m3 m4 m5 Average &, [-]
wl 6.64 6.40 6.23 6.13 6.06 6.29
wil 6.16 5.89 5.79 5.79 5.79 5.88
will 6.26 6.26 6.16 6.16 5.89 6.15
wlVv 6.16 5.66 6.16 5.89 5.79 5.93
wV 6.54 6.54 5.99 6.26 6.26 6.32
wVI 6.68 6.54 6.13 6.40 6.54 6.46

The differences in dielectric constants depending on the atmospheric conditions during the
measurement calculated by the “B” method are not large (Figure 6), but they cannot be ignored.
The following trends of apparent increases and decreases of the dielectric constant of the HMA are
noted: temperature below zero (wll) causes an apparent decrease of the dielectric constant determined
by the “B” method. Pouring the slab with water (wlll) causes an apparent increase in the dielectric
constant. Freezing of the formed water film (wIV) causes the apparent decrease of the dielectric
constant determined by the “B” method. The presence of snow (wV) on the surface causes an apparent
increase in dielectric constant (except slab m3). The presence of salt on the slab surface (wVI) also
causes an apparent increase in HMA dielectric constant marked by method “B”.
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2y
8 Ea00
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3 200
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Figure 6. Dielectric constants calculated based on propagation time through the slabs (“B” method).
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For calculations of dielectric constants using the “B” method, knowledge of thickness is required,
which in road practice translates into drilling and taking cores from roads for being measured.
The following are dielectric constants calculated based on measurements of the same slabs, under the
same atmospheric conditions, but based on the amplitude of the wave reflected from the surface, i.e.,
by a method that does not require taking cores.

4.3.2. Dielectric Constants Calculated based on the Amplitude of the Wave Reflected from the Surface,
Hereinafter Named the “A” Method

Calculations were made based on Equation (2). Table 6 shows the ratio of the wave amplitude
reflected from the surface of the slab to the wave amplitude reflected from the metal plate (reference
amplitude). Table 7 shows dielectric constants calculated based on amplitudes.

Table 6. Ratio of the wave amplitude reflected from the surface of the slab to the wave amplitude
reflected from the metal plate.

Ao/Ay [-] m1 m2 m3 m4 m5
wl 0.48 0.48 0.46 0.44 0.42
will 0.47 0.45 0.42 0.42 0.38
wlll 0.48 0.45 0.43 0.45 0.39
wiv 0.44 0.44 0.43 0.42 0.38
wV 0.40 gross error 0.41 0.41 0.50
wVI 0.57 gross error 0.51 0.56 0.63

Table 7. Dielectric constants calculated based on the amplitudes (“A” method’).

&, [-1] ml m2 m3 m4 m5 Average ¢, [-]
wl 8.28 7.93 7.13 6.51 6.51 7.27
wil 7.85 6.07 6.07 6.06 498 6.21
willl 791 6.98 6.98 6.84 5.15 6.77
wlVv 6.62 6.55 6.33 6.02 4.98 6.10
wV 5.45 gross error 5.59 5.66 8.85 6.39
wVI 13.10  gross error 9.40 12.69 12.69 11.97

Based on the summaries in Table 7 and Figure 7, it is noted that the dielectric constants calculated
based on the reflected wave amplitudes are significantly different from those calculated based on
propagation time and known slab thickness. The temperature below zero (wll) of the HMA causes a
significant decrease in the apparent value of its dielectric constant. Pouring the slab with water and
the presence of a water film on the surface (wIIl) causes an increase in dielectric constants calculated
with the “A” method. Freezing of water on the surface (wIV) causes a decrease in dielectric constant
again. The presence of snow (wV) decreases the dielectric constant (except for slab m5). The presence
of salt on the surface (wVI) causes a significant increase in dielectric constant determined based on the
amplitude of the wave reflected from the surface.
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Figure 7. Dielectric constants calculated based on the amplitudes (“A” method).

4.3.3. Calculated Slabs Thicknesses Based on the Wave Amplitude Reflected from the Surface

Table 8 summarizes the thicknesses calculated based on dielectric constants determined based on
the amplitudes of waves reflected from the surface. Table 9 shows the relative thickness determination
error caused by calculating the dielectric constant based on amplitudes.

Table 8. Calculated slabs thicknesses based on the wave amplitude reflected from the surface.

d [em] ml m2 m3 m4 m5
wl 19.70 19.76 20.56 21.34 21.22
wil 19.49 21.67 21.49 21.51 23.73
wlll 19.57 20.84 20.67 20.88 23.53

wlVv 21.22 20.45 21.70 21.76 23.73
wV 24.09 gross error 22.78 23.14 18.50
wVI 15.71 gross error 17.76 15.62 15.79

Table 9. Relative thickness determinations error caused by calculating the dielectric constant based
on amplitudes.

Ad [%] m1l m2 m3 m4 m5 Mean of the Absolute Value
wl -10 -10 -7 -3 —4 7
wil -11 -1 -2 -2 8 5
will -11 -5 -6 -5 7 7
wlVv -4 -7 -1 -1 8 4
wV 10 gross error 4 5 -16 7
wVI =29 gross error -19 -29 -28 21

The measurement error in the conditions adopted as a reference is up to —10%, and it is the
accuracy of determining the thickness of layers by the method based on the amplitudes of the wave
reflected from the surface. Measurements in temperature below zero cause the calculated thickness to
be smaller than the actual thickness up to —11%, except for slab m5. The presence of water film on the
slab’s surface caused the calculated thickness to be up to —11% smaller than the actual thickness, except
for slab m5. An icy slab surface caused the calculated thickness to be up to —7% smaller than the actual
thickness, except for slab m5. The presence of snow on the slab surface caused the calculated thickness
to be greater than the actual thickness of the slab (up to 10% greater), except for slab m5 (thickness
—16% smaller). As a result of the decrease in freezing temperature during the presence of de-icing salt
on the HMA surface of the asphalt mixture, apparently smaller thicknesses are obtained (up to —29%).
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4.3.4. Correction Coefficients for Dielectric Constants Determined based on the Amplitudes Reflected
from the Surface

Based on Equation (4), the correction coefficients for dielectric constants determined based on
amplitudes to dielectric constants determined based on propagation time through the slab of known
thickness were calculated. Their values are summarized in Table 10. The reference conditions were the
wl conditions (28 °C, dry slab surface). The dielectric constant determined based on amplitudes in all
conditions other than wl should be multiplied by the correction coefficient k.

K= 8 )
Ery
where:
k([-]  correction coefficients for dielectric constants determined based on the amplitudes
&y |—]  dielectric constants calculated based on propagation time through the slabs (“B” method)
&, [-] dielectric constants calculated based on the amplitudes (“A” method).

Table 10. Correction coefficients for dielectric constants determined based on the wave amplitude
reflected from the surf