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Preface to ”Advances in Sustainable Concrete
System”

Concrete is the most widely used construction material in the world, and is typically produced

using Portland cement (PC) as the binder. The mass of PC used in concrete construction represents a

critical environmental issue, due to the high emissions of carbon dioxide gas during its manufacture

from the calcination of limestone and the combustion of fossil fuel. On the other hand, the rising

demands to reduce the cost of binders in concrete necessitate the search for an alternative source

of PC. This book aims to select current advanced concrete studies on environmentally friendly,

cost-effective concretes and waste recycling. The relevant research focuses on, but is not limited

to, the properties, evaluation, novel manufacturing/experimental techniques, analytical methods,

microstructure, modeling, design, production, and practical applications of new binders/aggregates

in concrete, and their behaviors in the concrete structures of in situ performance, renovation,

maintenance, recycling, durability, and sustainability.

This reprint, edited by Yifeng Ling, Chuanqing Fu, Peng Zhang, and Peter Taylor, will be of

interest to scholars, engineers, and government agencies in the relevant fields. The Guest Editors

would like to express their acknowledgement to all authors of the papers published in the Special

Issue entitled “Advances in Sustainable Concrete System“.

Yifeng Ling, Chuanqing Fu, Peng Zhang, and Peter Taylor

Editors
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In recent years, the implementation of a sustainable concrete system has been a great
topic of interest in the field of construction engineering worldwide as a result of the large
and rapid increase in carbon emissions and environmental problems from traditional
concrete production and industry. For example, the uses of supplementary cementitious
materials, geopolymer binder, recycled aggregate and industrial/agricultural wastes in
concrete are all approaches to building a sustainable concrete system. However, such
materials have inherent flaws due to their variety of sources, and exhibit very different
properties compared to traditional concrete. Therefore, they require specific modifications
in preprocessing, design and evaluation before use in concrete. This Special Issue, entitled
“Advances in Sustainable Concrete System”, covers a broad range of advanced concrete re-
search in environmentally friendly concretes, cost-effective admixtures and waste recycling,
specifically including the design methods, mechanical properties, durability, microstruc-
ture, various models, hydration mechanism and practical applications of solid wastes in
the concrete system.

A vast amount of research is concentrated on how to effectively use solid wastes.
The utilization of recycled moso bamboo sawdust (BS) as a substitute in a new bio-based
cementitious material was investigated by Tong et al. [1]. They first focused on the effect
of pretreatment methods (cold water, hot water and alkaline solution) on the mechanical
properties and microstructure of BS. Since the alkali-treated BS had a more favorable
bonding interface in the cementitious matrix, both compressive and flexural strength were
higher than those of the other two treatments. However, an increased proportion of BS
(1–7%) led to a reduction in workability and strength with a more porous structure, but
which still met the minimum strength requirements of masonry construction. The influence
of fly ash content on the compressive strength of cemented sand and gravel (CSG) materials
was evaluated by Chai et al. [2]. They found that 90 d or 180 d strength should be used as
the design strength in the design of CSG dam material. There is an optimal content (50%) of
fly ash in CSG materials. The effects of NaOH concentrations on the mechanical properties
and microstructure of alkali-activated blast furnace ferronickel slag (BFFS) were assessed
by Huang et al. [3]. Less C-A-S-H gel at a low concentration resulted in low compressive
strength. A high concentration produced more hydrotalcite than C-A-S-H as intensive
reaction at the early stage hindered the growth of C-A-S-H in the later stage, and decreased
the Al/Si ratio and polymerization of C-A-S-H, which led to a low strength. Phosphorus
slag and limestone composite (PLC) can greatly reduce the adiabatic temperature rise,
chloride permeability and drying shrinkage of concrete, but do not affect the long-term
strength of concrete [4]. Guan et al. [5] identified the possible problems of coal gangue as a
road base via an unconfined compressive strength test, a splitting test, a freeze–thaw test
and a drying shrinkage test of cement-stabilized gangue with varying cement amounts. The
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maximum dry density and optimum moisture content of the optimized cement-stabilized
gangue and cement-stabilized macadam increased with the increase in cement content.
A cement content of 4% is optimal for cement-stabilized coal gangue, which can be used
to produce light traffic bases and heavy traffic subbases of class II below highways. The
performance of concrete composites comprising waste plastic food trays (WPFTs) as low-
cost fibers and palm oil fuel ash (POFA) exposed to acid and sulfate solutions was evaluated
in an immersion period of 12 months by Mohammadhosseini et al. [6]. It was discovered
that adding WPFT fibers and POFA to the concrete reduced its workability, but increased
its long-term compressive strength. As a result of the positive interaction between POFA
and WPFT fibers, both the crack formation and spalling of concrete samples exposed
to acid and sulfate solutions were reduced. WPFT fibers have a significant protective
effect on concrete against chemical attacks. Zhang et al. [7] investigated the influence of
ultrafine metakaolin, replacing cement with a cementitious material, on the properties of
concrete and mortar. Adding ultrafine metakaolin or silica fume can effectively increase the
compressive strength, splitting tensile strength, resistance to chloride ion penetration and
freeze–thaw properties of concrete due to the improved pore structure. The sulphate attack
resistance of mortar can be improved more obviously by simultaneously adding ultrafine
metakaolin and prolonging the initial moisture curing time. Guan et al. [8] investigated
the influence of activator, steel slag powder, metakaolin and silica fume on the resulting
strength of steel slag cement mortar through orthogonal experiments. The optimal dosages
of activator, steel slag powder, metakaolin and silica fume were suggested. Awan et al. [9]
evaluated the mechanical performance of untreated and treated (NaOH, lime and common
detergent) crumb rubber concrete (CRC). These treatments were performed to enhance
the mechanical properties of concrete that are affected by adding CR. The mechanical
properties were improved after the treatment of CR. Lime treatment was found to be the
best treatment. In two-stage concrete (TSC), Javed et al. [10] placed coarse aggregates
in formwork, and then injected grout at a high pressure to fill up the voids between the
coarse aggregates. Ten percent and twenty percent bagasse ash were used as a fractional
substitution of cement, along with recycled coarse aggregate (RCA). The compressive and
tensile strength of the TSC that had RCA was improved by the addition of bagasse ash.
Machine learning was used to successfully predict the properties of concrete containing
rice husk ash by Iqtidar et al. [11]. Input parameters include age, amount of cement, rice
husk ash, super plasticizer, water and aggregates. Artificial neural networks (ANNs),
the adaptive neuro-fuzzy inference system (ANFIS), multiple nonlinear regression (NLR)
and linear regression were employed to evaluate the properties of concrete containing
rice husk ash. The ANN and ANFIS outperformed other methods. Zhou et al. [12]
carried out an experimental study of the effects of ground slag powder (GSP) on the
hydration, pore structure, compressive strength and chloride ion penetrability resistance
of high-strength concrete. Adding 25% GSP increases the adiabatic temperature rise of
high-strength concrete, whereas adding 45% GSP decreases the initial temperature rise.
Incorporating GSP refines the pore structure to the greatest extent and improves the
compressive strength and chloride ion penetrability resistance of high-strength concrete.
Increasing curing temperature has a more obvious impact on the pozzolanic reaction of
GSP than cement hydration.

Some studies have examined mechanical properties using machine learning, numeri-
cal and constitutive models. Shen et al. [13] established machine learning-based models to
accurately predict the punching shear strength of fiber-reinforced polymer (FRP)-reinforced
concrete slabs. Artificial neural network, support vector machine, decision tree and adap-
tive boosting were selected to build models. SHapley Additive exPlanation (SHAP) was
adopted to provide global and individual interpretations, and feature dependency analysis
for each input variable. Nafees et al. [14] provided a new modeling approach using reactive
powder concrete (RPC) beam-column joint to predict the behavior and response of struc-
tures and to improve the shear strength deformation against different structural loading.
RPC in the joint region increased the overall strength by more than 10%, as well as the
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ductility of the structures. Zhou et al. [15] studied the energy evolution characteristics and
damage constitutive relationship of siltstone. The damage constitutive equation of siltstone
was developed based on the damage mechanics theory through the principle of minimum
energy consumption and by considering the residual strength of rock. Bai et al. [16] investi-
gated the mesoscopic damage mechanism of fiber-reinforced concrete (FRC) under uniaxial
tension. The damage constitutive model for FRC under uniaxial tension was established
to reflect the potential bearing capacity of materials. The influence of fiber content on the
initiation and propagation of micro-cracks and the damage evolution of concrete was evaluated.
Zhang et al. [17] examined the behavior of lattice girder composite slabs with monolithic joint
under bending using a finite element model and found that lattice girder significantly increased
the stiffness of the slab. Additionally, the damage of a reinforced concrete (RC) column with
various levels of reinforcement corrosion under axial loads was characterized using the acoustic
emission (AE) technique of Chen et al. [18]. Zhou et al. [19] performed a brittleness evaluation
of high-strength concrete through a triaxial compression test of C60 and C70 high-strength
concrete. With the increase in the confining pressure, the proportion of elastic energy in the
whole process of high-strength concrete failure gradually decreased.

Finally, several investigations of durability concrete have been conducted. Wang et al. [20]
revealed the effect of crack geometry on chloride diffusion in cracked concrete. The crack
depth showed a more significant influence on the chloride penetration depth in cracked
concrete than crack geometry did. Compared with rectangular and V-shaped cracks, the
chloride diffusion process in cracked concrete with a tortuous crack was slower at the
early immersion age, while the crack geometry had a marginal influence on the chloride
penetration depth in cracked concrete during long-term immersion. Zhang et al. [21] built
a moisture saturation equilibrium relationship of concrete under different temperatures
and relative humidity conditions to develop moisture absorption and desorption curves.
They concluded that the moisture absorption rate was lower at higher temperatures and
largely dependent on the saturation gradient, while the desorption was increased at higher
temperatures and mostly affected by the saturation gradient.

The present Special Issue on “Advances in Sustainable Concrete System” collects the
current research progress in construction material reforming into a green and sustainable
system.
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Abstract: This paper reports on the utilization of recycled moso bamboo sawdust (BS) as a substitute
in a new bio-based cementitious material. In order to improve the incompatibility between biomass
and cement matrix, the study firstly investigated the effect of pretreatment methods on the BS. Cold
water, hot water, and alkaline solution were used. The SEM images and mechanical results showed
that alkali-treated BS presented a more favorable bonding interface in the cementitious matrix, while
both compressive and flexural strength were higher than for the other two treatments. Hence, the
alkaline treatment method was adopted for additional studies on the effect of BS content on the
microstructural, physical, rheological, and mechanical properties of composite mortar. Cement was
replaced by alkali-treated BS at 1%, 3%, 5%, and 7% by mass in the mortar mixture. An increased
proportion of BS led to a delayed cement setting and a reduction in workability, but a lighter and more
porous structure compared to the conventional mortar. Meanwhile, the mechanical performance of
composite decreased with BS content, while the compressive and flexural strength ranged between
14.1 and 37.8 MPa and 2.4 and 4.5 MPa, respectively, but still met the minimum strength requirements
of masonry construction. The cement matrix incorporated 3% and 5% BS can be classified as load-
bearing lightweight concrete. This result confirms that recycled BS can be a sustainable component
to produce a lightweight and structural bio-based cementitious material.

Keywords: bamboo; sawdust; pretreatment; bio-based material; mechanical property

1. Introduction

The Paris 2024 Olympics have committed to reducing their carbon footprint, with
the Olympic and Paralympic Villages being built using 100% bio-based materials. This
example illustrates that the trend in the construction industry in the twenty-first century is
towards sustainable and environmentally friendly building materials. To date, concrete has
been the most widely used building material in the world, with ordinary Portland cement
being the key ingredient in concrete. Cement production exceeds 4 billion tons per year
and leads to ~8% of the world’s carbon dioxide emissions [1], which is the main driver
of the greenhouse effect. According to the Paris Agreement on climate change, emissions
from the cement sector should decrease by at least 16% by 2030. These factors explain our
passion for investigating a natural and sustainable substitute for cementitious materials.

China contains 5.4 million hectares of bamboo planting area where the environment
and climate are suitable for bamboo growing [2]. Bamboo belongs to the grass family, which
consists of more than 1600 species. As the fastest-growing plant in the world, bamboo
can grow up to 90 cm per day and reach maturity in only 2–3 years. Mature bamboo
has almost the same strength and hardness as hardwood, which take more than 50 years
to mature [3]. Its rapid maturity and sustainability have made bamboo the main rival
for wood in the construction industry over the past 20 years. Applications of bamboo in
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various fields are increasing, and include framework, cladding, posts, and furniture. The
main environmental problem in the booming bamboo industry is solid waste disposal.
According to a report from the Cultural and Tourism Office of Anji, China, in 2015, the
city produced more than 0.16 million tons of bamboo waste per year. Most bamboo waste
is generated as clean biomass energy, but limited amounts of bamboo are reused. The
efficient recycling of these wastes and their reuse as an ingredient in bio-based materials
was the initial objective of this research.

Many studies have been carried out on mortar or concrete that incorporates lignocel-
lulose aggregates, including hemp [4–6], wood [7], sisal [8], jute [9], coconut [10], palm
oil [11], and sugarcane bagasse [12]. Cellulose, hemicellulose, and lignin are the primary
biochemical compositions of these natural fibers. Other components as impurities, such as
pectin and wax substances, also exist on the fiber surface. Cellulose is the main composition
of cell wall, which provides the strength of fiber. It is insoluble in water, organic solvents
and alkaline solution [13]. Hemicellulose comprises the sugar component, which bridges
cellulose fibers with hydrogen bonds. Lignin is a cementing material. Bamboo fibers
contain 40–55% cellulose, 18–20 hemicellulose, and 15–32% lignin [14]. The high propor-
tion of cellulose makes bamboo a potential component for building materials. However,
limited literature has focused on the valorization of bamboo in cementitious materials.
Fias et al. [15] studied the replacement of 10–20 wt.% cement by Brazilian bamboo leaf ash
(BLA) calcined at 600 ◦C. The same compressive strength resulted for the control mortar
and BLA blended mortar, which confirmed the use of BLA as a substitute for cement.
Xie et al. [16] observed that the flexural strength and impact resistance of mortar could
be improved by reinforcement with 4–16 wt.% bamboo fibers (BF). Shrinkage could be
inhibited by 12% because of the BF reinforcement [17]. However, efficient incorporation
of vegetable products in the cementitious matrix requires the overcoming of problems of
workability, compatibility, and durability. The workability problem relates to the high water
absorption of vegetable fibers [18]; the compatibility problem relates to a weak bonding
between natural fibers and the cement matrix [19]; and the durability problem relates to
biodeterioration and a resistance to freezing and thawing [20]. To overcome these problems,
the fibers are pretreated before fabricating the composite. The pretreatment methods, such
as cold water, hot water, and alkali solution, have been investigated in the literature in
order to modify the structure and morphology of natural fibers and improve the matrix
interface, as well as increasing the durability of fibers in the alkaline environment of the
cement matrix [21–24].

Sawdust is a by-product generated during the process of manufacturing. The recycling
of such waste provides the benefits of reducing the need to extract new raw materials
and limiting the air pollution due to incineration. Ahmed et al. investigated the potential
of wood sawdust as a replacement of fine aggregates in concrete [25], and confirmed
the utilization of this material for structure application. Besides, lightweight concrete
incorporated sawdust presented a thermal conductivity 23% lower than conventional
concrete [26].

To the best of our knowledge, few studies have reported incorporating bamboo
sawdust (BS) in a cementitious matrix. This study contributes to the design of a new
cementitious material containing local BS. The effect of different pretreatment methods
for BS on the composite were firstly assessed through their morphological, physical, and
mechanical behaviors, which aimed to choose a more efficient treatment. Furthermore,
the characteristics of composites incorporating different proportions of alkali-treated BS
were analyzed.

2. Materials and Methods
2.1. Raw Materials

The bamboo particles that were used in this study were recycled sawdust from a local
bamboo furniture manufacturing industry (Zhejiang, China). The species of bamboo was
moso (Phyllostachys edulis), which is most common in China.
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The particle size distribution of the recycled BS is presented in Figure 1. The average
particle size (D50) of the BS was 0.09 mm. A BS particle size of between 0.037 and 0.16 mm
was used. The basic characteristics of the moso BS are summarized in Table 1. The particle
density was determined by the Archimedes method, where the apparent mass of BS was
measured in air and after immersion in distilled water with a pycnometer. The bulk density
was calculated from the BS mass divided by the volume occupied.

Figure 1. Recycled bamboo particle size distribution.

Table 1. Characteristics of moso BS.

Particle density (kg/m3) 1563
Bulk density (kg/m3) 390

Initial moisture content 6.089%
Water absorption capacity (1 min) 277.5%

Water absorption capacity (1 h) 320%

Sawdust treatment modifies the rheological, physical, and mechanical properties of
mortar that is reinforced with vegetable particles. Three types of treatment were used to
remove excessive lignin and hemicellulose, and to improve the wettability [22]:

• Aqueous treatment: BS was soaked in cold water for 24 h.
• Hot aqueous treatment: BS was soaked in hot water at 100 ◦C for 16 h.
• Alkali treatment: BS was soaked in 10% sodium hydroxide solution for 30 min at room

temperature and rinsed with distilled water until neutral pH.

After treatment, the BS was dried in an oven at 60 ◦C for 48 h, and then stored in
a desiccator.

2.2. Mixture Proportion

Ordinary Portland cement CEMI 42.5 and standard sand with a proportion of 1:3 were
used to prepare the control mortar with no added BS in accordance with EN 196 [27]. The
relative specific gravity of cement and sand was 3.12 and 2.64, respectively. The water to
binder (W/C) ratio was fixed at 0.5 for mortar and 0.25 for cement paste. Similar to most
cellulosic fibers, the BS adsorbs large amounts of water. The BS was pre-wetted to prevent
the inner structure from absorbing water from the mixture. The quantity of pre-wetting
water (PW) was calculated from:

Mass of pre-wetting water =
mass at saturation state − dry mass

dry mass
× BS dosage (1)

The pre-wetting time was determined by the saturation state of the bamboo particles,
as shown in Figure 2. The water absorption increased to 86.7% saturation in 1 min, the

7



Crystals 2021, 11, 1593

growth rate slowed in the following 4 min, and then the growth was stable until complete
saturation. The study of Monreal et al. [28] showed that the pre-wetting water should be
below complete saturation, otherwise excessive water may result in the mixture. From a
perspective of mixing time and energy saving, the pre-wetting time was set to 3 min, at 95%
particle saturation, where the pre-wetting water quantity was three times the BS. With the
same cement and sand ratio, 1 wt.%, 3 wt.%, 5 wt.%, and 7 wt.% cement was substituted
by BS, and the new biomaterials were designated as bamboo sawdust cement mortar BSC1,
BSC3, BSC5, and BSC7, respectively. The limit of substitution was set at 7 wt.% due to
the very low workability of composite at fresh state (nearly 0), which is not suitable for
construction. The results of the slump test are discussed in Section 3.2.1. Details of mixture
proportions for formulations are recapitulated in Table 2.

Figure 2. BS particle water-absorption rate.

Table 2. Compositions of different formulations.

Designation Cement
[kg/m3]

Fine Aggregate
[kg/m3]

Bamboo Sawdust
[kg/m3]

Pre-Wetting Water
[l/m3]

Water
[l/m3]

Control 511.018 1533.055 0.000 0.000 255.509
BSC 1 509. 336 1528.009 5.145 16.463 254.668
BSC 3 505. 903 1517. 709 15.646 50.069 252.951
BSC 5 502. 374 1507. 121 26.441 84.610 251.187
BSC 7 498. 745 1496. 235 37.540 120.128 249.372

2.3. Mixture Preparation

The BSC composite was prepared by using a mortar mixer. The bamboo particles were
pre-wetted for 3 min, and then mixed at a low speed of 140 ± 5 r/min−1 for 3 min. Cement
and sand were added and mixed for 2 min at a low speed. Mixing continued for 1 min 30 s,
after which water was added. After 1 min 30 s, the mixer was stopped as it was scraping
the bowl. The last step involved restarting the mixer and running at 285 ± 10 r/min−1 for
1 min. The mixing procedure is summarized in Table 3.

Table 3. Mixture procedure.

Operation
Introduction of

Pre-Wetting
Water and BS

Addition of
Cement and Sand Addition of Water Scrape the Bowl Mixture

Duration 3 min 2 min 1 min 30 s 30 s 1 min
State of mixer Stop Slow speed Stop High speed
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All molds that contained specimens were kept in a humid atmosphere (50 ± 5 RH%)
for 24 h at 20± 2 ◦C before being demolded, and the demolded specimens were kept under
water in a temperature-controlled wet preservation cabinet until the tests. A general view
of the BSC specimens is presented in Figure 3.

Figure 3. BSC mortar specimens.

2.4. Morphology

The BS microstructure with and without treatment, and the composite mortar at
28 days were investigated by scanning electron microscopy (SEM, HITACHI Model
TM3000). The BS samples were placed directly on aluminum stub with a diameter of
25 mm. The BSC samples were sputter coated with Au alloy in order to reduce white
regions on the image, which were caused by electron charging. The observation condition
mode 15kV was applied.

2.5. Rheological Properties

The cement paste and mortar that contained BS were evaluated according to their
setting time and workability in the fresh state, respectively. The setting time of the cement
paste was measured by using a Vicat apparatus in accordance with NF P15-431 [29]. Slump
tests were performed by using a mini slump cone with diameters of 50 mm and 100 mm at
the top and base, respectively, and a height of 150 mm, in accordance with MBE (method
to design mortar concrete containing admixture) [30] to evaluate the workability of the
composite mortar.

2.6. Physical and Mechanical Properties

The density, porosity, and compressive and flexural strength in the hardened state were
determined for all specimens. The specimen density was calculated from the measured
dry mass at 28 days and the volume. The porosity was characterized according to the
AFPC-AFREM testing protocol [31]. The specimens that were cured at 28 days were placed
in a desiccator, where a maximum internal constant pressure of 25 mbar was maintained
by a vacuum pump. After 4 h, water was introduced to immerse the specimens, and the
same pressure was maintained in the desiccator for 68 h. The water-accessible porosity was
calculated from:

Porosity =
Mair −Mdry

Mair −Msat
× 100% (2)

where Mair and Msat are the mass of vacuum-saturated specimens measured in air and
water, respectively, and Mdry is the mass of specimen that was oven-dried at 105 ◦C for 24 h.
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The compressive and flexural strengths were measured according to EN 196 [27] at 3,
7, 14, and 28 d curing. Cubic specimens (40 × 40 × 40 mm) were prepared for a study of
their compressive behavior. Tests were carried out using a compressive machine model
STYE-1000, with a force-controlled rate of 2500 N/s. The flexural behavior was evaluated
using an electric three-point bending testing machine, model DKZ-6000. The set-up was
force controlled with a rate of 50 N/s. Specimens of 40 × 40 × 160 mm were characterized
for flexural strength.

3. Results and Discussion
3.1. Effect of BS Treatment on BSC Composite
3.1.1. Mass Loss of BS

A remarkable mass loss was observed during the BS treatment. The percentage mass
loss because of the treatment was calculated from:

Percentage weight loss =
W1 −W2

W1
× 100% (3)

where W1 (g) and W2 (g) represent the BS dry mass before and after treatment, respectively.
Figure 4 shows the BS mass variation between the different treatments. The mass

loss was rapid in 1 min, and then slowed to a plateau. The BS lost 13.7% of its mass after
aqueous treatment. The mass stabilized after 8 h. However, the hot aqueous accelerated the
component removal, and improved the efficiency with 17.5% of the components eliminated
in 4 h. The mass variation of alkali-treated particles was most important, with an earlier
plateau and a mass loss of 28.2% higher than in the aqueous treatment and 23.6% higher
than in the hot aqueous treatment. Das et al. [22] reported the similar significant mass loss
of bamboo fibers occurred by alkali attack. It can be noted that the fiber cell wall contains
an amount of hydroxyl groups (-OH), which can react with alkaline solution [32]:

Cell-OH + NaOH→ Cell-O-NA+ + H2O + Surface impurities (4)

Figure 4. BS mass variation during different treatments (a) in 24 h (b) in the first 15 min.

The removal of alkali-sensitive components (hemicellulose and lignin) results in the
mass loss of fiber. The good side is to provide the mechanical and thermal stability of fiber
in the composite matrix. The alkali concentration and immersion time both affect mass
loss [33].

3.1.2. Morphological Properties

The morphological changes to the bamboo particles from the different treatments are
presented in Figure 5. Compared with (hot) aqueous treated particles (Figure 5b,c), cell
walls of the untreated particles were wrapped in wax, pectin, and impurities (Figure 5a).
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Figure 5b shows that cold water removed the impurities, where the particle surface was
neater and smoother compared with the untreated particles. Cellulosic defibrillation is
shown in Figure 5c,d, where rougher and larger surfaces are visible. Alkali treatment was
more violent and intensive than hot water. The surface area increased and the network
porosity decreased because of the disruption in hydrogen bonding in the network structure
by alkali attack, so the surface roughness increased [34]. This effect may improve the
particle compatibility with cement by creating a more effective bonding area. Some authors
reported that alkali treatment could break the microfibril bundles and produce individual
fibers, so that the mechanical interaction between the particles and the matrix can be
improved [35,36].

Figure 5. SEM analysis of BS (a) without treatment, (b) with aqueous treatment, (c) with hot aqueous treatment, (d) 10%
concentration alkali treatment.

3.1.3. Setting Time and Workability

Plant particle addition delays the setting and inhibits strength development due to the
presence of hemicellulose and lignin [37]. The initial and final setting times of cement paste
with 3% BS by mass with different treatments were measured to meet construction material
requirements. Table 4 shows the initial and final setting time of BSC paste using different
treatments BS. Meanwhile, the final setting of aqueous-treated BSC paste occurred more
than 2 h after the control. Owing to the removal of lignin, which is soluble in water, the
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final setting time of hot aqueous-treated was 40 min faster than the aqueous-treated. The
setting was accelerated by approximately 1 h for the alkali-treated particle compared with
the control paste due to the dissolution of hemicellulose in alkaline solution. These results
confirmed that adding vegetable particles may inhibit the cement hydration and delay the
setting time. Cold and hot water treatment can remove some extractives. However, plant
particles require a more violent alkaline extraction to remove hemicellulose.

Table 4. Evolution of setting time with different treatments.

Control Aqueous
Treatment

Hot Aqueous
Treatment

Alkali
Treatment

Initial setting time (min) 110 230
(+109%) *

190
(+73%) *

160
(+45%) *

Final setting time (min) 140 310
(+121%) *

270
(+93%) *

200
(+43%) *

* Value compared with control cement paste.

Even though the same amount of pre-wetting water was used in each treatment,
slump was measured at 41 mm, 40.7 mm, 34.5 mm, and 9.8 mm for the control mortar,
cold aqueous, hot aqueous, and alkali-treated BSC3, respectively. Hot aqueous and alkali-
treated BSC3 showed a weak slump. A possible explanation for these results is cellulosic
defibrillation, whereas the expanded rougher fiber surface probably absorbed more water.
The same results have been reported previously in [35]. The water absorption was more
significant for the sodium-hydroxide treatment because of the removal of the lignin layer,
which is an impermeable layer of vegetable fiber.

3.1.4. Physical and Mechanical Properties

Despite the various treatments, no significant difference resulted for the density and
porosity, which were ~1994 ± 10 kg/m3 and 16.4 ± 0.04%, respectively. The same results
were reported in [38] that only 0.7% difference was found between mortar incorporated
alkali-treated and non-treated jute fiber.

The experimental results for the mechanical behavior are shown in Figure 6; Figure 7.
Figure 6 shows that the compressive strength of BSC3 was lower than that of the control
mortar. The compressive performance between the cold and hot water treatments were
close, with only a 3% difference observed. The alkali-treated BSC3 exhibited a higher
compressive strength of 16.1% and 13.9% than the cold and hot aqueous treatments,
respectively. The alkali-treated BSC3 strength was 73% of the control mortar strength.

Figure 6. Compressive strength of BSC3 with different treatments.
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Figure 7. Flexural strength of BSC3 with different treatments.

The flexural strength fb was obtained from:

fb =
3F× l
2b× h2 (5)

where F is the applied load and l, b, and h are the specimen length, width, and height,
respectively.

Data from the three-point bending tests indicate that the flexural strength of the cement
matrix was attenuated because of the addition of BS (Figure 7). The degraded mechanical
behavior of the BSC is related to the lower modulus of the bamboo particles compared
with the cement. No significant difference in bending performance resulted between the
three treatments using the ANOVA analysis. The alkali-treated BSC3 had an 8.2% and 7.6%
higher flexural strength than the cold and hot aqueous treatments, respectively. The flexural
strength of the alkali-treated BSC3 decreased by 37% compared with the control mortar.

Both the compressive and flexural strength value of alkali-treated BSC were higher
than for the two other treatments, which confirmed the efficiency of alkali treatment. Be-
sides, a more obvious advantage of alkali-treated BSC can be noticed on compressive
behavior. It can be explained that after alkaline attack, the particles bundle into microfib-
rils (Figure 5d), which simplified their dispersion in the matrix, making the composite
more homogenous.

3.2. Effect of BS Content on Composite

Results in Section 3.1 show that the BSC with alkaline treatment had a quicker setting
and better mechanical behavior than the other treatments, which indicates that a better
compatibility exists between BS and the cementitious matrix. Hence, alkaline treatment
was chosen in the following studies to evaluate the effect of particle proportion on the
physical and mechanical properties.

3.2.1. Setting Time and Workability

Table 5 provides the setting time of the cement paste with BS and indicates that cement
setting was delayed. BSC7 showed the most significant delay, at 64% later than the control.
The slowest final setting occurred for BSC7, which was postponed by 230 min (~3.8 h). As
mentioned in [39], all cement specimens with an initial setting time of less than 45 min or a
final setting time of longer than 6.5 h should be considered as unqualified and sub-quality
products. Hence, even though the final setting time was delayed, BSC pastes still achieved
a satisfactory setting time.
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Table 5. Evolution of setting time with different treatments.

Control BSC1 BSC3 BSC5 BSC7

Initial setting time (min) 110 140
(+27%) *

160
(+45%) *

160
(+45%) *

170
(+55%) *

Final setting time (min) 140 170
(+21%) *

200
(+43%) *

220
(+57%) *

230
(+64%) *

* Value compared with control cement paste.

The workability is an important parameter in concrete mixture design. Therefore,
slump tests were performed for all BSC specimens, and the results are shown in Figure 8. A
marked loss in workability resulted in an increase in the number of particles in the matrix.
A higher replacement of BP with cement led to a weaker slump. Nearly zero slump was
observed for BSC5 and BSC7 because the increasing content of BS may absorb additional
water from the mixture, which requires further investigation.

Figure 8. Slump evolution of alkali-treated BSC.

3.2.2. Morphology and Physical Properties

An analysis of BSC at 28 days by SEM in Figure 9 showed a favorable interface between
the BS and matrix. The particles were spherical or cylindrical, distributed nearly uniformly
in the matrix, and no large pores were observed. Some microcracks were visible, which
may be because of the dehydration of cement.

Figure 9. SEM analysis of alkali-treated BSC.
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Figure 10 compares the density and porosity for different BSC contents. A correlation
between the density and porosity showed that the specimens became lighter and more
porous with an increase in BS proportion. The same observation is possible in Figure 3.
BS addition to the mixture resulted in an increased void exposure at the specimen surface.
The substitution of 7 wt.% cement by BS yielded a matrix that was 14.1% lighter and 6.1%
more porous than the control mortar, which agrees with previous research [40].

Figure 10. Density and porosity of alkali-treated BSC.

3.2.3. Mechanical Properties

The compressive strength and flexural strength evolution of BSC with different BS
contents at three, seven, 14, and 28 days are presented in Figure 11; Figure 12. An in-
creasing substitution of alkali-treated BS content from 1% to 7% decreased the composite
compressive and flexural strengths in comparison to the control mortar. The reason for this
is that BS addition increased the porosity of matrix, while the strength of porous matrix
was consequently weakened. The composite with 1% BS behaved like the control mortar.
Only a 10.9% reduction in compressive strength and 7.3% bending strength resulted after
28 days. However, the composite with 7% BS showed a decrease of 66.7% and 50.5% in
compression and bending, respectively. The BSC was more resistant to bending than to
compression. The difference in strength reduction between the bending and compression
was significant with an increase in particle proportion. Ren et al. [41] reported similar
results for cement-blended bamboo charcoal with a particle size between 23 and 359 µm,
and the mechanical strength decreased after particle addition. All designed specimens met
the minimum strength required in Chinese specifications for masonry mortar [42], whereas
the compressive strength exceeded 5 MPa. Besides, according to RILEM [43], concrete with
a unit weight range of 1600–2000 kg/m3 and a compressive strength minimum at 15 MPa
can be classified as lightweight concrete and can be applied as a load bearing wall. In our
case, BSC7 has a compressive strength lower than 15 MPa, which cannot apply to structural
components, while both BSC3 and BSC5 are in the light weight concrete class. The density
of BSC1 was superior than 2000 kg/m3, classified as normal concrete.
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Figure 11. Compressive strength of alkali-treated BSC.

Figure 12. Flexural strength of alkali-treated BSC.

4. Conclusions

This work evaluated the potential of BS as a sustainable substitute for cementitious
materials. Bamboo incorporation into mortar as a recycled byproduct of the bamboo
industry has not been described previously in the literature. In this work, a new bio-based
material that contained recycled BS (BSC) was prepared. The effect of different treatments
and particle proportions on the physical, rheological, and mechanical properties of the
BSC was evaluated. On the basis of the experimental results, the following conclusions
were drawn:

1. Different BS pretreatment (cold, hot aqueous, and alkali) methods have no influence
on the composite density and porosity. Unlike the physical properties, the addition
of BS in the composite results in increasing the setting time and decreasing the
workability and compressive and flexural strength compared with the control mortar.

2. Alkali-treated particles exhibited superior compatibility compared with other pretreat-
ment methods. The SEM results showed a better microstructural interface between
the alkali-treated BS and cement matrix. The mechanical behavior of the alkali-treated
BSC was higher than that for the other two treatments. Hence, alkaline treatment is
recommended in future work.

3. The BS content in the matrix affects the physical, rheological, and mechanical behavior
of the composite. The replacement of BS with cement in the mortar makes the compos-
ite lighter and more porous. However, a greater particle content addition increases the
setting time, reduces the slump, and the composite compressive and flexural strength
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decrease. All BSC composite mortars satisfied the strength requirements for masonry
mortar. BSC3 and BSC5 can be classified as load-bearing lightweight concrete.

Compared with traditional building materials, the cementitious composite with BS
valorizes local waste, reduces cement consumption, and decreases the carbon emissions.
The replacement of recycled BS with cement in the mortar yields a new lightweight and
structural material. Further studies should focus on humidity control performance and
building comfort regulations of this bio-based composite with recycled bamboo wastes.
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Abstract: Cemented sand and gravel (CSG) material is a new type of dam material developed on the
basis of roller compacted concrete, hardfill, and ultra-poor cementing materials. Its main feature is
a wide range of sources of aggregate (aggregate is not screened but by simply removing the large
particles it can be fully graded on the dam filling) and low amounts of cementitious materials per
unit volume. This dam construction material is not only economical and practical, but also green
and environmentally friendly. There are many factors affecting the mechanical properties of CSG
materials, such as aggregate gradation, sand ratio, water content, water–binder ratio, fly ash content,
admixture content, etc. Based on the existing research results of the team, this paper focuses on the
influence of fly ash content on the compressive strength of CSG materials. Through a large number
of laboratory measured data, we found: (1) The compressive strength law of materials at different
ages; the compressive strength of CSG material at age 90 d is generally 10%~30% higher than that
at 28 d, and it is proposed that 90 d or 180 d strength should be used as the design strength in the
design of CSG material dam; (2) There is an optimal value of fly ash content in CSG materials: when
the fly ash content is 50% of the total amount of cementitious materials (cement + fly ash), the fly
ash content is defined as the optimal content, and the test data are verified by regression analysis.
The discovery of an ‘optimal dosage’ of fly ash provides an important reference for the design and
construction of CSG dams.

Keywords: cementitious gravel; fly ash; age; optimal dosage

1. Introduction

Cemented sand and gravel (CSG) is a new material for dam construction works,
produced by adding cementitious materials and water to easily accessible rock based
material, including sand and gravel at the river bed or excavation muck near the dam site,
and mixing them with simple equipment and process. The cemented sand gravel dam
(CSGD) built on CSG material has the advantages of both a roller compacted concrete dam
(RCC dam) and a rockfill dam. Compared with an RCC dam, it demands less cement,
with simplified aggregate preparation and mixing facilities. Moreover, temperature control
measures are not necessary in the construction. As a result, it can effectively speed up
the construction and lower the project cost. Compared with rockfill dams, a CSG dam
requires a significantly lower amount of engineering works, but has batter capacity to
withstand seepage deformation and scouring. Through the utilization of waste materials,
CSG technology lowers the demand for artificial materials and high-quality aggregate, and
thus promotes the efficient use of resources, less destruction of land vegetation, and a lower
impact on the natural environment. Therefore, CSGD is a new kind of easily constructed
dam that is economic, safe, low carbon, and eco-friendly.
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In recent years, the relationship between dams and the natural environment has at-
tracted increasingly public attention. It has become a trend of dam technology development
to strike a balance between the low-cost and efficient construction of modern dams as well
as a lower impact on the natural environment. As the basis and carrier of water resources
and hydropower development, reservoir dams play a major role in the comprehensive
utilization of water and hydropower resources. Their position will be further strength-
ened for the sustainable social and economic development of China, to which the CSGD
development is the key technology.

According to statistics, dozens of CSGDs have been built around the world since the
1980s. Japan, Greece, Dominica, the Philippines, Pakistan, and Turkey are among countries
that have already carried out engineering explorations and applied the technology [1–7].
China began the study of CSGD at the end of last century. By the beginning of this century,
many colleges and research institutes have made extensive studies and discussions on
the property, constitutive model, calculation and analysis methods, design principles, and
standards of CSG material. The representative researchers include Jia Jinsheng, Zheng
Cuiying et al. of China Institute of Water Resources and Hydropower Research [8–11], Sun
Mingquan et al. of North China University of Water Resources and Electric Power [12–16],
He Yunlong et al. of Wuhan University [17–20], and Cai et al. [21,22] of Hohai University.
The previous studies believe that as CSG material only uses a small amount of cement, fly
ash can be added in large quantities to improve its strength. However, the specific increased
value of material strength and the optimal content of fly ash are not fully discussed.
Therefore, the primary purpose of this study is to examine the influence of fly ash content
on the compressive strength of CSG material. This quantitative examination provides
various crucial insights for building dams of this type in the future.

2. Test Design
2.1. Test Materials

CSG material is composed of water, sand (fine aggregate), stone (coarse aggregate),
and cementitious materials (cement and fly ash). The proportions of them can vary.
In this test, (1) water: Zhengzhou tap water; (2) Sand: Natural river sand in Ruzhou
County section of Ruhe River was adopted, the fineness modulus FM = 2.57, in accor-
dance with the requirements of the Technical Guidelines for Damming with Cemented
Granular Materials (SL 678-2014) that “ . . . in natural materials, the fineness modulus
of sand should range from 2.0 to 3.3”. (3) Stone: to study the effect of aggregate gra-
dation on the strength of CSG material, natural graded aggregates in Ruzhou County
section of Ruhe River were used. After artificial screening, aggregates were divided into
5–20 mm, 20–40 mm, 40–80 mm, 80–150 mm and distributed in silos, as illustrated in
Table 1. (4) Cementitious materials: the 425# ordinary Portland cement (P.O.42.5) was
produced by Henan Duoyangda Cement Co., Ltd., Zhengzhou, China, which met the re-
quirements for cement in the CSG material in the Technical Guidelines for Damming with
Cemented Granular Materials (SL 678-2014) that “all Portland cement series conforming
to GB175 and GB200 can be used to build dams with cemented granular materials. When
mineral admixtures such as fly ash are added into cementitious materials, Portland cement,
ordinary Portland cement, medium or low heat Portland cement should be preferentially
selected.” The dry discharged F Class II fly ash from Zhengzhou Thermal Power Plant was
used in the test. The performance index is shown in Table 2.

Table 1. Aggregate gradation.

Gradation
Coarse Aggregate/% Fine Aggregate/%

5–20 mm 20–40 mm 40–80 mm 80–150 mm >150 mm <5 mm

Proportion 22.91 36.52 23.09 5.75 8.92 2.81
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Table 2. Performance index of fly ash.

Apparent
Density/(g/cm3)

45 µm Sieving
Residue (%)

Water Demand
(%)

Chemical Composition (%)

SiO2 Fe2O3 Al2O3 CaO Loss of Burning

2.11 17 102 59.61 7.41 21.33 4.24 1.78

2.2. Mix Proportion in the Test

In this test, “weight method” was used in a mixed proportion design. According to
the Technical Guidelines for Damming with Cemented Granular Materials (SL 678-2014)
and previous research [23–30], the apparent density of CSG material was selected as
2350 kg/m3 (the apparent density was checked after the specimen test. The samples were
all about 2350 kg/m3, and the maximum fluctuation was within ±2%). According to the
research results, factors such as water–binder ratio, sand ratio, and aggregate gradation
have great influence on the material strength, and all factors have optimal values. This
paper mainly focused on the influence of fly ash content on the strength of CSG material,
so the proportion of other materials followed the reference of previous studies with the
water–binder ratio at 1.0, sand ratio at 20%, coarse aggregate ranging from 20–40 mm,
and 5–20 mm, mass ratio at 6:4, and cement content of 50 kg/m3 and 60 kg/m3. The
fly ash content was designed to be 0 kg/m3, 20 kg/m3, 30 kg/m3, 40 kg/m3, 50 kg/m3,
60 kg/m3, 70 kg/m3, 80 kg/m3, 90 kg/m3, and 100 kg/m3, respectively as the admixture
for cementitious materials. The designed mix proportion is shown in Table 3.

Table 3. Mix proportion of CSG material.

Sample Code

Volume of Material Per Unit Volume/(kg/m3)

C F W S NA1
(20–40 mm)

NA2
(5–20 mm)

C50F0

50

0 50 450 1080 720
C50F20 20 70 442 1061 707
C50F30 30 80 438 1051 701
C50F40 40 90 434 1042 694
C50F50 50 100 430 1032 688
C50F60 60 110 426 1022 682
C50F70 70 120 422 1013 675
C50F80 80 130 418 1003 669
C50F90 90 140 414 994 662
C50F100 100 150 410 984 656

C60F0

60

0 60 446 1070 714
C60F20 20 80 438 1051 701
C60F30 30 90 434 1042 694
C60F40 40 100 430 1032 688
C60F50 50 110 426 1022 682
C60F60 60 120 422 1013 675
C60F80 80 140 414 994 662
C60F100 100 160 406 974 650

Note: Volume of material per unit volume/(kg/m3); C, cement; F, fly ash; W, water demand; S, sand; NA1, coarse aggregate (20–40 mm);
and NA2, coarse aggregate (5–20 mm).

2.3. Specimen Preparation

Considering that no standard CSG material test exists, and the composition of CSG is
similar to concrete, this test followed the Test Code for Hydraulic Concrete (SL352-2006).
As the construction and dam filling of CSGDs home and abroad have all adopted roller
compaction, the CSG specimens in this paper were also formed through rolling compacted
concrete, with the upper part of the specimens compacted and the lower part vibrated.
After the vibration, the surface of specimens was smoothed and covered with a film (to
prevent water evaporation). Before demolding, they were placed in a room with the
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temperature of 20 ◦C ± 5 ◦C for 48 h [31–34]. After demolding, the specimens were sent to
the standard maintenance room for maintenance lasting 28 d and 90 d. Eighteen groups
were formed, with eight cubic specimens of 150 mm × 150 mm × 150 mm in each group.
The preparation process is shown in Figure 1.
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Figure 1. Flow chart of CSG sample preparation.

Preparation process of cemented sand and gravel material: Premixed stone and sand
weighed according to test mix ratio, adding cement and fly ash, mixing evenly, and then
adding water to mix, and finally mixing evenly and charging and vibrating. After the
vibration is completed, the surface of the specimen is smoothed, and the film is covered
(to prevent water evaporation). After standing at 20 ◦C ± 5 ◦C for 48 h, the demolded
specimen is sent to the standard maintenance room for maintenance until the test age.

3. Test Results and Analysis
3.1. Determination of Compressive Strength

The cubic compressive strength of CSG material was followed the Test Rules for
Hydraulic Concrete (SL352-2006).

In this test, four specimens were prepared as one group. After testing, the largest
discrete data were removed and the other three groups were averaged. The test results
were in accordance with the Rules.

3.2. Analysis of the Test Data
3.2.1. Effect of Fly Ash Content on the Compressive Strength of CSG Material

Fly ash is a type of artificial pozzolanic material made of silica or silica-alumina. It
possesses minimal or no cementing value. However, in the presence of water, fly ash
powder will react with Ca(OH)2 at room temperature to form a compound with cementing
properties. The pozzolanic activity of fly ash is reflected by its cementing.

The test results are shown in Figure 2 for the analysis of the relationship between age,
fly ash content, and strength.

As detailed in Figure 2, the rules can be found as follows: (1) the compressive strength
of CSG increases with age. The compressive strength of CSG at 90 d is generally 10–30%
higher than that at 28 d. (2) When the cement content is 50 kg/m3 and 60 kg/m3, respec-
tively, the compressive strength of CSG increases with the addition of fly ash content. When
the cement content is 50 kg/m3, the increase of compressive strength at 28 d is greater than
that at 90 d. When the cement content is 60 kg/m3, the increase of compressive strength at
90 d is greater than that at 28 d [35].
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Figure 2. The relationship between the compressive strength of CSG material and the age/the content
of fly ash.

The test results can be explained with two-phase hydration reaction of the fly ash-
cement system. First, the induction stage, during which the soluble ions on the surface
of fly ash particles dissolve, which affects the nucleation of Ca(OH)2 and C-S-H hydrates
and retards the initial level of C3A in cement. Meanwhile, the hydration of cement is
delayed, as the fine size of fly ash particles leads to their easy adhesion to the surface of
cement particles under physical action. In addition, Ca(OH)2 and C-S-H produced by
cement hydration wrap the surface of fly ash and prevent the hydration of fly ash particles.
Therefore, the fly ash with early age has low self-activity. Second, the acceleration stage,
during which Ca(OH)2 and C-S-H begin to nucleate and grow. Fly ash particles provide
additional accommodation for the precipitation of C-S phase hydrates in cement through
many new surfaces. In this way, fewer C-S phase hydrates will precipitate on the surface of
cement particles, and the dissolution of C3S will accelerate. As a result, the hydration of
cement is promoted. Therefore, during the second phase, the presence of fly ash facilitates
the hydration of cement. Moreover, due to the nucleation of cement hydration products,
the permeability of fly ash coating increases and leads to faster hydration of the fly ash. As
fly as hydration consumes more Ca(OH)2, the hydration of cement is promoted further.
During this stage, cement and fly ash promote and accelerate each other’s hydration at
the same time. This phenomenon become obvious with the development of age, which
is highlighted by the significant increase of strength of CSG material at the later stage.
Therefore, considering the gradual development of material strength, it is appropriate to
choose 90 d or 180 d strength as the design strength of CSG dam.

3.2.2. Optimal Fly Ash Content of CSG Material

Most hydraulic projects will add fly ash to cementitious materials, and the RCC
dam has the highest proportion of fly ash addition (70%) (Jiangya Hydropower Station).
Technical Guidelines for Damming with Cemented Granular Materials (SL678-2014) also
proposes including fly ash into cement gravel and sand material for dam construction, but
without mentioning the most optimal and economical fly ash content.

During the test, prepared the cement content of 50 kg/m3 and 60 kg/m3, added fly
ash of 20 kg/m3, 30 kg/m3, 40 kg/m3, 50 kg/m3, 60 kg/m3, 80 kg/m3, or 100 kg/m3,
respectively, into the cement and waited for 90 d maintenance to make CSG materials to
see the difference of their compressive strengths, with results drawn in the figure below.
According to the figure, as the fly ash content increases, the compressive strength reaches a
peak before falling down to a level. The CSG material test proves that an optimal content
of fly ash could be found. The compressive strength of materials will reach its maximum
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when both cement and fly ash contents stand at 50 kg/m3 or 60 kg/m3, as highlighted in
Figure 3.
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Figure 3. Optimal content of fly ash of CSG material.

According to our analysis, as the design of mixed proportions in this test is based on
previous research results, the total water consumption of the mixture is fixed by selecting
a water–binder ratio of 1.0 and sand ratio of 20%. [35,36] At the initial stage, the strength
of CSG material increases with the increase of fly ash content and the water amount is
enough to support the hydration of cement and fly ash. The increase of fly ash facilitates
C-S-H cementing; when all the water is consumed during the hydration of cement and fly
ash, the fly ash added will only serve as a filler, which fill in the concrete voids or attach
to the surface of cement particles. At this stage, more fly ash will affect the formation of
Ca(OH)2, C-S-H, which leads to the declining strength of CSG materials. Therefore, there
is an optimal fly ash content in CSG material, and it is defined to be 50% of the contentious
material (cement + fly ash).

4. Numerical Regression Analysis

Regression analysis is an important branch of mathematical statistics and an important
statistical tool to study the correlation between variables. It is well applied in many areas,
such as seeking empirical formulas or establishing mathematical models.

According to the test, fly ash content has significant influence on the compressive
strength of CSG material. Based on the theory of linear regression model, Formula (1) is
built to reflect the statistical relationship between 90 d compressive strength and fly ash
content in CSG material:

XF = a f x2
f + b f x f + c f (1)

where a f , b f , and c f are statistical constants.
After calculation, the regression equation parameters of fly ash content and compres-

sive strength are obtained and shown in Table 4.
As illustrated in Table 4, the fitting correlation coefficients are greater than 0.90 and

the standard errors are less than 0.58 in all cases. The fitting strength of each regression
equation and measured values have demonstrated excellent correlation with regard to
90 d compressive strength of CSG material, with small deviation of regression values and
measured values, and high fitting accuracy. The comprehensive analysis shows that the
test results suit the mathematical model of linear regression.

Through numerical analysis, the maximum value of compressive strength under
different fly ash content can be obtained, where x represents the optimal fly ash content and
y represents the maximum compressive strength of CSG material, as detailed in Table 4.
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The numerical analysis shows that when (1) 50 kg/m3 of cement content is combined
with 51 kg/m3 of fly ash content, or (2) the cement and fly ash contents are 60 kg/m3 and
59 kg/m3, respectively, the compressive strength of CSG material is the highest in 90 d.
Therefore, when fly ash content: cement content ≈ 1:1 or when the fly ash content is 50% of
cementitious materials (cement + fly ash), the “optimal content” is achieved. The “optimal
fly ash content” of CSG material was verified again through numerical analysis.

Table 4. Regression analysis parameter table.

Cement/
(kg/m3)

Fly
Ash/(kg/m3)

Compressive
Strength/(MPa)

Fitting
Strength/

(MPa)

Absolute
Error

Correlation
Coefficient

Standard
Error af bf cf

Optimal
Fly Ash
Content/
(kg/m3)

Corresponding
Strength/

(MPa)

50

30 7.94 8.236 −0.3

0.9 0.39 −0.00082 0.09 6.273 51 8.22

40 8.82 8.563 0.26
50 9.11 8.726 0.38
60 8.53 8.726 −0.2
80 7.93 8.233 −0.3
100 7.24 7.086 0.15

60

20 8.53 8.35 0.18

0.96 0.58 −0.0024 0.288 3.567 59 12.11

30 9.68 10.015 −0.34
40 10.99 11.198 −0.21
50 12.05 11.896 0.15
60 12.83 12.111 0.72
80 10.34 11.089 −0.75
100 8.37 8.132 0.24

5. Conclusions

As a new type of eco-friendly material for dam construction, CSG is a low-cost material
as it requires a lower amount of cement content and higher fly ash content than traditional
ones. This paper briefly introduced the steps of CSG material test. The influence of fly ash
content on the strength of CSG material was studied from two perspectives—test work and
numerical analysis. The conclusions are as follows:

(1) The compressive strength of CSG increases with age. The compressive strength of
CSG at 90 d is generally higher by 10–30% compared with that at 28 d. After taking
into account the gradual development of material strength, 90 d or 180 d strength is
recommended as the design strength for the CSG dam.

(2) Test work and numerical analysis have verified that an optimal fly ash content
for CSG material exists, and is defined as 50% of the total cementitious material
(cement + fly ash). The results are of material significance in the solution of problems
during the design and construction of CSG dam.

(3) In the new material of CSG, the gravel material of natural river is selected to study
the tensile, compressive, and shear tests under different particle gradation, sand rate,
water–cement ratio, and cementitious material dosage, and the tensile, compressive,
and shear strength indexes are obtained. This paper mainly takes the content of fly ash
as an example to study the compressive strength characteristics of materials. In the
follow-up study, the mechanical properties of materials such as compressive strength,
tensile strength, and shear strength under multiple factors will be closely analyzed.
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Abstract: Blast furnace ferronickel slag (BFFS) is a kind of industrial solid waste that has not been
effectively utilized in construction industry. The effects of different NaOH concentrations on the
mechanical properties and microstructure of alkali-activated blast furnace ferronickel slag were
investigated in this study. The results show that an optimal concentration for compressive strength is
found, both higher and lower concentrations cause strength degradation. The pore structure, phase
composition and hydration heat revealed that less C-A-S-H gel is produced at low concentration
and result in the low compressive strength The phase composition and hydration heat revealed that
more hydrotalcite is produced than C-A-S-H at high concentration due to more violent reaction at the
early age hinders the growth of C-A-S-H in the later stage. FT-IR also shows that high concentration
decreased the Al/Si ratio and polymerization of C-A-S-H which also leads to the low strength at high
concentration.

Keywords: blast furnace ferronickel slag; alkali-activated material; compressive strength; dosage
of activator

1. Introduction

Ferronickel slag is a byproduct of ferronickel alloy production. Approximately 0.64 mil-
lion tons of nickel–iron alloys are produced globally each year [1]. China accounts for 48%
of all ferronickel alloy production. According to different ferronickel alloy production
methods, ferronickel slag can be classified as electric furnace ferronickel slag (EEFS) or
blast furnace ferronickel slag (BFFS). The electric furnace method is the main method
for producing ferronickel alloys and is used worldwide [2]. With the lack of nickel-rich
minerals and the demand for ferronickel alloys in China, the blast furnace method is still
the main production method [3]. The chemical and mineral composition of BFFS and EFFS
are different with different production methods. EFFS is mainly composed of SiO2, Fe2O3
and MgO; BFFS is mainly composed of CaO, Al2O3 and SiO2. The main minerals in EFFS
are crystalline substances such as forsterite and diopside; BFFS is mainly composed of
an amorphous phase [4]. The resource utilization of EFFS has been extensively studied
by many researchers. EFFS can be used as a supplementary cementitious material [5–8],
as an aggregate [9–11] in concrete, and as a precursor in geopolymer synthesis [12,13].
Compared with EFFS, there are relatively few studies on BFFS.

Alkali-activated materials have recently become popular as green building materials
in cement. Alkali-activated materials use solid waste as a precursor in the preparation of
cementitious paste, effectively transforming solid waste into a construction resource. Re-
searchers have studied different industrial solid wastes including blast furnace slag [14–16],
red mud [17–19], ground coal bottom ash [20], silico-manganese (Si–Mn) slag [21], elec-
trolytic manganese residue [22], Cu–Ni slag [23] and lead slag [24]. Alkali-activated
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materials have greater strength and durability than Portland cement [25]. However, alkali-
activated materials also have workability problems such as large shrinkage and a fast
setting time [26].

Using BFFS as a precursor to produce alkali-activated materials is a potential way to
utilize BBFS. The amorphous aluminosilicate phase in solid waste is the active source of the
precursor to produce alkali-activated material [27]. The calcium content in the amorphous
phase has a great impact on the solid waste activity; the presence of calcium lowers the
polymerization degree of the aluminosilicate framework in the amorphous phase and
increase the activity for alkali-activated reaction. The most commonly used precursors are
blast furnace slag (BFS), which has a high calcium content. BFFS is mainly composed of
CaO, SiO2, Al2O3 and MgO, which has a chemical composition similar to BFS. However,
BFFS has a higher CaO content and a lower Al2O3 content than BFS. Thus, BFFS can be
classified as a medium-calcium slag for alkali-activated materials and has potential activity
for alkali-activation. Few investigations were conducted on BFFS due to most BFFS is
adopted only in some parts of China [28]. Wang [28] compared the reaction mechanism
and mechanical properties of the alkali-activated BFFS and alkali-activated BFS. The early
compressive strength of alkali-activated BFFS is lower than that of alkali-activated BFS,
while the strength development of alkali-activated BFFS is better.

This study investigates the effect of NaOH concentration on the mechanical properties
and microstructure of alkali-activated BFFS. The mechanical property is measured by the
compressive strength. The pore structure is tested to understand the trend of strength on
the microstructure scale. The phase composition and hydration heat are used to analyze the
effect of reaction product on the pore structure. The polymerization degree and chemical
bonding of C-A-S-H is tested by FT-IR.

2. Raw Materials and Test Methods
2.1. Raw Materials

BFFS was used as the precursor of the alkali-activated material. The specific surface
area of the FFS was 439 m2/kg. The chemical composition of the FFS was determined by
X-ray fluorescence (XRF), as shown in Table 1. FFS consists mainly of CaO, SiO2, Al2O3
and MgO.

Table 1. Chemical composition of raw materials (wt.%).

Compound CaO SiO2 Al2O3 MgO MnO Cr2O3 Fe2O3 SO3 LOI

BFFS 32.72 27.31 21.82 8.64 1.99 1.95 1.57 1.58 2.41

The X-ray diffraction (XRD) patterns of the FFS are shown in Figure 1. The slag
consists mainly of amorphous phases, indicated by the broad peaks from 17◦ to 37◦ in the
XRD patterns. The main crystalline phases in BFFS are calcite (CaCO3), spinel (MgO·Al2O3)
and gypsum (CaSO4·2H2O). It is widely accepted that the reactive CaO, SiO2 and Al2O3
contents in amorphous phases determine the precursor reactivity. The CaO content in BFFS
is lower, and the Al2O3 content is higher than that of BFS. The MgO content in BFFS is
mainly in the form of spinel, which is stable and does not easily react.

The alkali hydroxide solutions of five NaOH concentrations (2 M, 5 M, 8 M, 10 M,
12 M) were prepared by dissolving sodium hydroxide pellets (99.9% purity) in water.
The water-to-slag ratio was 0.5 for the mortar used in this study. Hydroxide was added to
the water to obtain the required concentration. The slag-to-sand ratio for the mortar was
1:3. The paste and mortar specimens were cured in standard curing conditions of 20 ± 2 ◦C
and 95% RH.
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Figure 1. XRD pattern for BFFS.

2.2. Test Method
2.2.1. Compressive Strength

Mortar samples were prepared to test the compressive strength by mixing the raw
materials with a planet mixer. The pastes were mixed for 30 s at low speed after the
solution was added. The sands were added for another 4 min. The fresh mortar was cast in
40 mm × 40 mm × 160 mm molds and cured in standard curing conditions of 20 ± 2 ◦C
and 95% RH until testing. The specimens were tested at 1 d, 3 d, 7 d and 28 d.

2.2.2. Isothermal Calorimetry

The hydration heat of alkali-activated BBFS with a water/binder ratio of 0.5 was mea-
sured by isothermal conduction calorimetry (TA instrument, TAM Air) at 25 ◦C. Two slags
were weighed and placed in plastic bowls. The bowls were set in the calorimeter until
thermal balance was reached. After 10 h of thermal equilibration, the activator was mixed
with the precursors for 3 min. The heat evolution was recorded. Compared with the
reaction heat, the heat disturbance caused by mixing can be neglected.

2.2.3. X-ray Diffraction (XRD)

The alkali-activated pastes were mixed with a planet mixer for 2 min. The water-to-
slag ratio for all paste in this study is 0.5 after mixing, the suspensions were cast into 50-mL
sealed centrifuge tubes and cured at 25 ◦C. After a specified duration, hydration of the
sample was terminated using the isopropanol replacement method. The detailed method is
described in previous studies [29,30]. The sample powder was ground to <100 µm for XRD.
XRD analysis was performed with a Bruker D8 advance using CuKα radiation (scanning
range from 5◦ to 65◦ for 40 min).

2.2.4. Mercury Intrusion Porosimeter

A mercury intrusion porosimeter (MIP) was used to characterize the pore structure
of the paste specimens. The paste was obtained from the same sample analyzed by XRD.
The surface tension and contact angle were 135◦ and 0.485 N/m, respectively. The paste
samples for the MIP were cut into small cubes with a maximum size of 0.5 mm.

2.2.5. ATR–FTIR Spectroscopy

Attenuated total internal reflectance Fourier transform infrared spectroscopy (ATR–
FTIR) was used to determine the chemical microstructure of the paste. The measurements
were performed in the mid-infrared spectral region of 550–4000 cm−1 with a spectral
resolution of 2 cm−1 using a BRUKER Tensor 27 spectrometer equipped with a diamond
crystal as the ATR element (PIKE Miracle™). The paste was obtained from the sample
analyzed by XRD. Same powder sample analyzed by XRD was used for ATR-FTIR.

31



Crystals 2021, 11, 1301

3. Results and Discussion
3.1. Compressive Strength Development

The compressive strength results are presented in Figure 2. NaOH-activated BFFS
demonstrated a good activating effect. The lowest 28-d compressive strength was observed
for 12 M activated BFFS. The highest compressive strength was observed for 8 M activated
BFFS. As the concentration increased, the strength of the mortar first increased and then
decreased, indicating that when the concentration of the activator is too high, the mechani-
cal properties of the alkali-activated BFFS are decreased. This is consistent with the results
of previous research [31,32]. A high concentration of NaOH increases the alkalinity of the
activator and the pore solution, which is critical for BFFS dissolution. However, a higher
pH in the pore solution also promotes the formation of crystal products in the paste such
as portlandite and hydrotalcite, which decrease the strength. According to Bondar [33]
higher concentration of NaOH results in a higher viscosity of the solution. The pastes
require more time for excess water to evaporate; this is the key step in the development of
a network of aluminosilicates in which strength is developed.

Figure 2. Compressive strength of AA–BFFS mortar at different concentrations.

3.2. Pore Structure of Hardened Pastes

Pore structure is analyzed by MIP in order to understand the trend of compressive
strength on the microstructure scale. Figure 3 shows the cumulative pore volumes of
the alkali-activated BFFS at 3 d and 7 d. The pore structure results are consistent with
the compressive strength. The 2 M activated paste had the weakest pore structure of all
concentration groups. Figure 3a shows that the 2 M activated sample has many pores
from 100 to 1000 nm in size, which are considered to be harmful in porous materials [34],
and are mainly due to the relatively low concentration of 2 M NaOH, which slows down
the early dissolution of the BFFS and reduces the production of C-A-S-H gel. The pore
structure is fragile, and the compressive strength is low. The 12 M activated paste has a
pore structure similar to that of the 8 M activated paste but does not match the compressive
strength. Figure 3a shows that the pore structure curves are similar for 8 M and 12 M; the
total pore volume for 8 M (0.249 mg/L) is slightly smaller than that for 12 M (0.265 mg/L).
However, the compressive strength of the 8 M paste (24.9 MPa) is more than twice that
of the 12 M paste (11.9 MPa) at 3 d. According to the section below, more crystal phases
are formed at high pore concentrations. The possible reason for the optimal concentration
is that although the 12 M NaOH has a pH that can dissolve the BFFS and form sufficient
C-A-S-H, formation of a large amount of crystal phase diminishes the strength of AA-BFFS.
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Figure 3. Cumulative pore volumes of alkali-activated BFFS paste at different ages: (a) 3 d; (b) 7 d.

Figure 3b shows the pore structure of AA-BFFS at 7 d, which is the same as at 3 d.
Compared to the result at 3 d, the 2 M paste contains fewer pores from 100 to 1000 nm in
size. The compressive strength of the 2 M paste at 7 d (17 MPa) is much greater than at
3 d (2.6 MPa), indicating that the pores between 100 and 1000 nm have a great influence
on the strength of alkali-activated BFFS. The pore structures of 8 M and 12 M activated
BFFS at 7 d are also improved. There are pores from 10 to 100 nm in size in the 7-d pore
structure. The compressive strength of the 8 M (32.6 MPa) and 12 M (15.55 MPa) pastes at
7 d is greater than at 3 d (24.9 MPa and 11.8 MPa, respectively). The strength development
of the 2 M paste is much greater than that of the 8 M and 12 M pastes, which indicates that
the pores from 100 to 1000 nm have a greater impact on the compressive strength than the
pores from 10 to 100 nm in AA-BFFS.

3.3. Phase Compositions of Hardened Pastes

XRD was used to analyzed the phase composition in order to understand the effect of
reaction production on the pore structure. Figure 4 shows the XRD spectra of the hardened
pastes hydrated for 1 d, 3 d, 7 d and 28 d. The main crystal product of AA-BFFS is hydro-
talcite (PDF#89-0460), which is the same as that of alkali-activated BFS [35,36]. The XRD
patterns show that as the reaction progresses, calcite (CaCO3) and gypsum (CaSO4·2H2O)
are gradually dissolved and consumed; spinel (MgO·Al2O3) did not participate in the reac-
tion because it has a stable crystal structure, as reported in a previous study [36]. The main
amorphous phase is C-A-S-H gel, which corresponds to the C-S-H(I) peaks in Figure 4 [36].

Comparing the XRD patterns of slag activated by different concentrations of sodium
hydroxide, it was found that as the concentration increases, more crystals are formed in
the product [37]. As spinel is stable in the pore solution of alkali-activated material, it can
be used as an internal standard material for semiquantitative analysis. For 2 M activated
BFFS, the rate of product generation was slow. Hydrotalcite was not observed in the XRD
spectrum until 3 d (Figure 3a). The calcite in the 2 M XRD patterns was not consumed at
28 d, indicating that the low concentration of 2 M NaOH does not have sufficient alkalinity
to dissolve BFFS and provide sufficient ions for crystal growth. Compared with paste
activated by higher concentrations of NaOH, few C-S-H(I) peaks were observed in the XRD
patterns. This can also be explained by the low concentration of NaOH. With an increase in
age, the peak of hydrotalcite in the 2 M pattern did not change significantly, indicating that
further reaction in the 2 M paste is minimal. The phase composition development of the
2 M paste explains the poor pore structure, and the low strength development of the 2 M
mortar.
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Figure 4. XRD spectra of hardened pastes at different ages: (a) 2 M, (b) 5 M. (c) 8 M. (d) 10 M and (e) 12 M.

When a higher concentration of NaOH (>2 M) was used to activate the BFFS, the hy-
drotalcite peak was clearly observed at 1 d. At the same age, the peaks of crystalline
products and C-S-H(I) were higher with an increase in concentration, indicating that high
alkalinity can promote product formation. High alkalinity accelerates the dissolution of
BFFS, increasing the ion concentration in the solution [38,39] and promoting crystalliza-
tion and growth of the products. Unlike the 2 M paste, the reaction continued to 28 d,
as the peaks of hydrotalcite and C-S-H(I) are sharper than the peak of spinel (Figure 4b–e).
This explains the strength and pore structure development. Comparing Figure 4c and
Figure 4e, it is observed that the peaks of C-S-H(I) are similar in intensity according to the
spinel peaks. The hydrotalcite peak of the 12 M paste (Figure 4c) is more intense than that
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of the 8 M paste (Figure 4e), indicating that with an increase in the NaOH concentration,
more hydrotalcite was formed than C-A-S-H gel. C-A-S-H is the main product provid-
ing strength to alkali-activated material. The formation of hydrotalcite consumes more
calcium and aluminum in the solution, reducing the Ca and Al content in the C-A-S-H
gel, resulting in a low-degree C-A-S-H gel. Hydrotalcite and portlandite are preferred to
enrich the particles and fine aggregates, forming an interfacial transition zone (ITZ) and
reducing the compressive strength. As a high concentration of NaOH promotes generation
of hydrotalcite and other crystals, the compressive strength of high-concentration NaOH is
lower.

3.4. Isothermal Calorimetry

Isothermal calorimetry was measured to analyze the reaction mechanism and produc-
tion of the reaction products. Figure 5 shows the isothermal calorimetry results for the
alkali-activated pastes within 96 h. Isothermal calorimetry was performed to evaluate the
effect of concentration on the kinetics of alkali-activated BFFS. The heat evolution curves
of the alkali-activated BFFS are shown in Figure 5a. The evolution peak occurred in the
early stage of the reaction (within 4 h). With an increase in the concentration, the evolution
peak became more intense. The first exothermic peak of alkali-activated materials can be
interpreted as the heat of wetting and the heat of dissolution according to [40]. The results
show that a higher pH of the solution increases the dissolution of BFFS. This is consistent
with the XRD results. A fast and intense evolution indicates fast dissolution of the BFFS,
which provides sufficient ions in the concentration for crystallization. The 2 M paste shows
a low heat evolution in poor formation of product and pore structure. The 5 M curves in
Figure 5a show a broad shoulder peak from 3–4 h. This curve is widely accepted as an
acceleration peak. The shape of this curve is similar to that for Portland cement, although
the temporal occurrences are different [41].

Figure 5. Isothermal calorimetry curves for paste: (a) heat flow and (b) cumulative heat.

Figure 5b shows the cumulative heat of the AA-BFFS. The total heat of the 2 M paste
is significantly less than that of the others, indicating that the low pH of the 2 M NaOH
reduces the reaction rate and the product formation of the paste (mainly C-A-S-H gel).
This is direct evidence to explain the low strength and poor pore structure of the 2 M
paste. However, for high-concentration pastes, the total heat within 72 h is similar, which
is consistent with the XRD results. The cumulative heat and heat evolution indicate that
the violent reaction at the early age hinders the later C-A-S-H production.

3.5. FT-IR Spectra of Hardened Pastes

The chemical bonding and the polymerization degree of C-A-S-H was analyzed by
FT-IR. Figure 6 shows the FT-IR spectra of hardened pastes hydrated for 1 d, 3 d, 7 d and
28 d. Three obvious peaks are observed. The most important peak is at approximately
950–1000 cm−1, corresponding to the Si–O asymmetric stretching vibrations (ν3) of Q2
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units [41–43]. The peak at 870–875 cm−1 is related to the asymmetric stretching (ν3) and
out-of-plane bending (ν2) modes of CO2−

3 ions [41,44]. The weak peak at 650–700 cm−1

corresponds to the Al–O–Si bonds [43].
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The band at 875 cm−1 corresponds to calcite in the precursor. The shifting of this band
can be interpreted as the dissolution of calcite and the formation of other unknown carbon-
ates. Figure 5a shows that the CO2−

3 bond of the 2 M paste remains at 28 d, indicating that
calcite did not react in the 2 M paste. This is consistent with the results in Figure 4a. For the
5 M and 8 M concentrations, the CO2−

3 bond broadens and becomes weaker, indicating that
calcite dissolved. For the last two concentrations, the CO2−

3 bond is weaker, disappears or
shifts to other wavenumbers, indicating that calcite dissolved and transformed into other
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carbonates. The results indicate that higher concentrations promote crystal dissolution and
new crystal formation, which is consistent with the XRD results.

The bands at 950–1000 cm−1 are different for different concentrations. At 28 d, with an
increase in the concentration, the band at 950–1000 cm−1 first shifted toward a lower
wavenumber and then back to a higher wavenumber. The lowest wavenumber was ob-
served in 8 M activated BFFS (948 cm−1, Figure 6c), and is consistent with the compressive
strength. The shifting of the band from 950–1000 cm−1 is caused by different Si/Al ra-
tios in the Si-O-T (Si, Al) [45]. A higher wavenumber corresponds to an “Si-rich” bond
with a lower degree. A lower wavenumber corresponds to an “Al-rich” bond with a
higher polymerization degree [35]. Thus, the wavenumber trend from low concentration
to high concentration can be interpreted as the Al/Si ratio and polymerization degree of
C-A-S-H gel first increasing and then decreasing when the concentration is greater than
8 M. This means the optimal concentration result in the higher polymerization degree
of C-A-S-H gel. This explains the compressive strength and pore structure, which are
consistent with the XRD patterns.

4. Conclusions

In this study, the properties of alkali-activated BBFS were investigated at different
concentrations of NaOH (2 M, 5 M, 8 M, 10 M, 12 M). Based on the results, the following
conclusions can be drawn.

• Optimal concentration on the compressive strength of mortars is found; 8 M NaOH
shows the best performance. Both lower concentrations and higher concentrations
cause strength degradation.

• The pore structure characterized by MIP indicates that at the low concentration (2M)
more pore between 10 and 1000 nm is existed. This demonstrates the low compressive
strength of 2M. The pore structure of 8M and 12M is similar which means the pore
structure cannot explain the strength degradation at high concentration.

• The phase composition characterized by XRD reveals that less C-A-S-H gel is generated
at low concentration and result in the poor pore structure. The low alkalinity of the 2M
NaOH leads to lower reaction rate at the early age according to isothermal calorimetry
result. Eventually, the amount of less C-A-S-H gel is generated.

• An increase in the concentration promotes the generation of C-A-S-H and hydrotalcite.
According to XRD result, when the concentration is greater than 8 M, more hydrotalcite
is formed compared to C-A-S-H. Isothermal calorimetry indicates that, the violent
reaction at the early age hinders the later formation of the C-A-S-H. This causes the
compressive strength degradation at high concentration.

FT-IR result indicates that the polymerization degree of C-A-S-H gel is consistent with
the compressive strength, the optimal concentration of 8M shows the highest polymeriza-
tion degree. The result indicates both low and high concentration reduce the polymerization
degree of C-A-S-H which also do harm to the compressive strength.

Author Contributions: Z.H.: Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Writing—original draft. Y.Z.: Investigation, Methodology. Y.C.: Conceptualization,
Formal analysis, Funding acquisition, Supervision, Validation, Writing—review & editing. All au-
thors have read and agreed to the published version of the manuscript.

Funding: This research was funded by [National Natural Science Foundation of China] grant number
[No. 51822807].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available within the manuscript.

Acknowledgments: The authors would like to acknowledge the National Natural Science Founda-
tion of China (No. 51822807).

37



Crystals 2021, 11, 1301

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

References
1. Index Mundi, Nickel: World Plant Production, by Country and Product. 2012. Available online: https://www.indexmundi.com/

en/commodities/minerals/nickel/nickel_t12.html (accessed on 12 October 2021).
2. Vartiainen, A. Proceedings of the Twelfth International Ferroalloys Congress. In The Twelfth International Ferroalloys Congress:

Sustainable Future; Outotec Oyj: Helsinki, Finland, 2010.
3. Cheng, M.M. Current development status, market analysis and prospect of ferronickel in China. Expr. Inf. Min. Ind. 2008, 8.

(In Chinese)
4. Saha, A.K.; Khan, M.N.N.; Sarker, P.K. Value added utilization of by-product electric furnace ferronickel slag as construction

materials: A review. Resour. Conserv. Recy. 2018, 134, 10–24. [CrossRef]
5. Wang, Q.; Huang, Z.; Wang, D. Influence of high-volume electric furnace nickel slag and phosphorous slag on the properties of

massive concrete. J. Therm. Anal. Calorim. 2017, 131, 873–885. [CrossRef]
6. Huang, Y.; Wang, Q.; Shi, M. Characteristics and reactivity of ferronickel slag powder. Constr. Build. Mater. 2017, 156, 773–789.

[CrossRef]
7. Rahman, M.A.; Sarker, P.K.; Shaikh, F.U.A.; Saha, A.K. Soundness and compressive strength of Portland cement blend-ed with

ground granulated ferronickel slag. Constr. Build. Mater. 2017, 140, 194–202. [CrossRef]
8. Zhai, M.; Zhu, H.; Liang, G.; Wu, Q.; Zhang, C.; Hua, S.; Zhang, Z. Enhancing the recyclability of air-cooled high-magnesium

ferronickel slag in cement-based materials: A study of assessing soundness through modifying method. Constr. Build. Mater.
2020, 261, 120523. [CrossRef]

9. Maragkos, I.; Giannopoulou, I.P.; Panias, D. Synthesis of ferronickel slag-based geopolymers. Miner. Eng. 2009, 22, 196–203.
[CrossRef]

10. Saha, A.K.; Sarker, P. Sustainable use of ferronickel slag fine aggregate and fly ash in structural concrete: Mechanical properties
and leaching study. J. Clean. Prod. 2017, 162, 438–448. [CrossRef]

11. Saha, A.K.; Sarker, P.K. Expansion due to alkali-silica reaction of ferronickel slagfine aggregate in OPC and blended cement
mortars. Constr. Build. Mater. 2016, 123, 135–142. [CrossRef]

12. Zhang, Z.; Zhu, Y.; Yang, T.; Li, L.; Zhu, H.; Wang, H. Conversion of local industrial wastes into greener cement through
geopolymer technology: A case study of high-magnesium nickel slag. J. Clean. Prod. 2017, 141, 463–471. [CrossRef]

13. Yang, T.; Wu, Q.; Zhu, H.; Zhang, Z. Geopolymer with improved thermal stability by incorporating high-magnesium nickel slag.
Constr. Build. Mater. 2017, 155, 475–484. [CrossRef]

14. Provis, J.L.; van Deventer, J.S.J. (Eds.) Alkali-activated Materials: State-of-the-Art Report, RILEM TC 224-AAM; Springer/RILEM:
Dordrecht, Germany, 2014.

15. Wang, D.; Wang, Q.; Huang, Z. New insights into the early reaction of NaOH-activated slag in the presence of CaSO4. Compos. Pt.
B-Eng. 2020, 198, 108207. [CrossRef]

16. Luo, T.; Wang, Q.; Zhuang, S. Effects of ultra-fine ground granulated blast-furnace slag on initial setting time, fluidity and
rheological properties of cement pastes. Powder Technol. 2019, 345, 54–63.

17. Dimas, D.D.; Giannopoulou, I.P.; Panias, D. Utilization of Alumina Red Mud for Synthesis of Inorganic Polymeric Materials.
Miner. Process. Extr. Met. Rev. 2009, 30, 211–239. [CrossRef]

18. Gong, C.; Yang, N. Effect of phosphate on the hydration of alkali-activated red mud–slag cementitious material. Cem. Concr. Res.
2000, 30, 1013–1016. [CrossRef]

19. Kumar, A.; Kumar, S. Development of paving blocks from synergistic use of red mud and fly ash using geopolymerization. Constr.
Build. Mater. 2013, 38, 865–871. [CrossRef]

20. Donatello, S.; Maltseva, O.; Fernandez-Jimenez, A.; Palomo, A. The Early Age Hydration Reactions of a Hybrid Cement
Containing a Very High Content of Coal Bottom Ash. J. Am. Ceram. Soc. 2013, 97, 929–937. [CrossRef]

21. Kumar, S.; García-Triñanes, P.; Teixeira-Pinto, A.; Bao, M. Development of alkali activated cement from mechanically activated
silico-manganese (SiMn) slag. Cem. Concr. Compos. 2013, 40, 7–13. [CrossRef]

22. Wang, D.; Wang, Q.; Xue, J. Reuse of hazardous electrolytic manganese residue: Detailed leaching characterization and novel
application as a cementitious material. Resour. Conserv. Recycl. 2019, 154, 104645. [CrossRef]

23. Kalinkin, A.M.; Kumar, S.; Gurevich, B.I.; Alex, T.C.; Kalinkina, E.V.; Tyukavkina, V.V.; Kalinnikov, V.T.; Kumar, R. Geo-
polymerization behavior of Cu–Ni slag mechanically activated in air and in CO2 atmosphere. Int. J. Miner. Process. 2012, 112–113,
101–106. [CrossRef]

24. Onisei, S.; Pontikes, Y.; Van Gerven, T.; Angelopoulos, G.; Velea, T.; Predica, V.; Moldovan, P. Synthesis of inorganic polymers
using fly ash and primary lead slag. J. Hazard. Mater. 2012, 205–206, 101–110. [CrossRef] [PubMed]

25. Provis, J.; Palomo, A.; Shi, C. Advances in understanding alkali-activated materials. Cem. Concr. Res. 2015, 78, 110–125. [CrossRef]
26. Shi, C.; Roy, D.; Krivenko, P. Alkali-Activated Cements and Concretes; CRC Press: Boca Raton, FL, USA, 2005.
27. Li, C.; Sun, H.; Li, L. A review: The comparison between alkali-activated slag (Si + Ca) and metakaolin (Si + Al) cements. Cem.

Concr. Res. 2010, 40, 1341–1349. [CrossRef]
28. Wang, D.; Wang, Q.; Zhuang, S.; Yang, J. Evaluation of alkali-activated blast furnace ferronickel slag as a cementitious ma-terial:

Reaction mechanism, engineering properties and leaching behaviors. Constr. Build. Mater. 2018, 188, 860–873. [CrossRef]

38



Crystals 2021, 11, 1301

29. Tian, H.; Kong, X.; Su, T.; Wang, D. Comparative study of two PCE superplasticizers with varied charge density in Port-land
cement and sulfoaluminate cement systems. Cem. Concr. Res. 2019, 115, 43–58. [CrossRef]

30. Scrivener, K.L.; Snellings, R.; Lothenbach, B. A Practical Guide to Microstructural Analysis of Cementitious Materials; CRC Press: Boca
Raton, FL, USA, 2016.

31. De Filippis, U.; Prud’Homme, E.; Meille, S. Relation between activator ratio, hydration products and mechanical properties of
alkali-activated slag. Constr. Build. Mater. 2020, 266, 120940. [CrossRef]

32. Bondar, D.; Lynsdale, C.; Milestone, N.B.; Hassani, N.; Ramezanianpour, A. Effect of type, form, and dosage of activators on
strength of alkali-activated natural pozzolans. Cem. Concr. Compos. 2010, 33, 251–260. [CrossRef]

33. Xu, H.; van Deventer, J.S.J. The geo-polymerisation of alumino-silicate minerals. Int. J. Miner. Process. 2000, 59, 247–266.
[CrossRef]

34. Wu, Z.; Shi, C.; Khayat, K.; Wan, S. Effects of different nanomaterials on hardening and performance of ultra-high strength
concrete (UHSC). Cem. Concr. Compos. 2016, 70, 24–34. [CrossRef]

35. Puertas, F.; Torres-Carrasco, M. Use of glass waste as an activator in the preparation of alkali-activated slag. Mechanical strength
and paste characterization. Cem. Concr. Res. 2014, 57, 95–104. [CrossRef]

36. Garcia-Lodeiro, I.; Palomo, A.; Fernández-Jiménez, A.; Macphee, D.E. Compatibility studies between N-A-S-H and C-A-S-H gels.
Study in the ternary diagram Na2O–CaO–Al2O3–SiO2–H2O. Cem. Concr. Res. 2011, 41, 923–931. [CrossRef]

37. Chithiraputhiran, S.; Neithalath, N. Isothermal reaction kinetics and temperature dependence of alkali activation of slag, fly ash
and their blends. Constr. Build. Mater. 2013, 45, 233–242. [CrossRef]

38. Song, S.; Jennings, H.M. Pore solution chemistry of alkali-activated ground granulated blast-furnace slag. Cem. Concr. Res. 1999,
29, 159–170. [CrossRef]
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Abstract: Phosphorus slag (PS) and limestone (LS) composite (PLC) were prepared with a mass ratio
of 1:1. The effects of the content of PLC and the water/binder ratio on the mechanical properties,
durability and dry shrinkage of concrete were studied via compressive strength, electric flux, sulfate
dry/wet cycle method, saturated drainage method, isothermal calorimeter, adiabatic temperature
rise instrument and shrinkage deformation instrument. The results show that PLC can greatly reduce
the adiabatic temperature rise of concrete. The adiabatic temperature rise is 55 ◦C with 33 wt.% PLC,
10 ◦C lower than that of the control sample. The addition in the content of PLC does not affect the
long-term strength of concrete. When the water/binder ratio decreases by 0.1–0.15, the long-term
strength of concrete with PLC increases by about 10%, compared with the control group. At the age
of 360 days, the chloride permeability of L-11 (i.e., the content of PLC was 20%, the water/binder
ratio was 0.418) and L-22 (i.e., the content of PLC was 33%, the water/binder ratio was 0.39) decrease
to the “very low” grade. The strength loss rate of L-11 and L-22 after 150 sulfate dry/wet cycles is
about 18.5% and 19%, respectively, which is 60% of the strength loss rate of the control sample. The
drying shrinkage of L-11 and L-22 reduces by 4.7% and 9.5%, respectively, indicating that PLC can
also reduce the drying shrinkage.

Keywords: phosphorus slag; limestone; concrete; sulphate-corrosion resistance; volume deformation

1. Introduction

Phosphorus slag (PS), the abbreviation of granulated electric furnace phosphorus slag
powder, is an industrial waste residue containing calcium silicate. It is produced in the
process of industrial production of yellow phosphorus preparation from phosphorus ore,
silica and coke at a high temperature of about 1400 ◦C in an electric furnace. The obtained
melt is then quenched by water to form granules, and ground to obtain PS powder [1,2].
The main mineral phase of PS is amorphous glass with a little crystalline phase, such as
calcium phosphate, calcium orthosilicate and anorthite [3,4].

Barnesp [5] believed that the hydration activity of PS itself is very low. However,
under the action of calcium hydroxide, the Ca2+, [AlO4]5−, Al3+ and [SiO4]4− in the glass
of PS dissolve into solution to form C-A-S-H gel. In addition, P2O5 and fluoride in PS may
react with Ca(OH)2, resulting in the formation of the insoluble fluorohydroxyapatite. This
precipitation wraps around the cement particles, therefore delaying the hardening and
setting of the cement. On the other hand, when the content of PS is low, the formation of
fluorohydroxyapatite is not enough to completely package around the cement particles,
so that the hydration continues. With further hydration, the alkali concentration in the
liquid gradually increases, while the osmotic pressure caused by the concentration dif-
ference enables H2O or OH− to penetrate into the coating of cement; then, the hydration
continues and the strength increases. Li [6,7] et al. stated that with the addition of a certain
amount of PS, the number of gel pores accumulates with the increase of hydration time.
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Meanwhile, new C-A-S-H continuously polymerizes with the decomposing of glass in PS.
The crosslinking filling of ettringite and C-A-S-H gel makes the structure of cement paste
more compact, resulting in the reduction of the pore sized > 50 nm and the increase of the
strength. It is worth noting that the addition of PS alone is an easy way to reduce the early
strength and prolong the setting time of concrete, which is an urgent problem to be solved
in engineering application.

Limestone powder (LS) is a common concrete admixture. Its main chemical compo-
sition is CaO with a small amount of SiO2, Al2O3, MgO, Fe2O3, etc. The main mineral
phase of limestone powder is crystalline CaCO3 (≥80%) with a small amount of quartz
(≤10%) [8,9].

Rizwan et al. [10] found that neither limestone powder nor fly ash can improve the
performance of self-leveling mortar, while the fluidity, strength, microstructure, relative
water absorption and early volume stability of self-leveling mortar mixed with limestone
powder and fly ash composite are better than those prepared with other admixtures. Li
et al. [11] found that when the ultra-fine limestone powder is added to replace cementitious
materials, the compressive strength of concrete was unchanged with the same water/binder
ratio, while the tensile strength, stiffness, and durability of concrete are improved. Hu
et al. [12] found that the 28-day compressive strength of concrete mixed with 20% ultra-fine
fly ash and 10% limestone powder is very close to that of pure cement concrete. The test
results of Temiz, et al. [13] showed that under the condition of low water/binder ratio
(<0.4), the three-component concrete mixed with limestone powder, cement, FA (fly ash), or
GGBS (granulated blast furnace slag) can obtain similar or even higher long-term strength
than the two-component mud concrete (cement and FA or GGBS). We can know that LS
can act together with other volcanic ash materials to play the role of “1 + 1 > 2”. However,
it is rarely reported that LS and PS are used as admixtures in concrete at the same time.
Whether PLC has an impact on durability and shrinkage performance is also a problem to
be explored.

In this paper, phosphorus slag (PS) and limestone (LS) composite (PLC) were prepared
with a mass ratio of 1:1. The effects of the content of PLC and the water/binder ratio on
the mechanical properties, durability and dry shrinkage of concrete were studied via
compressive strength, electric flux, sulfate dry/wet cycle method, saturated drainage
method, isothermal calorimeter, adiabatic temperature rise instrument and shrinkage
deformation instrument. The obtained results provide significance for theoretical and
engineering guiding for the application of PLC in mass concrete and corrosion-resistant
concrete.

2. Materials and Methods
2.1. Materials

The cement is P·O 42.5 ordinary Portland cement produced by Jinyu Group. Its basic
performance is shown in Table 1, in accordance with the requirements of Chinese standard
GB/T 175. The specific surface area and the chemical composition of PS and LS are shown
in Table 2. The reaction formula of PS is shown as in Equation (1). The size of coarse
aggregate is 5–25 mm, and other indexes meet the requirements of Chinese standard GB/T
14685. The fine aggregate is river sand, and the fineness modulus is 2.4. The water is tap
water.

2Ca3(PO4)2 + 10C + 6SiO2→P4 + 10CO + 6(CaO·SiO2) (1)

Table 1. Properties of cement.

Cement
Grade

Setting Time Flexural Strength Compressive
Strength Specific

Surface Area
Requirement of

Normal ConsistencyInitial
Setting

Final
Setting 3 d 28 d 3 d 28 d

PO42.5 155 275 6.2 9.7 27.9 48.9 360 28%
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Table 2. Chemical composition and specific surface area of phosphorus slag and limestone powder.

Composition SiO2 Al2O3 Fe3O4 CaO MgO K2O SO3 P2O5 F Loss

PS 38.53 5.65 0.05 44.2 1.24 1.46 3.12 3.13 1.72 0.58
LS 4.32 1.43 0.76 51.23 1.13 0.20 - - - 41.5

2.2. Sample Preparation

Table 3 shows the mix proportion of concrete with different content of PLC. The pure
cement was taken as the control sample, and the mass ratio of PS to LS was 1:1. L-1 was
using PLC to replace 20% of pure cement and the water/binder ratio was 0.425. L-11
was using PLC to replace 20% of pure cement, but the water/binder ratio was 0.418. The
total amount of L-2 cementitious materials was 420 kg/m3. PLC accounted for 33% of the
total cementitious materials, and the water/binder ratio was 0.405. Meanwhile, the water
cement ratio of L-22 was reduced to 0.39 with the same content of PLC. The workability of
concrete was adjusted by a water reducing agent to keep consistent slump. The effects of
the content of PLC and water/binder ratio on the mechanical properties, shrinkage and
durability of concrete were studied.

Table 3. Mix proportion of concrete mixed with phosphorus slag powder and limestone powder
(unit kg/m3).

Cement PS LS Sand Stone Water

C 400 0 0 770 1010 170
L-1 320 40 40 770 1010 170

L-11 320 40 40 773 1010 167
L-2 280 70 70 770 1010 170

L-22 280 70 70 776 1010 164

2.3. Test Methods

(1) Mechanical property

The compressive strength of concrete was tested in accordance with Chinese standard
GB/T 50,081 (standard for test methods of mechanical properties of ordinary concrete).
Cube specimens of 100 mm × 100 mm × 100 mm were used to measure the compressive
strength of concrete for 7 d, 28 d, 90 d and 360 d after curing to a specific age in a standard
curing room (20 ◦C and 95 RH%).

(2) Chloride permeability

After curing to a specific age in a standard curing room (20 ◦C and 95 RH%), the
100 mm × 100 mm × 100 mm cube specimens were cut into 100 mm × 100 mm × 50 mm
specimens. The chloride permeability of concrete at 28 d and 360 d was measured according
to ASTM C1202 (standard test method for chloride ion permeability resistance of concrete).
The instrument model is CABR-RCP9. After installing the test block, 0.3 mol/L NaOH
solution and 3 wt.% NaCl solution were prepared immediately (ensuring the accuracy of
solution concentration), followed by injecting NaOH solution at the positive extreme and
NaCl solution at the negative extreme without any liquid leakage. The measurement time
was 6 h, and the electric flux of each group of concrete was recorded.

(3) Sulphate-corrosion Resistance

The sulphate-corrosion resistance of 100 mm× 100 mm× 100 mm cube specimens was
tested by the dry/wet cycle method [14]. Each sample was dried in an oven at 80 ± 5 ◦C
for 6 h, cooled it for 2 h, and then soaked in Na2SO4 solution with concentration of 5%.
This process is one cycle (i.e., one dry wet cycle is completed in one day). At the same
time, the samples with the same ratio were placed in the standard curing room for curing.
After 120 and 150 cycles, the compressive strength of the specimens in the standard curing
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room was measured as S1 and the compressive strength of concrete after the dry wet cycle
was measured as S2. The strength loss rate was calculated according to the following
Equation (2):

η = (S1 − S2)/S1 × 100% (2)

(4) Connected porosity

The connected porosity of concrete was measured by the “water saturation drying”
method [15]. A piece of 10 cm × 10 cm × 2 cm concrete sheet was cut and prepared, the
volume V of the test piece was measured by a drainage method, and the mass m1 of the test
piece after vacuum water saturation was measured. The test piece was dried in an oven at
80 ◦C for 14 d, and the mass m2 after drying was measured. The connected porosity was
calculated according to the following Equation (3):

P = (m1 −m2)/ρV (3)

where ρ is the density of water.

(5) Hydration heat release

The Calmetrix 8000 HPC isothermal calorimeter was used to determine the hydration
heat release of the sample slurry [16]. The test method meets the requirements of ASTM
C1702-2015. The temperature was set at 25 ◦C to determine the heat release rate and total
heat release of C, L-11 and L-22 within 72 h.

(6) Adiabatic temperature rise

Concrete (C, L-11 and L-22) prepared according to the mix proportion was put into
the concrete adiabatic temperature rise instrument to measure its adiabatic temperature
rise. The amount of concrete used for each test was 40~45 L. The temperature control
error was less than ±0.1 ◦C, and the minimum temperature resolution was 0.02 ◦C. The
automatic data acquisition system collected data every 5 min, and guaranteed the concrete
center temperature to be 0.1 ◦C higher than the concrete outer wall temperature during the
measurement process.

(7) Shrinkage property

The shrinkage deformation of concrete (C, L-11 and L-22) was measured by contact
method. 100 × 100 × 400 mm3 concrete specimen was molded. After demolding, the
specimen was cured at room temperature for 7 days, and it was covered with plastic film
to prevent moisture loss. After curing for 7 days, the plastic film was removed, then the
deformation length was measured by a length comparator with a dial indicator (accuracy
0.001 mm) and calibrated before each measurement. The results were the mean of three
groups of concrete.

3. Results and Discussion
3.1. Compressive Strength

Figure 1 shows the compressive strength (a) 7 d (b) 28 d (c) 90 d (d) 360 d of concrete
mixed with different content of PLC. The compressive strength of the control sample (C)
was ~35 MPa at the age of 7 days. When 20% cement was replaced by PLC, the compressive
strength of L-1 decreased to ~30 MPa. However, when reducing the water/binder ratio
from 0.425 to 0.418, the compressive strength of L-11 increased from ~30 MPa to ~35 MPa.
When 33% cement was replaced by PLC, the compressive strength of L-2 further reduced
to ~25 MPa. By comparison, when lowing the water/binder ratio from 0.405 to 0.39, the
compressive strength of L-22 increased from ~25 MPa to ~35 MPa accordingly, indicating
that reduction of water can make up for the loss of the early strength of concrete caused
by adding PLC to a certain extent. However, at the age of 90 days and 360 days, the
compressive strength of concrete mixed with 20% and 33% PLC was all around 50 MPa,
indicating that the addition of PLC does not affect the long-term strength of concrete. When
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the water/binder ratio decreased by 0.1–0.15, the long-term strength of concrete increased
by ~10%, compared with the control sample.
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Figure 1. Compressive strength of concrete mixed with PLC: (a) 7 d (b) 28 d (c) 90 d (d) 360 d.

3.2. Chloride Permeability, Sulfate Attack and Connected Porosity

Figure 2 shows the chloride permeability (a) 28 d (b) 360 d of concrete mixed with
different content of PLC. At the age of 28 days, the chloride permeability of the control
sample (C), L-1, L-11 and L-22 was in the “low” grade, whereas the chloride permeability
of L-2 (i.e., the content of PLC was 33%, and the water/binder ratio was 0.405) was in the
“medium” grade. At the age of 360 days, the chloride permeability of L-11 (i.e., the content
of PLC was 20%, the water/binder ratio was 0.418) and L-22 (i.e., the content of PLC was
33%, the water to binder ratio was 0.39) decreased to the “very low” grade. However, the
chloride permeability of the control sample (C) and L-1 was still in the “low” grade.
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Figure 3 shows the strength loss rate of concrete mixed with different content of PLC
after sulfate immersion (a) 120 cycles (b) 150 cycles. The strength loss rate of the control
sample (C) after 120 cycles was 17.5%, and its strength loss rate after 150 cycles was as high
as 30.5%. The strength loss rates of L-11 and L-22 after 120 cycles were only one quarter
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of that of the control sample, that is, 3.8% and 3.6%, respectively. After 150 cycles, the
strength loss rates of L-11 and L-22 were 18.5% and 19%, respectively, which was 60% of
the strength loss rate of the control sample. This trend shows that PLC can effectively
improve the sulfate resistance of concrete.
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Figure 3. Strength loss rate of concrete mixed with different content of PLC after sulfate immersion:
(a) 120 cycles (b) 150 cycles.

Figure 4 shows the connected porosity (a) 28 d (b) 360 d of concrete mixed with
different content of PLC. The trend of chloride permeability can be explained by the trend
of the connected porosity, that is, the lower the connected porosity, the better the chloride-
attack resistance. At the age of 28 days, the connected porosity of the control sample (C)
was 10.98. After adding 20% and 33% PLC, the connected porosity of L-1 and L-2 decreased
to 10.56 and 10.85, respectively. The connected porosity of L-11 and L-22 decreased to 10.13
and 10.26, respectively, after a 0.1–0.15 reduction in water/binder ratio. Similarly, at the age
of 360 days, the connected porosity of the samples showed the same trend, indicating that
adding PLC or reducing the water/binder mass ratio can reduce the connected porosity
of concrete, and the effect is the most positive when they are both performed at the same
time.
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3.3. Hydration Heat and Adiabatic Temperature Rise

Figure 5 shows the (a) heat evolution and (b) total heat release of cement paste mixed
with PLC. It can be seen from Figure 5a that the second exothermic peak of L-11 (i.e.,
the content of PLC was 20%, and the water/binder ratio was 0.418) was slightly earlier
than that of the control sample, indicating that 20% of PLC can promote the reactivity
of cement. However, the second exothermic peak of L-22 (i.e., the content of PLC was
33%, and the water/binder ratio was 0.39) was delayed, indicating that when the content
of PLC is above certain threshold, the cement hydration will be weakened. It can be
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seen from Figure 5b that the total heat release of L-11 and L-22 decreased by 12% and
25%, respectively, indicating that PLC can significantly reduce the heat release of cement
hydration. It can also be seen from Figure 6 that the adiabatic temperature rises of L-11
and L-22 were 60 ◦C and 55 ◦C, respectively, lower than that of the control sample (65 ◦C),
which is consistent with the results of hydration heat release.
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3.4. Drying Shrinkage

Figure 7 shows the drying shrinkage of concrete mixed with PLC. The drying shrink-
age of both the control group and concrete mixed with PLC developed rapidly in the early
stage. There is no obvious difference in the drying shrinkage curve between 1–50 days and
their values were all around 350. From 50–150 days, the drying shrinkage (380) of concrete
mixed with 33% PLC was less than that of the control group (420), and from 150–360 days,
the drying shrinkage tended to be stable. The drying shrinkage rates of the control group
C, L-11 (i.e., the content of PLC was 20%, and the water/binder ratio was 0.418) and L-22
(i.e., the content of PLC was 33%, and the water/binder ratio was 0.39) were 420, 400 and
380, respectively.

3.5. Reaction Mechanism

Figure 8 shows the reaction mechanism of PLC in concrete. When no PLC is added,
as described in Equations (4)–(6), the reaction in concrete mainly produces C-A-S-H gel,
ettringite and calcium hydroxide, among which calcium hydroxide is unfavorable for
strength and durability. When the PLC is added, as described in Equations (7)–(10), the
main reactions of PS in concrete are the pozzolanic reaction effect and filling effect. PS
contains large amount of glass, which can react with calcium hydroxide produced by the
hydration of cement to form C-A-S-H gel. These gels increase the compactness of concrete.
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At the same time, the reduction in the content of calcium hydroxide can enhance the sulfate
resistance of concrete. The main functions of limestone in concrete are nucleation effect
and filling effect. Due to the heterogeneous nucleation of cement hydration, the surface
of LS particles can become the attachment point of the crystal nucleus, which make the
low-energy crystal nucleus and nucleation matrix (particle surface of LS) a replacement of
the high-energy crystal nucleus and liquid interface. This reduces the nucleation barrier,
promotes the hydration of cement and accelerates the strength development of concrete.
Meanwhile, both PS and LS have the filling effect. This is because the fineness of PS and LS
is less than that of cement, which can supplement the fine particles missing in cement and
form continuous gradation in cementitious materials, filling the pores in concrete. These
filling effects can improve the pore size distribution of concrete and reduce the connected
porosity of concrete so as to improve the durability of concrete.
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Without PS and LS:
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With PS and LS:

C3S + H2O + LS→C-S-H (LS nucleation) + Ca(OH)2 (7)

C2S + H2O + LS→C-S-H (LS nucleation) + Ca(OH)2 (8)

SiO2·Al2O3(PS) +Ca(OH)2 +LS→C-A-S-H (LS nucleation) (9)

C3A + CŜH + H2O→AFt (10)

4. Conclusions

Phosphorus slag (PS) and limestone (LS) composite (PLC) were prepared with a
mass ratio of 1:1. The effects of the content of PLC and the water/binder ratio on the
mechanical properties, durability and dry shrinkage of concrete were studied via com-
pressive strength, electric flux, sulfate dry/wet cycle method, saturated drainage method,
isothermal calorimeter, adiabatic temperature rise instrument and shrinkage deformation
instrument.

(1) The adiabatic temperature rises of L-11 and L-22 are 60 ◦C and 55 ◦C, respectively,
lower than that of the control sample C (65 ◦C). The addition of PLC does not affect the
long-term strength of concrete. When the water/binder ratio decreases by 0.1–0.15, the
long-term strength of concrete with PLC increases by about 10% compared with the control
sample.

(2) At the age of 360 days, the chloride permeability of L-11 (i.e., the content of PLC
was 20%, the water/binder ratio was 0.418) and L-22 (i.e., the content of PLC was 33%,
the water/binder ratio was 0.39) decreases to the “very low” grade. After 150 cycles, the
strength loss rates of L-11 and L-22 are about 18.5% and 19%, respectively, which is 60% of
the strength loss rate of the control sample, indicating that PLC can effectively improve the
sulfate resistance of concrete.

(3) The drying shrinkage of samples C, L-11 and L-22 are 420, 400 and 380, respectively.
The addition of PLC can reduce the drying shrinkage. The obtained results provide
theoretical and technical support for the application of PLC in mass concrete and corrosion-
resistant concrete.

Author Contributions: Conceptualization, K.L. and Y.C.; methodology, K.L.; software, Y.C.; vali-
dation, K.L. and Y.C.; formal analysis, K.L.; investigation, K.L.; resources, Y.C.; data curation, Y.C.;
writing—original draft preparation, K.L.; writing—review and editing, Y.C.; visualization, Y.C.;
supervision, Y.C.; project administration, Y.C.; funding acquisition, Y.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 51822807.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data supporting reported results can be found in this manuscript.

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

References
1. Lebedeva, O.E.; Dubovichenko, A.E.; Kotsubinskaya, O.I.; Sarmurzina, A.G. Preparation of porous glasses from phosphorus slag.

J. Non-Crystal. Solids 2000, 277, 10–14. [CrossRef]
2. Chen, J.S.; Zhao, B.; Wang, X.M.; Zhang, Q.L.; Wang, L. Cemented backfilling performance of yellow phosphorus slag. Int. J.

Miner. Metal. Mater. 2010, 17, 121–126. [CrossRef]
3. Chen, X.; Fang, K.; Yang, H.; Peng, H. Hydration kinetics of phosphorus slag-cement paste. J. Wuhan Univ. Techn.-Mater. Sci. Ed.

2011, 26, 142–146. [CrossRef]
4. Ting, L.; Qiang, W.; Shiyu, Z. Effects of ultra-fine ground granulated blast-furnace slag on initial setting time, fluidity and

rheological properties of cement pastes. Powder Technol. 2019, 345, 54–63. [CrossRef]

49



Crystals 2021, 11, 1293

5. Barnes, P.; Bensted, J. Structure and Performance of Cement; Wu, Z.; Wang, R., Translators; China Construction Industry Press:
Beijing, China, 1991; pp. 248–262.

6. Li, D.X.; Shen, J.L.; Mao, L.X.; Wu, X. The influence of admixture on the properties of phosphorous slag cement. Cem. Con. Res.
2000, 30, 1169–1173. [CrossRef]

7. Li, D.X.; Shen, J.L.; Chen, L.; Wu, X. The influence of fast-setting/early-strength agent on high phosphorous slag content cement.
Cem. Con. Res. 2001, 31, 19–24.

8. Yan, P.; Mi, G.; Qiang, W. A comparison of early hydration properties of cement–steel slag binder and cement–limestone powder
binder. J. Therm. Analy. Calor. 2014, 115, 193–200. [CrossRef]

9. De Weerdt, K.; Haha, M.B.; Le Saout, G.; Kjellsen, K.O.; Justnes, H.; Lothenbach, B. Hydration mechanisms of ternary Portland
cements containing limestone powder and fly ash. Cem. Con. Res. 2011, 41, 279–291. [CrossRef]

10. Rizwan, S.A.; Bier, T.A. Blends of limestone powder and fly-ash enhance the response of self-compacting mortars. Constr. Build.
Mater. 2012, 27, 398–403. [CrossRef]

11. Li, L.G.; Kwan, A.K.H. Adding limestone fines as cementitious paste replacement to improve tensile strength, stiffness and
durability of concrete. Cem. Con. Comp. 2015, 60, 17–24. [CrossRef]

12. Hu, J.; Li, M.Y. The properties of high-strength concrete containing super-fine fly ash and limestone powder. Appl. Mech. Mater.
2014, 477, 926–930. [CrossRef]

13. Temiz, H.; Kantarcı, F. Investigation of durability of CEM II B-M mortars and concrete with limestone powder, calcite powder
and fly ash. Constr. Build. Mater. 2014, 68, 517–524. [CrossRef]

14. Qiang, W.; Feng, J.J.; Yan, P.Y. An explanation for the negative effect of elevated temperature at early ages on the late-age strength
of concrete. J. Mater. Sci. 2011, 46, 7279–7288.

15. Zhang, Z.; Wang, Q.; Chen, H.; Zhou, Y. Influence of the initial moist curing time on the sulfate attack resistance of concretes with
different binders. Constr. Build. Mater. 2017, 144, 541–551. [CrossRef]

16. Wang, D.; Wang, Q.; Huang, Z. New insights into the early reaction of NaOH-activated slag in the presence of CaSO4. Comp. Part
B Eng. 2020, 198, 108207. [CrossRef]

50



crystals

Article

An Experimental Study of the Road Performance of Cement
Stabilized Coal Gangue

Junfeng Guan 1 , Meng Lu 1, Xianhua Yao 1,* , Qing Wang 2,*, Decai Wang 1, Biao Yang 1 and Huaizhong Liu 3

Citation: Guan, J.; Lu, M.; Yao, X.;

Wang, Q.; Wang, D.; Yang, B.; Liu, H.

An Experimental Study of the Road

Performance of Cement Stabilized

Coal Gangue. Crystals 2021, 11, 993.

https://doi.org/10.3390/

cryst11080993

Academic Editors: Peter Taylor,

Yifeng Ling, Chuanqing Fu and

Peng Zhang

Received: 28 July 2021

Accepted: 19 August 2021

Published: 20 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Civil Engineering and Communication, North China University of Water Resources and Electric Power,
Zhengzhou 450045, China; junfengguan@ncwu.edu.cn (J.G.); lumengmeng012@163.com (M.L.);
wangdecai@ncwu.edu.cn (D.W.); Yangbiao1112@163.com (B.Y.)

2 School of Highway, Henan College of Transportation, Zhengzhou 450015, China
3 State Key Laboratory of Hydraulics and Mountain River Engineering, Sichuan University,

Chengdu 610017, China; huaizhong.liu@scu.edu.cn
* Correspondence: yaoxianhua@ncwu.edu.cn (X.Y.); wanglinwq2008@163.com (Q.W.)

Abstract: The research into the road performance of coal gangue is of great significance for the
consumption of coal gangue and reducing pollution. In this paper, the coal gangues were prepared
by separation and crushing processes, and their gradations were also optimized. Aiming to identify
the possible problems of coal gangue as a pavement base, an unconfined compressive strength test,
a splitting test, a freeze–thaw test, and a drying shrinkage test of cement stabilized gangue with
varying cement amounts were carried out, and the test results were compared and analyzed. The
test results showed that the maximum dry density and optimum moisture content (OMC) of the
optimized cement stabilized gangue and cement stabilized macadam increased with cement content.
The maximum dry density and OMC of cement stabilized macadam were larger than that of cement
stabilized gangue with the same cement content. The optimized 7-day unconfined compressive
strength of cement stabilized gangue can meet the requirements for a secondary and lower highway
base and subbase. The OMC and cement content are the critical factors affecting the compressive
strength loss rate of cement stabilized gangue after freeze–thaw cycles. The smaller the OMC of
cement stabilized gangue and the larger the cement content, the lower the compressive strength loss
rate. With an increase in cement content, the drying shrinkage strain of cement stabilized gangue
increased. The results show that a cement content of 4% is optimal for the cement stabilized coal
gangue, which can be used for the light traffic base and heavy traffic subbase of class II and below
highways. It provides a basis, guide, and reference for the application of coal gangue materials in a
high-grade highway base.

Keywords: coal gangue; gradation; cement content; unconfined compressive strength; freeze–thaw cycle

1. Introduction

Coal plays an essential role in the energy supply of China and many countries in the
world. Coal gangue is produced during coal mining, accounting for almost 10–25% of total
coal extraction [1–3]. A large number of coal gangues are piled up around mines. With
continuous coal mining, more and more coal gangues are piled up, but the total utilization
rate is low [4]. On the one hand, the accumulation of coal gangue occupies many valuable
land resources and pollutes the soil, groundwater, and air in the accumulation place. On
the other hand, a large amount of coal gangue accumulation may cause spontaneous
combustion endangering the safety of the public and property. Therefore, there is an acute
need to tackle this underutilization of coal gangue from a sustainability perspective [5–8].

As a suitable filling material, coal gangue was mainly used for filling subsidence
areas and land reclamation earlier in many countries. In order to improve the utilization
rate of coal gangue, researchers in some European countries started investigating the
application of coal gangue in different fields, such as preparation of chemical materials,
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mining minerals, filling subgrade, and preparation of building materials [9–11]. In recent
years, Li, Dong, and others [12–15] have analyzed the mechanical properties, from micro
and macro perspectives, of cement mortar with calcined coal gangue replacing the cement
content and have analyzed the specific factors affecting its properties. Many experts
and scholars [16–20] have carried out a large number of tests to study the mechanical
properties of coal gangue concrete and have analyzed the factors affecting its durability.
Coal gangue material has been widely used in many civil engineering fields, such as for
highway subgrade, a foundation cushion in construction engineering, etc. Many countries
have taken the lead in applying coal gangue to engineering examples, such as the road
network in northern France, the road network in the Ruhr region of Germany, and the
railway stations of Gloucester and Croydon in Britain [21]. The application of coal gangue
in highway engineering in China is gradually increasing with the advancement in transport
infrastructure [22–24]. Many research findings show that the strength of coal gangue as
a subgrade filler can fully meet the requirements of subgrade design [25–28]. At present,
coal gangue material is mainly used as a subgrade filler and cushion, and the research into
its use as a highway base is relatively scarce.

With the development of traffic infrastructure, the use of coal gangue in road engineer-
ing in China is progressively increasing. Relevant research and engineering applications
show that the mechanical properties of coal gangue as a subgrade filler can fully meet the
requirements of subgrade design [29,30]. He et al. [31] carried out screening tests, com-
paction tests, consolidation tests, permeability tests, bearing ratio tests, and direct shear
tests to study the influence of soil on the engineering mechanical properties of coal gangue.
The results indicated that the strength of soil gangue used as subgrade filler can fully meet
the subgrade design requirements. Wu et al. [32] studied the strength and deformation
characteristics of a coal gangue subgrade filler under different confining pressures, different
gradations, and different compactness through large-scale triaxial tests with the method of
artificial grading. The test results showed that the compactness of the coal gangue subgrade
filler should not be less than 93%. Di et al. [33] conducted a preliminary study on the
engineering properties of coal gangue through a compaction test and triaxial strength test.
They systematically analyzed the variation model of shear strength parameters, maximum
dry density, and optimum moisture content of coal gangue with coarse-grained material
content. Geng et al. [34] carried out unidirectional frost heaving tests on common filling
materials and coal gangue for high-speed railway subgrade under open system and closed
system conditions. The test results showed that it was feasible to use coal gangue as a
high-speed railway subgrade filler in permafrost regions. Zhou et al. [35] used lime fly
ash stabilized coal gangue as a pavement base material and designed 15 different ratios.
The test results confirmed that its strength meets the requirements of the expressway
and first-class highway for the base and subbase. However, its freeze-thaw resistance is
insufficient, so it is necessary to add cement to improve the durability of stabilized coal
gangue. Therefore, the utilization and applicability of coal gangue are limited due to the
constraints mentioned above. The utilization rate is not high, which necessitates exploring
methods for improvement. The research into the frost resistance and drying shrinkage
performance of coal gangue material in the base of high-grade highways is still sparse. The
research into the application of coal gangue material in the base of high-grade highways is
scarce, which does not allow the full utilization of coal gangue.

Given the existing problems in coal gangue applications as a highway base, this
paper takes the coal gangue material produced in the Hebi area of Henan Province as its
research subject. The optimum gradation of stabilized coal gangue was determined by
using the power function model y = axb [36], and cement was used to stabilize the coal
gangue. Subsequently, through a compaction test, an unconfined compressive strength test,
a freeze–thaw test, a splitting test, and a drying shrinkage test, the mechanical properties
and durability of cement stabilized gangue were analyzed. The objective was to provide
a basis, guide, and reference for the application of coal gangue materials in a high-grade
highway base.
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2. Raw Materials
2.1. Coal Gangue

The undisturbed coal gangue used in the test was provided by Hongchang Building
Materials Co., Ltd. in Hebi City, Henan Province. The reserves of coal gangue in Hebi
City are more than 20 million tons, and these are persistently accumulating. The
undisturbed coal gangue was screened in the mining area, and the coal gangue with a
particle size less than 30 mm was separated (Figure 1). The coal gangue with a particle
size greater than 30 mm was selected for crushing and classification. In order to ensure
the particle size of coal gangue, an impact crusher was used for crushing (Figure 2), and
the particles greater than 30 mm were crushed and sieved. According to the particle
size distribution of coal gangue, it was divided into four grades: machine-made sand,
4.75–9.5 mm, 9.5–19 mm, and 19–31.5 mm, as shown in Figure 3.

Gemini300 field emission scanning electron microscope (manufacturer: Carl Zeiss,
Germany) was used to inspect the surface structure of concrete samples; Bruker D8 Ad-
vance X-ray diffractometer (manufacturer: Brooke Company, Germany) was used for X-ray
diffraction analysis, and XRD data were analyzed with jade 6 software; The element distri-
bution in the micro region of the material was analyzed qualitatively and quantitatively
by SYMMETRYS EBSD energy chromatograph (manufacturer: Oxford Company, UK).The
results of the scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy
(EDS) analysis, and X-ray diffraction (XRD) analysis are shown in Figure 4. The chemical
composition and other physical and mechanical properties are shown in Tables 1–3. It
can be seen that the basic physical and mechanical properties met the requirements for
the class II highway base and subbase in the Chinese standard JTG/TF20-2015 “Technical
guidelines for construction of highway roadbases” [37].
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Table 1. Chemical elements of coal gangue (atomic fraction)/wt.%.

O C Fe Mg Ca Al Si Mn

56.6 24.2 15.2 2.2 0.9 0.4 0.3 0.2

Table 2. Physical and mechanical properties of coal gangue coarse aggregate (wt.%).

Apparent
Density/g.cm−3

Bulk
Density/g.cm−3 Porosity/% Crushing

Value/%
Dust Content

below 0.075 mm/%
Soft Rock
Content/%

2.618 1.473 43.8 27.8 0.85 1.2

Table 3. Physical and mechanical properties of coal gangue fine aggregate (wt.%).

Apparent
Density/g.cm−3

Bulk
Density/g.cm−3 Porosity/% Fineness Modulus Water Absorption

Rate/%

2.74 1.507 45 3.2 6.9

2.2. Crushed Stone

The gravel and machine-made sand used in the test were provided by Hongchang
Building Materials Co., Ltd. in Hebi City, Henan Province. Based on the gradation/particle
size distribution, the gravel and sand were classified into four grades (machine-made sand,
4.75–9.5 mm gravel, 9.5–19 mm gravel, and 19–1.5 mm gravel), as shown in Figure 5.
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The results of the scanning electron microscope (SEM), energy dispersive X-ray spec-
troscopy (EDS) analysis, and X-ray diffraction (XRD) analysis are shown in Figure 6. Its
chemical composition and physical and mechanical properties are shown in Tables 4–6. It
can be seen that its basic physical and mechanical properties can meet the requirements for
the class II highway base and subbase in the Chinese standard JTG/TF20-2015 “Technical
guidelines for construction of highway roadbases” [37].
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Table 4. Chemical elements of crushed stone (atomic fraction)/wt.%.

O C Ca

63.6 26.3 10.1

Table 5. Physical and mechanical properties of crushed stone coarse aggregate (wt.%).

Apparent
Density/g.cm−3

Bulk
Density/g.cm−3 Porosity/% Crushing

Value/%
Dust Content Below

0.075 mm/%
Soft Rock
Content/%

2.650 1.523 42.5 25.2 0.81 1.2

Table 6. Physical and mechanical properties of crushed stone fine aggregate (wt.%).

Apparent
Density/g.cm−3 Bulk Density/g.cm−3 Porosity/% Fineness

Modulus
Water Absorption

Rate/%

2.74 1.504 45.1 3.33 3.5

2.3. Cement

Ordinary Portland cement (P·O·42.5) with a density of 3150 kg/m3 was selected as
cement. The properties of cement are shown in Table 7. It can be seen that the cement used
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in this test met the requirements of TG/TF30 “Technical guidelines for the construction of
highway cement concrete pavements”. It can be used as the admixture in cement stabilized
gangue and cement stabilized macadam.

Table 7. Technical properties of cement.

Fineness/% Setting Time (h) Requirement of Normal
Consistency/%

Flexural Strength
(MPa)

Compressive
Strength (MPa)

initial final 3d 28d 3d 28d

3.1 3.6 6.5 28 6.9 9.4 27.6 45.8

3. Test Method
3.1. Gradation Optimization

Firstly, the raw materials of coal gangue and crushed stone with different particle sizes
were sieved to determine the gradation curve. Further, the gradation of coal gangue was
optimized according to JTG/TF20-2015 “Technical guidelines for construction of highway
roadbases” [37] to meet the gradation requirements for a secondary highway base and
subbase. The gravel was screened and synthesized to meet the standard gradation based
on the original four particle size ranges.

3.2. Compaction Test

According to JTG E51-2009 “Test methods of materials stabilized with inorganic
binders for highway engineering” [36], heavy compaction tests were carried out on cement
stabilized gangue with a cement content of 3%, 4%, 5%, 6%, and 7% and cement stabilized
macadam with a cement content of 4%, 5% and 6% (Figure 7).
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3.3. Unlateral Limited Compressive Strength Test

According to the compaction test results, the maximum dry density and optimum
moisture content of cement stabilized gangue and cement stabilized macadam with dif-
ferent cement contents were determined. The specimens were formed according to the
compaction degree of 96%. According to JTG E51-2009 “Test methods of materials stabi-
lized with inorganic binders for highway engineering” [36], the unconfined compressive
strength test of cement stabilized coal gangue and cement stabilized macadam was carried
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out for seven days. The static pressure was applied by the press, and 13 specimens (of size
150 mm × Φ150 mm) for each group were formed. After demolding, the specimens were
cured in the standard curing room for seven days. On the last day of the curing period, the
specimens were soaked in water for 24 h, and then the surface moisture was removed for
subsequent testing of 7-day unconfined compressive strength (Figure 8).
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3.4. Splitting Tensile Strength Test

According to JTG E51-2009 “Test methods of materials stabilized with inorganic
binders for highway engineering” [36], the splitting tensile test was carried out on cement
stabilized gangue with a cement content of 3%, 4%, and 5%. Thirteen specimens (of size
150 mm × Φ150 mm) in total were prepared. After demolding, the standard curing was
carried out for 90 days according to the method of T0845-2009 [36]. During the test, the
loading rate of the press was controlled at 1 mm/min. The splitting tensile test process is
shown in Figure 9.
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3.5. Freeze–Thaw Resistance Test

According to JTG E51-2009 “Test methods of materials stabilized with inorganic
binders for highway engineering” [36], the freeze–thaw tests of cement stabilized
gangue and cement stabilized macadam with a cement content of 4%, 5%, 6%, and
7% were carried out, respectively. Each group was statically pressed with a press to
form 13 specimens (of size 150 mm × Φ150 mm). After demolding and marking, the
specimens were put into a low-temperature chamber and frozen at −18 ◦C for 16 h.
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After freezing for one cycle, they were weighed, and each was melted in a 20 ◦C water
tank for 8 h. After melting, the surface of the specimen was dried, and the sample
was weighed again. The above freezing and thawing cycles were repeated until five
freeze–thaw cycles were completed, and the unconfined compressive strength was
measured. The process of the freeze–thaw test and the appearance of specimens before
and after freeze–thaw are shown in Figures 10 and 11, respectively.
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3.6. Drying Shrinkage Test

According to JTG E51-2009 “Test methods of materials stabilized with inorganic
binders for highway engineering” [36], drying shrinkage tests were carried out on
cement stabilized gangue with a cement content of 4%, 5%, and 6% (Figure 12). The
mixture was prepared with the best moisture content obtained in the experiment,
and the specimen was formed according to the compaction degree of 96%. The static
pressure method was used to form the mixture, the speed was 2 kN/s, and the specimen
size was 100 mm × 100 mm × 400 mm per beam. Each group had six specimens, out
of which three specimens were used to measure the shrinkage deformation while the
other three specimens were used to measure the drying shrinkage water loss ratio. The
data was recorded every day during the first seven days and after every two days after
7-day age for 31 days.
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4. Test Results and Data Discussion
4.1. Gradation Optimization Design

First, the raw materials of coal gangue with different particle sizes were sieved. The
sieving/screening results are shown in Table 8. According to Appendix A of JTG/TF20-
2015 “Technical guidelines for construction of highway roadbases” [37], the gradation
design of inorganic binder stabilized material was optimized. Three control points were
selected: a nominal maximum particle size of 31.5 mm with a passing rate of 100%, a
particle size of 4.75 mm with a passing rate of 40%, and a particle size of 0.075 mm with a
passing rate of 2%. The power function model y = axb was used to construct the gradation
curve of coal gangue. Three control points were brought into the formula of power function
model as follows:

y = axb (1)

where: x is particle size (mm), y is the passing rate (%), and ‘a’ and ‘b’ are the coefficients
(a = 18.807, b = 0.4843).

Therefore, the particle gradation of coal gangue after adjustment is shown in Table 9
and Figure 13 (c-c-2 refers to grade c-c-2 recommended in JTG/TF20-2015 “Technical
guidelines for construction of highway roadbases” [37]). Therefore, the particle size dis-
tribution of coal gangue designed in this paper was well within the recommended c-c-2
grading range, which meets the gradation requirements for a secondary highway base and
subbase [37].The particle gradation of crushed stone is given in Table 10 and plotted in
Figure 14.

Table 8. Screening results of coal gangue aggregates with different particle sizes.

Sieve Size/mm 31.5 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

0–4.75 mm - - - - - - 100 62 45.9 31.7 24.8 15.2 9.2
4.75–9.5 mm - - - - 100 96.8 0 - - - - - -
9.5–19 mm - - 100 75.9 40 7.9 0.6 - - - - - -
19–31.5 mm 100 71.9 6.1 3.1 2 - - - - - - - -

Table 9. Coal gangue particle grading.

Sieve Size/mm 31.5 26.5 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Passing (%) 100 92 78.3 72 65.6 56 40 24.1 14.6 9.0 5.4 3.3 2.0
Upper of C-C-2 100 100 87 82 75 66 50 36 26 19 14 10 7
Lower of C-C-2 100 90 73 65 58 47 30 19 12 8 5 3 2
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Table 10. Crushed stone particle grading.

Sieve size/mm 31.5 26.5 19 16 13.2 9.5 4.75 2.36 0.6 0.075

Passing (%) 99.8 96.6 86 79.9 70 60.5 38.3 25.6 10.7 1.9
C-C-2 100 100–90 87–73 82–65 75–58 66–47 50–30 36–19 19–8 7–2
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4.2. Compaction Test 

The maximum dry density and optimum moisture content of cement stabilized 
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content of cement stabilized coal gangue increased with the increase in cement content, 
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4.2. Compaction Test

The maximum dry density and optimum moisture content of cement stabilized gangue
cement stabilized macadam with different cement contents are shown in Figure 15. It can
be seen from Figure 15a that the maximum dry density and optimal moisture content
of cement stabilized coal gangue increased with the increase in cement content, and the
change range is small. When the cement content was 7%, the maximum dry density
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and optimum moisture content of cement stabilized gangue were the highest, while with
3% cement content, these were the minimum. Compared with Figure 15a,b, under the
condition of the same cement content, the maximum dry density of cement stabilized
macadam was higher. The optimum moisture content was smaller than that of cement
stabilized gangue.
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4.3. 7-Day Unconfined Compressive Strength

The representative value of 7-day unconfined compressive strength of cement stabi-
lized macadam with 4% cement content was Rd = 4.0 MPa. The representative values of the
7-day unconfined compressive strength of cement stabilized gangue with different cement
contents are shown in Figure 16. It is clear from Figure 16 that the representative value of
unconfined compressive strength of cement stabilized gangue with 4% cement content was
about 57.5% of the cement stabilized macadam with the same cement content. Compared
with the 7-day unconfined compressive strength of 3% cement stabilized gangue, the 7-day
unconfined compressive strength of cement stabilized gangue with 4%, 5%, 6%, and 7%
cement increased by 0.2 MPa, 1.7 MPa, 1.9 MPa, and 2.1 MPa, respectively. Reasons may
be that with the increase in cement content, the pores around the specimen are correspond-
ingly reduced, which can make the structural shape more dense, so as to increase the
strength of cement stabilized coal gangue [38]. The 7-day unconfined compressive strength
of 7% cement stabilized gangue was higher than that of the 4% cement stabilized macadam.
It can be seen from Figure 16 and Table 11 that when the cement content is the same, the
7-day test results of cement stabilized coal gangue in this paper were higher than those of
other researchers in Table 11. In this paper, the 7-day unconfined compressive strength of
cement stabilized coal gangue with 3% and 4% cement content can meet the requirements
for a medium and light traffic base (2.0–4.0 MPa) and a heavy traffic subbase (2.0–4.0 MPa)
of class II and below highways, respectively; other researchers needed the cement content
of cement stabilized coal gangue to reach 5% or 6%, respectively.

Compared with the 7-day unconfined compressive strength requirements of cement
stabilized material base and subbase for different highway grades in JTG/TF20-2015
(“Technical guidelines for construction of highway roadbases” [37]), in this paper, the 7-day
unconfined compressive strength of cement stabilized coal gangue with cement content of
5% met the requirements for a heavy traffic base (3.0–5.0 MPa) and an extremely heavy
and extra heavy traffic subbase (2.5–4.5 MPa) of class II and below highways. The 7-day
unconfined compressive strength of cement stabilized coal gangue with a cement content
of 6% and 7% met the requirements of an extremely heavy traffic base (3.0–5.0 MPa) and an
extremely heavy traffic subbase of class II and below highways requirements for an extra
heavy traffic base (4.0–6.0 MPa) and subbase (2.5–4.5 MPa), respectively.
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Table 11. 7-day unconfined compressive strength test results of different researchers.

Researcher Cao [39] Yan [40] Hu [41]

Cement
content/% 4 5 4 5 6

Compressive
strength/MPa 1.92 2.69 1.81 2.34 2.92

4.4. Splitting Tensile Strength of Cement Stabilized Coal Gangue

The representative values of the 90-day splitting tensile strength of cement stabilized
gangue with different cement contents are shown in Figure 17. It can be seen that the 90-day
splitting tensile strength values of cement stabilized coal gangue with 3%, 4%, and 5%
content were 0.65 MPa, 0.87 MPa, and 1.06 MPa. Compared with the 90-day splitting tensile
strength of 3% cement stabilized gangue, the 7-day unconfined compressive strength of
cement stabilized gangue with 4% and 5% cement increased by 0.22 MPa and 0.41 MPa,
respectively. The results also indicated that the 90-day splitting tensile strength of cement
stabilized coal gangue increased with cement content, and showed the same change law
as the unrestricted compressive strength. The splitting tensile strength mainly reflects the
cementing ability of cement stabilized aggregate inside aggregate. It mainly depends on
the cohesion between aggregates. The C–S–H gel after hydration of cement is the source of
this cohesive force [40]. Therefore, an increase in cement content can improve the splitting
tensile strength of cement stabilized coal gangue.
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The splitting tensile strength of the cement stabilized macadam gangue mixture
with different gradations of 5.5% cement content in [42] was 0.648 MPa and 0.723 MPa,
respectively, and the splitting tensile strength of the water cement stabilized macadam
gangue mixture with different gradations of 5.5% cement content in [43] were 0.749 MPa,
0.652 MPa, and 0.731 MPa. It was found that the splitting tensile strengths of cement
stabilized coal gangue in this paper were higher than those of [42,43]. Reasons may be that
the different gradations will lead to different maximum dry density and optimal water
content of the sample. In this paper, the power function model y = axb [36] was used. The
corresponding maximum dry density of the optimized gradation sample was greater than
the maximum dry density of [42,43], and the optimal water content was also less than the
maximum dry density of [42,43] resulting in a more compact structure of cement stabilized
coal gangue optimized in this paper. The recommended range of values for the splitting
tensile strength of cement stabilized macadam is 0.4–0.6 MPa in the specifications [36].
Clearly, the 90-day splitting tensile strength of cement stabilized coal gangue with a cement
content of 3% and 4% can meet the requirements of the specification.

4.5. Freeze–Thaw Resistance Test of Cement Stabilized Coal Gangue

Table 12 and Figure 18 show the frost resistance index and freeze-thaw compressive
strength loss diagram of cement stabilized gangue with 4%, 5%, 6%, and 7% cement
content. It can be seen from these results that the compressive strength loss BDR of
the cement stabilized coal gangue with cement contents of 4%, 5%, 6% and 7% were
greater than 75% after five freeze-thaw cycles, and the mass loss rate was less than 1%. Its
compressive strength loss BDR was greater than the frost resistance requirements of lime
fly ash stabilized materials in the heavy freezing area of Expressway and class I Highway
(70%) [44], and the mass loss rate was less than the specification requirements (5%) [36].
The compressive strength loss of the cement stabilized gangue with 5% and 6% cement was
the least, followed by the cement stabilized gangue with 7% cement which had a higher
loss in compressive strength after freeze-thaw cycles. The compressive strength loss with
4% cement content was the highest. Reasons may be that the cement stabilized coal gangue
with a cement content of 4% has a large number of pores due to the small cement content,
and due to its high water content, the volume expansion of the water in the pores during
the freezing process is large, which destroys the original pore structure and produces
microcracks, resulting in greater strength loss than the other three cement contents [38].
Therefore, the cement content and moisture content are the main factors affecting the
compressive strength loss of the cement stabilized coal gangue after freeze-thaw cycles.

Table 12. Frost resistance index.

Cement Content/% 4% 5% 6% 7%

BDR/% 75.16 94.33 92.26 89.29
Mass loss/% 0.07 0.26 0.81 0.24

4.6. Drying Shrinkage Test

It can be seen from Table 13 and Figure 19 that with the increase in cement content, the
drying shrinkage strain of the cement stabilized gangue increased. At the same time, the
hydration and setting of cement will cause volume shrinkage, which is positively correlated
with cement content. Therefore, the larger the cement content, the larger the deformation
of cement stabilized gangue, and correspondingly the larger the dry shrinkage strain. The
changing trend was drastic at first, and then slowed down with the increase in age [38].
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Table 13. Dry shrinkage strain value of cement stabilized gangue (×10−6).

Cement Content/%
Age (d)

7 15 23 31

4 112.5 345 512.5 627.5
5 165 382.5 620 850
6 230 480 705 895
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Figure 19. Relationship between dry shrinkage strain and age of cement stabilized gangue. 
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5. Conclusions

In this paper, according to JTG/TF20-2015, “Technical guidelines for construction of
highway roadbases” [37], the gradation design of inorganic binder stabilized materials was
optimized, and the power function model y = axb was used to optimize the gradation of
coal gangue. The optimized coal gangue gradation curve met the gradation requirements
for the secondary highway base and subbase. It provides a basis, guide, and reference for
the application of coal gangue materials in a high-grade highway base.

(1) Coal gangue was prepared by a sorting and crushing process, and the grading of
coal gangue raw materials was optimized by a power function model. The prepared
cement stabilized coal gangue pavement base material with 4% cement content had a
7-day unconfined compressive strength of 2.3 MPa, a 90-day splitting tensile strength
of 0.87 MPa, a frost resistance index BDR of 75.16%, a mass loss rate of 0.07%, and a
31-day dry shrinkage strain of 627.5 × 10−6, which can be used for medium and light
traffic bases and the heavy traffic subbase of class II and below highways.
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(2) The test results show that the cement content and the grading of the coal gangue raw
materials are the main factors affecting the 7-day unconfined compressive strength of
the cement stabilized coal gangue. An increase in cement content can improve the
90-day splitting tensile strength of cement stabilized coal gangue. Cement content
and moisture content are the key factors affecting the frost resistance index of cement
stabilized coal gangue. The larger the cement content is, the larger the dry shrinkage
strain of cement stabilized coal gangue is, and the shrinkage strain decreases first and
then increases with an increase in age.

(3) In view of the possible problems of cement stabilized coal gangue as a pavement base,
the comprehensive experimental analyses were carried out to verify the feasibility of
cement stabilized coal gangue as a highway base and subbase.
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Abstract: Sulfate and acid attacks cause material degradation, which is a severe durability concern for
cementitious materials. The performance of concrete composites comprising waste plastic food trays
(WPFTs) as low-cost fibers and palm oil fuel ash (POFA) exposed to acid and sulfate solutions has
been evaluated in an immersion period of 12 months. In this study, visual assessment, mass variation,
compressive strength, and microstructural analyses are investigated. For ordinary Portland cement
(OPC), six concrete mixtures, including 0–1% WPFT fibers with a length of 20 mm, were prepared.
In addition, another six mixtures with similar fiber dosages were cast, with 30% POFA replacing
OPC. It was discovered that adding WPFT fibers and POFA to concrete reduced its workability.
POFA concrete mixes were found to have higher long-term compressive strength than OPC concrete
mixes cured in water. As a result of the positive interaction between POFA and WPFT fibers, both
the crack formation and spalling of concrete samples exposed to acid and sulfate solutions were
reduced, as was the strength loss. The study’s findings show that using WPFT fibers combined
with POFA to develop a novel fiber-reinforced concrete subjected to chemical solutions is technically
and environmentally feasible. WPFT fibers have a significant protective effect on concrete against
chemical attacks.

Keywords: sustainability; concrete composites; durability; sulfate and acid attacks; WPFT fibers

1. Introduction

Over the past few decades, global recycling and energy recovery rates have steadily
grown, consequently reducing contributions to landfill sites. Around the world, the rate
of landfilling varies greatly. Plastics have become an essential and fundamental part of
our lives in numerous shapes and types, and the use of plastic has progressively increased.
Global plastic manufacturing reached about 288 million tons in 2012 [1]. Approximately
half of this amount was spent on one-time consumable commercial products, which have
contributed significantly to the rise of plastic-related waste. Furthermore, Wu and Mon-
talvo [2] stated that plastics contribute an ever-increasing quantity to the solid waste
stream, owing to their wide variety of uses. Besides, because computable information
on waste plastic manufacturing is usually maintained in-house and accomplished on
a business-to-business basis, it is rarely made public. According to Plastics Europe, Euro-
pean countries produce 25 million tons of waste plastic annually. Eriksen et al. [3] reported
in 2014 that only 29.7% of waste was effectively recycled, with about 39.5% being used as
reutilization and energy resources, and 30.8% being disposed of. Hearn and Ballard [4]
stated that the generated waste plastics are non-biodegradable and can remain in nature
for decades or centuries. Additionally, chemical reactions in some waste plastics can emit
hazardous chemicals, contaminating the air, soil, and underground waters. Consequently,
the generation of plastic wastes from any source is seen as a significant ecological problem.
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Food packaging has changed substantially since the nineteenth century in response to
global innovations and client needs. In this regard, Blanco [5] pointed out that over the
last three decades, the utilization of plastics in various types and forms in food packaging
has grown dramatically, as these materials are available in vast amounts with lower cost,
transferability, good barrier properties, and prospective utility. Silvestre et al. [6] also
stated that packing contributes to about 42% of the worldwide plastic sector, which has
raised from about 5 million tons in the 1950s to over 100 million tons worldwide, with the
packaging industry accounting for nearly 2% of GNP in developing countries. Despite
all the benefits of polymeric food packaging stated above, Martino et al. [7] discovered
that most of these polymers are conventionally created with high microbial resistance
and have become unsustainable for the ecosystem. Because of the increased attention to
decreasing the ecological challenges connected with plastic waste discarding and recycling,
several researchers have been motivated to invent new materials that are less harmful to the
environment [8–10]. Based on the location and accessible technologies and equipment, post-
consumer waste plastics could be attained with various methods. The recycling process is
complicated, according to Hubo et al. [11], since biological particles may contaminate waste
plastic food trays. Kumar et al. [12] stated that the prevention of waste plastic generation
in the first place, which is directly related to public awareness, is one of the preeminent
techniques to avoid the accretion of a large number of waste plastics. These strategies and
attempts are similar to those targeted at the appropriate and well-organized valorization of
the enormous masses of plastic waste that are undoubtedly formed daily. Thus, according
to Siddique et al. [13], the first-ever option that comes to mind is mostly the dumping and
burning of such wastes.

According to Almeshal et al. [14], recovering plastic wastes from pre-and post-
consumer sources is one of the most popular technological advances to recycle such
waste, generate new raw materials, and end the loop of plastic waste; however, due to
a deficiency of equipment and technology, most of the polypropylene food trays, including
several impurities, are not appropriate to send for recycling and be used as secondary
raw materials. Conventional approaches to discarding the massive volume of generated
plastic wastes worldwide include burning and dumping [15,16]. Consequently, a reliable
waste disposal strategy is required for this form of solid waste. A mechanical or chemical
mechanism creates fresh raw materials during reprocessing. Eriksen et al. [3] reported that
these unique raw materials could be used in production procedures to complete the circle or
be utilized in other activities, such as buildings or similar construction industries. The recy-
cling and reprocessing of solid wastes such as plastics are critical steps toward sustainable
development in modern life [17]. Household plastic wastes, particularly polypropylene
type of food trays, are a dispersed and contaminated resource, causing less reused plas-
tic and reduced potential for closed-loop recovery. Lower physicomechanical properties
and governing necessities for the chemical composition of reusable plastics can limit the
possibility of closed-loop recycling [18].

Furthermore, one of the sectors where a considerable amount of plastic as waste
material can be utilized is the construction industry. A great deal of research has been
carried out in regard to plastic waste components as aggregates and fiber constituents
in concrete mixtures [19]. Construction materials, like polymeric-based fibers, formed
from raw plastic components are widely available. Researchers have been interested in
reused plastics from several suppliers, and various investigations on the properties of
concrete made from waste plastic materials and its potential ecological impacts have been
conducted [20]. Concrete in various types has been recognized in construction industries for
its simplicity of manufacturing, strength, and specific durability characteristics; however,
concrete elements are frequently subjected to adverse circumstances, either naturally, like
sulfate-rich coastal areas and soils, or artificially, including industrial wastewater and
drainage, which impact the overall efficiency of hardened concrete. Sotiriadis et al. [21]
stated that concrete degrades under the influence of such harsh conditions due to chemical
reactions involving ion exchange. These compounds attack the C-S-H crystals of the cement
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matrix and the formation of soluble components such as ettringite and gypsum in the
concrete matrix. Due to the creation of these new products, the microstructure of the matrix
changes, causing the concrete to deteriorate [22].

Sulfate attack is a severe issue that shortens the service life of concrete. Sulfates
are widespread in groundwaters when they occur in sulfate-bearing rocks with sulfate
mineral-rich soils. Furthermore, as revealed by Bulatovic et al. [23], seawater contains
a significant amount of sulfate. Generally, the solid forms of sulfate do not enter and attack
the concrete components aggressively, but sulfate ions find their way into the previous
matrix and chemically react with the cement constituents when dissolved in water. In
mortar and concrete, a sulfate attack results in the creation of expanding gypsum and
ettringite components. Consequently, the calcium aluminate hydrate of the cement paste is
primarily influenced in this case [24,25]. Aside from sulfates, which can penetrate concrete
and cause severe damage, acids are yet another chemical that could also lead concrete
structures to deteriorate. Acid attack is not entirely resistant to cementitious materials [26].
Hadigheh et al. [27] stated that the cement hydrate’s most sensitive component is Ca(OH)2,
but the acid could also affect the C-S-H gels in the matrix, depending on the types of acid
and their concentration. Lu et al. [28] reported that acidic rains in which sulfuric acid is the
primary element cause severe corrosion in concrete components. Furthermore, according
to Mohammadhosseini and Tahir [29], the main consequence of sulfuric attack is gypsum,
observable on the surface and linked to the volume expansion of concrete specimens that
could induce tensile stress structural elements, resulting in cracking and spalling. Besides,
Bankir and Sevim [30] pointed out that the accumulation of gypsum in reinforced concrete
reduces the corrosion rate of rebar by sealing the outer surface of the samples if it is not
washed out. Different chemical processes among cement paste and gypsum, such as the
formation of calcium aluminate, can result in ettringite development with a higher quantity,
leading to further specimen cracks and a reduction in the concrete compressive strength.

In addition to mechanical characteristics, fiber-reinforced concrete has shown satisfac-
tory performance after contact with chemicals such as acid and sulfate attacks [31]. For
instance, adding polypropylene (PP) fiber to concrete reduces the pre-yield toughness of
reinforced concrete beams and the corrosion of steel bars [32]. Sulfate attacks on hardened
concrete are among the most prevalent in terms of deterioration due to the chemical re-
action among sulfate ions and the cement paste, which finally directs to the formation of
ettringite and gypsum and therefore causes concrete to deteriorate [33]. Owing to the high
surface free energy, the addition of PP fiber to concrete improves its resistance to magne-
sium sulfate and acid attacks, as well as good resistance to crack formation by minimizing
cracks in the interfacial transition zones (ITZ) [34]. Consequently, adding fibers to con-
crete enhances its mechanical properties and improves its ability to resist chemical attacks.
Bolat et al. [35] reported that several strategies could be used to develop the durability
of concrete structures. For instance, admixtures improve the strength and show superior
durability performance in concrete by generating a dense matrix by giving a well-graded
particle size dissemination for reducing the entry of severe components into the concrete.
These procedures have little effect on the ductility of concrete [36], where a study investi-
gated the use of WPFT fiber and POFA ashes in the development of concrete composites
and evaluated the combination of these materials on the performance of concrete under
sulfate and acid attacks. Concrete specimens were immersed in water, 10% MgSO4, and 5%
H2SO4 solutions for 12 months, and concrete performance was assessed in terms of visual
assessment, mass change, and variation in strength analysis. Moreover, the effects of chem-
ical attacks on concrete microstructure were examined by scanning electron microscopy
(SEM). In addition, the use of waste materials in concrete, such as plastic waste, contributes
to the reduction and environmental protection of generated waste.
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2. Experimental Program
2.1. Materials

In this study, ordinary Portland cement (type I) was utilized and met the ASTM C
150-07 standards. Also, raw POFA ashes from a palm oil mill in Johor, Malaysia, were
collected. The ash was dried and sieved at a temperature of 100 ± 5 ◦C to remove bigger
components and reduce the carbon content. For every 4 kg of raw ashes, fine particles lesser
than 150 µm were processed for grinding in a Los Angeles abrasion device for around 2 h.
The acquired POFA met the requirements of BS 3892 part 1 of 1992, and it may be classified
as class C and F according to ASTM C618-15. Table 1 lists the physical characteristics and
chemical compositions of the OPC and POFA.

Table 1. Physical properties and chemical composition of the OPC and POFA.

Material
Physical Properties Chemical Composition (%)

Specific Gravity Blaine Fineness SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 LOI

OPC 3.15 3990 20.4 5.2 4.19 62.4 1.55 0.005 2.11 2.36
POFA 2.42 4930 62.6 4.65 8.12 5.7 3.52 9.05 1.16 6.25

In this work, clean and dry natural river sand with a maximum size of 4.75 mm was
used as fine aggregate with a 2.3 fineness modulus and 2.6 specific gravity value and water
absorption of 0.7%. Also, crushed granite passed through a 10 mm sieve with a 2.7 specific
gravity and water absorption of 0.5% was utilized as a coarse aggregate. Potable water was
used for mixing and curative reasons. A constant dosage of a polymeric superplasticizer
was added to balance the flowability of fresh concrete. In addition, the fibers used in this
research were fabricated from a polypropylene form of post-consumer waste food trays.
The trays of different sizes and forms were recovered as post-consumer waste and washed
with water to remove any contaminants that could impair the characteristics of the concrete,
as shown in Figure 1a. The hand-cutting operation was performed with scissors to generate
consistent sheets. To be employed in the main experiments as fibers, the unpolluted plastic
strips from waste food trays were cut to a uniform width of 2 mm, thickness of 0.3 mm,
and 20 mm length (Figure 1b,c). The fundamental features of the waste polypropylene
food tray fibers are listed in Table 2.
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Table 2. Typical characteristics of the fabricated WPFT fibers used in this study.

Plastic Type Strand Shape Dimension
(W × L) (mm)

Density Range
(g/cm3)

Thickness
(mm)

Tensile
Strength (MPa) Elongation (%)

Polypropylene Rectangular 2 × 20 0.94 0.3 550 7–10
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2.2. Formulation of the Experimental Prototype

Table 3 shows various formulations of the experimental prototype. The DOE concrete
mix design approach was used in this research, using a water/binder (w/b) ratio of 0.49. In
total, twelve mixes with varying fiber dosages were made, with a control batch (B1) being
cast without the addition of WPFT fibers and POFA. Two groups of concrete mixtures,
namely, OPC and POFA-based, were made with the WPFT fiber dosages of 0, 0.2, 0.4, 0.6,
0.8, and 1.0% in a total of 12 batches. In the POFA-based mixtures, POFA replaced OPC
by 30%.

Table 3. The proportions of the different concrete mixtures.

Mix Cement
(kg/m3)

POFA
(%)

POFA
(kg/m3)

Water
(kg/m3)

Fine Aggregate
(kg/m3)

Coarse Aggregate
(kg/m3)

Vf
(%)

B1 445 - - 220 830 865 -
B2 445 - - 220 830 865 0.2
B3 445 - - 220 830 865 0.4
B4 445 - - 220 830 865 0.6
B5 445 - - 220 830 865 0.8
B6 445 - - 220 830 865 1.0
B7 312 30 133 220 830 865 -
B8 312 30 133 220 830 865 0.2
B9 312 30 133 220 830 865 0.4
B10 312 30 133 220 830 865 0.6
B11 312 30 133 220 830 865 0.8
B12 312 30 133 220 830 865 1.0

2.3. Testing Methods

Concrete cubes of a 100 mm size were cast for the entire experimental work in accor-
dance with the specifications of BS EN 12390-2: 2009 and BS EN 12390-3: 2009 at various
curing periods up to 12 months. Chemical immersion experiments were utilized in this
research work to investigate the performance of concrete composites comprising WPFT
fibers and POFA against magnesium sulfate and sulfuric acid attacks. Using scanning
electron microscopy (SEM), microstructural investigation of several concrete mixtures
was undertaken to evaluate the morphological and degradation mechanisms. Overall,
36 concrete cubes of a 100 mm size were cast and coated with plastic to minimize fast
vaporization for each test. The samples were then remolded after 24 hours and submerged
in water for 28 days to cure. Afterward, the samples were withdrawn, wiped dry, and
weighed to the nearest 0.1 g with an electronic weighing balance, recording the initial
weight with the succeeding weight throughout the exposure period. Next, the concrete
cubes were immersed in 10% MgSO4 and 5% H2SO4 solutions for the sulfate and acid
resistance tests.

The concrete sample cubes were entirely submerged in the chemical solutions for
12 months, and the pH values of the solutions changed quickly in both tests. Nevertheless,
the pH for the sulfate resistance test was restricted to a concentrated value of 8.5 and
2.5 for the acid solution. The pH was controlled through refreshing the solutions and was
then maintained constantly during the immersion duration. No standardized approach
is currently in place to test concrete resistance against sulfuric acid and sulfate assaults.
Furthermore, the testing techniques of ASTM C1012-15, ASTM C267-01-2012, and ASTM
C452-15 guide testing the chemical resistance of mortar and polymer concrete. Conse-
quently, following the standard specifications and the current literature, the concentration
levels of 10% and 5% were selected in this study for the magnesium sulfate and sulfuric
acid, respectively.

At the end of the exposure period (12 months), to evaluate the consequences of
chemical attacks on the performance of the concrete samples, the samples were taken
from the testing tanks and cleaned with plain water, then dried in a testing room at
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ambient temperature for about 30 minutes. After the specimens had sufficiently dried,
visual inspection was carried out to observe the degradation degree for each mixture after
12 months of exposure in the MgSO4 and H2SO4 solutions. The evaluation considered
the specimen edges, texture, color, size, and geometry. After that, the average masses of
specimens for each group were measured to calculate the variation in the mass by following
Equation (1):

MLt =
Mt − Mi

Mi
× (100) (1)

where Mt is the average mass of samples after 12 months exposure to chemical solutions
(gr), Mi is the original mass earlier absorption (gr), and MLt is the cumulative mass loss
after 12 months of exposure.

An evaluation of the strength loss factor (SLF %) after 12 months of exploration was
carried out to indicate the level of deterioration in concrete mixtures in terms of reduc-
tion in compressive strength, and the calculation was made with the following formula
(Equation (2)):

SLF =
Fcw − Fcs

Fcw
× 100% (2)

where SLF indicates the percentage of loss in compressive strength of concrete cubes
exposed to H2SO4 and MgSO4 solutions for 12 months, Fcw is the obtained strength values
of concrete specimens after 12 months cured in plain water, and Fcs is the residual strength
of the cubic samples immersed in H2SO4 and MgSO4 solutions for the same period.

3. Results and Discussion
3.1. Workability

A slump test was carried out to investigate the effects of WPFT fibers on the fluidity
of concrete mixtures and the results are presented in Figure 2. WPFT fiber addition led to
a reduction in the slump values, with the highest slump value being 185 mm for the OPC
control mix. Slump values of 140 mm and 95 mm were noted for mixes comprising 0.2%
and 0.4% WPFT fibers, respectively. According to the ACI 211-02 standard requirements,
these concrete mixtures have fluid and plastic workability and can be used in structural
members with congested and regular reinforcing. A minimum slump value of 35 mm was
measured for the mixture containing 1% WPFT fibers. The results also demonstrate that
the POFA mixes had less workability than the OPC-based mixes. Increases in the dosage of
fibers had a comparable consequence on the flowability of the POFA mixtures. The slump
of mixes with fiber dosages of 0, 0.2, 0.4, 0.6, 0.8, and 1%, for example, were measured as
165, 115 mm, 70 mm, 55 mm, 40 mm, and 25 mm. Previous research has shown that the PP
types of waste plastic fiber harm the workability of concrete [37]. This could be attributed
to the fact that fibers with a large surface area absorb more cement paste, which causes the
viscosity to rise, resulting in a lower slump value. Furthermore, the high fiber content and
wide surface area of short fibers results in reduced workability [38].

3.2. Water-cured Compressive Strength

Cubic compressive strength testing for the concrete samples cured in plain water at
various curing periods was carried out and the results are illustrated in Figure 3. The
obtained results show a decrease in the compressive strength values as the fiber volume
fractions increased. Nevertheless, the reduction in strength was minor, and the strength
values were within the acceptable range for structural applications. After 365 days of
curing in plain water, the strengths of OPC mixtures reinforced with 0, 0.2, 0.4, 0.6, 0.8,
and 1% WPFT fibers were 48.5, 47.2, 44.8, 43.2, 39.7, and 37.4 MPa, accordingly. Generally,
the modulus of elasticity of PP types of fibers ranged between 3.5–4.9 GPa, and these
comparatively low values classified the PP fiber as a soft material, and the matrix was
treated as a soft composite, and, therefore, caused a drop in the compressive strength of
reinforced concrete specimens [39,40].

74



Crystals 2021, 11, 966

Crystals 2021, 11, x FOR PEER REVIEW 7 of 22 

 
Figure 2. Effects of the WPFT fibers at various dosages on the slump of fresh concrete mixtures. 

3.2. Water-cured Compressive Strength 
Cubic compressive strength testing for the concrete samples cured in plain water at 

various curing periods was carried out and the results are illustrated in Figure 3. The ob-
tained results show a decrease in the compressive strength values as the fiber volume 
fractions increased. Nevertheless, the reduction in strength was minor, and the strength 
values were within the acceptable range for structural applications. After 365 days of cur-
ing in plain water, the strengths of OPC mixtures reinforced with 0, 0.2, 0.4, 0.6, 0.8, and 
1% WPFT fibers were 48.5, 47.2, 44.8, 43.2, 39.7, and 37.4 MPa, accordingly. Generally, the 
modulus of elasticity of PP types of fibers ranged between 3.5–4.9 GPa, and these compar-
atively low values classified the PP fiber as a soft material, and the matrix was treated as 
a soft composite, and, therefore, caused a drop in the compressive strength of reinforced 
concrete specimens [39,40]. 

Furthermore, replacing 30% of OPC with POFA resulted in greater compressive 
strength values, particularly after 12 months of curing in water. The strength value for the 
plain POFA mix was recorded as 52.9 MPa, which is approximately 10% greater than the 
48.5 MPa compressive strength value observed for the plain OPC mixture without any 
fibers. The testing results showed that the POFA mixes obtained higher strength values at 
extended curing periods than the OPC mixes. According to Zeyad et al. [41], the higher 
strength of POFA mixtures could be attributed to pozzolanic activity at ultimate ages, 
leading to increased concrete strength by creating supplementary C-S-H gels. POFA mix-
tures incorporating WPFT fibers showed a similar trend to the OPC mixtures, where the 
inclusion of fibers and rises in fiber volume fractions resulted in slight decreases in com-
pressive strength values [42]. After 365 days of immersion in water, the compressive 
strength values of POFA mixes containing 0, 0.2, 0.4, 0.6, 0.8, and 1% WPFT fiber were 
52.9, 51.2, 49.3, 47.6, 43.9, and 42.4 MPa, respectively, as shown in Figure 3 These values 
were higher than those recorded for the OPC mixtures with the exact fiber dosages. 

OPC: y = −148.57x + 170.95
R² = 0.9577

POFA: y = −134.29x + 145.48
R² = 0.9158

0

40

80

120

160

200

240

0 0.2 0.4 0.6 0.8 1

Sl
um

p 
(m

m
)

Fiber content (%)

OPC POFA

Figure 2. Effects of the WPFT fibers at various dosages on the slump of fresh concrete mixtures.
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Figure 3. The variation in the water-cured compressive strength of OPC and POFA concrete mixtures
containing WPFT fibers.
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Furthermore, replacing 30% of OPC with POFA resulted in greater compressive
strength values, particularly after 12 months of curing in water. The strength value for
the plain POFA mix was recorded as 52.9 MPa, which is approximately 10% greater than
the 48.5 MPa compressive strength value observed for the plain OPC mixture without
any fibers. The testing results showed that the POFA mixes obtained higher strength
values at extended curing periods than the OPC mixes. According to Zeyad et al. [41], the
higher strength of POFA mixtures could be attributed to pozzolanic activity at ultimate
ages, leading to increased concrete strength by creating supplementary C-S-H gels. POFA
mixtures incorporating WPFT fibers showed a similar trend to the OPC mixtures, where
the inclusion of fibers and rises in fiber volume fractions resulted in slight decreases in
compressive strength values [42]. After 365 days of immersion in water, the compressive
strength values of POFA mixes containing 0, 0.2, 0.4, 0.6, 0.8, and 1% WPFT fiber were 52.9,
51.2, 49.3, 47.6, 43.9, and 42.4 MPa, respectively, as shown in Figure 3 These values were
higher than those recorded for the OPC mixtures with the exact fiber dosages.

3.3. Sulfate Attack
3.3.1. Visual Assessment

The performance of cubic concrete samples immersed in the MgSO4 solution was
visually inspected monthly in this investigation. The degradation scale used to assess
the damage is shown in Table 4. Figure 4 depicts the appearances of specimens after
12 months of exposure, while Figure 3 depicts the deterioration degree of the OPC and
POFA specimens in a MgSO4 solution for the entire exposure period. The plain OPC mix
without WPFT fibers was the only mix that showed initial signs of deterioration, such as
small cracks along the corners of specimens. POFA-based specimens, on the other hand,
showed the first marks of degradation after three months of immersion. As shown in
Figure 5, the deterioration of all specimens, with and without fibers, accelerated over time.
The evolution of the OPC-based mixtures was faster than that of the samples containing
30% POFA. The specimens containing a higher dose of WPFT fibers were less severely
deteriorated after 12 months of exposure than the plain concrete mixes.

Since CaCO3 and Ca(OH)2 are the most vulnerable elements of the cement hydrate,
degradation was more intense in the OPC specimens, which have higher contents of these
components. This finding suggests that sulfate-induced degradation is exacerbated by
the low resistance of CaCO3 and Ca(OH)2 to sulfate assault, resulting in the formation of
calcium sulfate (CaSO4) [21]. The small cracks and slight deterioration that occurred at the
corners of samples were the initial evidence of attack in all cases, which appears as small
cracks, slow expansion of samples, and the spalling of edges. A soft white substance was
also applied to the interior surfaces of the fractures. The presence of fibers was discovered
to influence the degree of deterioration, as well as the progression. As can be seen, the
deterioration of the specimens studied progressed more slowly in combinations reinforced
with WPFT fibers, and greater fiber volume fractions showed stronger resilience. It is also
worth noting that the final degree of deterioration in POFA-based combinations was lower
than in the OPC mixtures for all specimens.

3.3.2. Mass Gain

Figure 6 depicts the variation in the masses of the concrete cube samples when
immersed in a MgSO4 solution for 12 months, revealing that all mixtures gained mass after
the end of the exposure period due to sulfate particle absorption by the specimens [21]. The
results revealed rises in masses by 1.3 and 0.8% for the control mixes of OPC and POFA,
respectively, after 12 months of exposure. The addition of WPFT fiber to the mixture, on
the other hand, drastically reduced the mass increase of the specimens. The addition of
fiber in the mixes appears to have contributed to the reduction in mass gain, as shown
in Figure 6. For fiber contents of 0.2, 0.4, 0.6, 0.8, and 1%, the mass gains of OPC fibrous
mixes were 0.48, 0.56, 0.96, 1.27, and 1.57%, respectively. The results also demonstrated that
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adding 30% POFA to the fibrous composites resulted in lesser mass gains when compared
to the OPC mixes when submerged in a sulfate solution.
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Table 4. Assumed degree of deterioration and the detected damages.

Deterioration Scale Observed Damages

0 No noticeable deterioration
1 Slight deterioration at edges in the form of microcracks
2 Deterioration at edges and corners
3 Cracking at corners and along the edges of samples
4 Severe cracks and expansion along the edges
5 Widespread cracks and sample expansion
6 Further expansion and side deterioration of samples
7 Wide expansion and spalling
8 Extensive deterioration and washout
9 Sample breakdown
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The variations in the masses of POFA-based mixes were recorded as 0.36, 0.47, 0.77,
1.1, and 1.35% for the similar fiber levels, respectively, which indicates a gain in mass
for all specimens. The development of a grid structure by fibers, which restricts particle
penetration and disruption into specimens, might be attributed to the drop in the mass gain
of specimens reinforced with WPFT fiber. As a result of the irregular pore arrangement of
the POFA concrete and the quantity of calcium hydroxide contained in the matrix, the use of
POFA in mixtures is favorable when in direct contact with a sulfate attack. Microcracks are
the primary entry points for hazardous chemical ions, such as sulfate ions, into the concrete
interior. The exposure of concrete specimens, either plain concrete or fiber-reinforced
concrete, followed several steps, as shown in Figure 7, including: (1) initial exposure,
(2) chemical reactions, (3) stress development in the concrete specimens, (4) crack formation,
(5) crack development and infiltration, and (6) substantial damage in various forms. It can
be seen that there were no noteworthy changes in the process of sulfate attacks amongst
the plain mix and mixes reinforced with fibers, with gypsum and ettringite development
producing expansion tension to cause concrete degradation [24]. The bridging action of
the fiber, which arrests microcracks, reduces the permeability and spalling of the concrete
significantly. Furthermore, the fibers prevent the passage of disturbance particles into
specimens by arresting microcracks induced by excessive stress [25]. Consequently, the
concrete mixtures comprising fibers gained less mass than conventional plain concrete.
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3.3.3. Compressive Strength Loss

Generally, concrete performance often degrades when exposed to a chemical attack
and extends the immersion period, owing to physical destruction and undesirable chemical
breakdown of the matrix. The inclusion of WPFT fibers improved the resistance to mag-
nesium sulfate assault, as seen in Figure 8. After 12 months of exposure, the compressive
strength of concrete mixtures exposed to sulfate attacks was evaluated, and the attained
outcomes were associated with the water-cured mixes. The strength loss was described
as the variation in strength among water-cured mixes and those exposed to MgSO4. The
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data in Figure 8 demonstrate that all of the blends had lost strength. When the OPC mixes
were associated with those of POFA mixes, the loss was found to be greater. For example,
in the OPC mixes, strength losses of 9.5, 6.3, 5.2, 9.6, 12.5, and 14.6 MPa were detected for
fiber dosages of 0, 0.2, 0.4, 0.6, 0.8, and 1%, correspondingly, whereas the values of 7.5, 5.7,
3.6, 8.4, 10.7, and 12.5 MPa were recorded as strength losses for the same fiber dosages,
respectively, in the POFA mixtures. It was observed that the obtained values are lower
in POFA mixtures than those of OPC, which indicates the better performance of POFA
concrete when exposed to chemical attacks.
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Figure 8. The variation in the 365-day compressive strength of concrete mixtures containing WPFT
fibers exposed to a MgSO4 solution.

The tensile expansion strain from the development of ettringite and gypsum in matrix
induces cracking and reduces the strength characteristics of concrete because of its low
tensile strength. Furthermore, the magnesium attack causes calcium compounds to be
released from C-S-H gels, reducing matrix stiffness and causing the specimens to break
down [26]. By microscopic investigation, Honglei et al. [43] reported the formation of
gypsum with double layers on the surface of the concrete samples, with only a slight
amount of ettringite and monosulfate. Magnesium sulfate attack is characterized by
a loss of strength and adhesion rather than cracking and expansion [44]. Furthermore,
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WPFT fibers inhibited the creation of tiny cracks and failure of specimens due to their
bridging effect.

The strength loss factor (SLF), following Equation (2), was used to indicate the decline
of compressive strength of concrete mixtures containing WPFT fibers after sulfate attack.
Figure 9 illustrates the SLF after 12 months of exposure to the MgSO4 solution. Sulfate
reactions altered all of the mixes and resulted in strength reduction. Under the same
circumstances, the SLF values were much higher in the OPC fibrous composites, but the
POFA specimen containing 0.4% WPFT fibers had the lowest SLFs; however, a further
rise in the dosage of fibers resulted in a minor surge in the SLF values. There has been
no research conducted so far on the combined effect of POFA and WPFT fibers on the
sulfate resistance of concrete. Nevertheless, the study results are comparable to those of
Behfarnia and Farshadfar [34] when considering the effective combination of PP fibers and
pozzolanic ashes in concrete bare to chemical attacks. They reported that the combination
of PP fibers and pozzolanic ashes has a significant effect on improving concrete resistance
against sulfate attacks.Crystals 2021, 11, x FOR PEER REVIEW 14 of 22 
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Figure 9. The effects of WPFT fibers on the strength loss factor of concrete exposed to a MgSO4 solution.

3.4. Sulfate Attack
3.4.1. Visual Assessment

The cubic samples submerged in a H2SO4 solution were visually inspected monthly
for 12 months, similar to the sulfate resistance test. Figure 10 reveals the appearance of
concrete specimens with and without WPFT fibers when exposed to the acid solution after
12 months. The initial stage in measuring the deteriorating consequence of acidic attack
is commonly visual assessment through analyzing the color change, subsurface cracks,
the deposition of additional components on the surface, and the spalling of specimens.
As illustrated in Figure 11, the appearance and color of the concrete specimens provides
a comprehensive indicator of the acid’s effect on the material, regardless of whether the
color reflects the original or acid-attacked surface. It was detected that the addition of
WPFT fibers and POFA in concrete mixtures results in slight changes in the shape and
texture of concrete samples exposed to acid, although both the plain and fiber-reinforced
OPC samples were fragmented and distorted after the 12 months of exposure.

The damage shown in Figure 12 was measured using the degradation scale provided
in Table 4. As illustrated in Figure 12, all specimens, with and without fibers, deterio-
rated faster over time. The evolution of the OPC-based mixtures was faster than that
of the 30% POFA samples. For example, after 12 months of exposure, the plain OPC
mix had a deterioration degree of 8, whereas the plain POFA mix had a deterioration
degree of 6. For the entire testing period, the degree of degradation decreased as the
fiber volume percentage increased. It is worth noting that a larger fiber content exhibited
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an excellently increased acid resistance and lower deterioration level. When exposed to acid,
concrete specimens containing WPFT fibers showed less spalling than the control specimens
without fibers.

3.4.2. Mass Loss

The fiber reinforcement had a considerable influence on mass loss, as demonstrated
by the results. This could be ascribed to the fiber bridging action, which reduced concrete
components from spalling and improved performance in an acidic environment. The
mass loss vs. fiber volume fraction test results are shown in Figure 13. At the end of
12 months of exposure to H2SO4 solutions, all concrete specimens showed the same mass
reduction behavior. The plain OPC specimens were found with a comparatively higher
rate of deterioration in acidic solutions. As OPC contains about 62.5% CaO, it results in
faster chemical reactions with acid and forms increased levels of gypsum and ettringite,
which are washed out quickly and result in a higher mass rate loss spalling.
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Figure 12. Deterioration degree of concrete specimens comprising WPFT fibers exposed to
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In contrast, the CaO content is only about 5% in POFA and provides it good acid
resistance as a material in concrete production [22]. The reinforcement of concrete with
WPFT fibers reduced the rate of mass loss in the OPC mixtures. In the OPC mixes reinforced
with 0, 0.2, 0.4, 0.6, 0.8, and 1% WPFT fibers, mass loss values of 17.5, 12.7, 9.7, 7.8, 6.6,
and 5.4% were recorded, respectively, indicating that the levels of mass loss in fibrous
mixtures was much lower than those in plain mixtures. Acid penetrated the concrete and
dissolved the cement paste binder, producing soft and soluble gypsum that subsequently
interacted with Ca(OH)2 to form ettringite, leading to mass losses. The presence of fibers
helped the concrete constituents to join via a bridging action, resulting in less breakage and
deterioration of the matrix. Another harmful consequence of acid attack was the reactions
among aluminate and calcium components in the OPC, leading to the formation of soluble
products. These exceptionally expansive and soluble products caused internal pressures in
the matrix, and microcracks and voids then formed and initiated the deterioration of the
concrete and a loss in the strength of the concrete components [21].

It is worth noting that the mass loss rates in the 30% POFA mixes were far lower than
the OPC specimens. This might be due to a lower concentration of reactive compounds,
like CaO, which slowed the degradation process and prevented ettringite’s creation, which
would have caused the concrete to expand [23]. The replacement of cement with POFA
resulted in a more remarkable performance for the concrete. For the exact dosages of
WPFT fibers, the mass losses of the POFA mixes were 15.6, 10.5, 8.3, 5.8, 3.5, and 3.2%,
respectively. According to the findings, the incorporation of WPFT fibers and POFA led to
the enhancement of concrete against acid attack and reduced spalling and mass loss.

3.4.3. Strength Loss

Figure 14 shows a comparison of the strength values among water-cured samples and
specimens submerged in a H2SO4 solution for 365 days. The extensive immersion in the
acid solution was thought to be the cause of the strength reduction in all mixes. It was
discovered that as the amount of WPFT fibers in the concrete increased, the strength loss
reduced, whereas the rate of strength loss was higher in the plain concrete mix. When
comparing the OPC specimens to 30% POFA mixes, the loss was shown to be greater.
For OPC mixes comprising 0, 0.2, 0.4, 0.6, 0.8, and 1% WPFT fibers, values of 31.4, 27.5,
24.7, 23.4, 21.7, and 20.8 MPa were recorded as strength losses, respectively. For the same
amounts of fiber, the losses in the strength of POFA mixes were recorded as 28.4, 25.4, 22.8,
21.7, 20.5, and 19.9 MPa.

Due to the good pozzolanic activity of POFA and a lower CaO content, the combined
effect of WPFT fiber and 30% POFA caused a minor rate of strength loss. This is because
OPC’s CaO content reacts with POFA’s reactive SiO2 during the hydration process, resulting
the formation of additional products, which helps to enhance the acid resistance of the
matrix [22]. The use of POFA, on the other hand, has permitted the production of concrete
that is very resistant to acid attacks. The presence of WPFT fibers reduced the creation
of fine cracks and specimen spalling due to their linking effect. As such, the reinforced
specimens immersed in the acid solution maintained their ductile behavior with a similar
mode of failure, almost identical to that of the water-cured materials under compressive
loads. Nevertheless, the control specimens without any fibers were completely distorted,
and their failure modes were not the same as typical of water-cured concrete. In addition,
as shown in Figure 15, the obtained SLF values of OPC mixtures were slightly higher than
those noted for POFA mixes after 12 months of exposure to the acid solution. This behavior
can be explained as follows: Adding 30% POFA to concrete specimens resulted in more
Ca(OH)2 being consumed throughout the hydration procedure, resulting in secondary
C-S-H gels in the matrix, which reduced the micro-sized void density in the matrix [25].
The lower SLF values of reinforced POFA mixes signify the positive interaction of POFA
and WPFT fiber in enhancing concrete performance against acid attacks.
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Figure 14. The variation in the 365-day compressive strength of concrete mixtures containing WPFT
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3.5. Scanning Electron Microscopy Analysis

Chemical attacks are primarily manifested by losing strength and adherence rather
than cracking and expansion. Figure 16 shows scanning electron microscopy (SEM) images
of water-cured concrete samples and those immersed in MgSO4 and H2SO4 solutions
for 365 days. Figure 16a shows the homogeneous spreading of C-S-H gel for water-
cured specimens after 365 days. The POFA-based mixes had enhanced performance
under chemical attacks due to the consumption of Ca(OH)2 in high amounts, which is
a soluble component in OPC during the pozzolanic reactions between POFA and OPC
particles along the exposure period [22]. The SEM results of conventional OPC and POFA
concrete mixtures treated with a MgSO4 solution are shown in Figure 16b. The SEM
image demonstrates how the morphology of the matrix changed when immersed in
a sulfate solution. The spherical pores in the OPC concrete mix gradually filled with
more precipitated particles due to sulfate exposure. It can be detected that the pore volume
of the OPC matrix varied during the exposure period, which affects both the mechanical
properties and the durability of the concrete. Consequently, due to the pozzolanic activity
of POFA and the development of extra C-S-H gel, the majority of the voids in the mixtures
containing 30% POFA filled up with these products, especially at later ages, leaving less
space for the freshly harmful particles formed during the exposure period in the sulfate [41].
Accordingly, the strength and durability of concrete improved with the addition POFA as
partial cement replacement [45,46].

Besides, the microstructures of the OPC and POFA samples after 12 months of expo-
sure to a severe H2SO4 solution are shown in Figure 16c. The production of gypsum at
a high level can be seen in the OPC specimens. In the POFA matrix, the generation of
gypsum was marginally lower. This was attributed to the existence of a greater amount of
Ca(OH)2 particles in the OPC, which caused the formation of a soluble product such as
gypsum in the matrix. Generally, gypsum with a weak structure is the main product of
a chemical reaction between sulfuric acid and cement particles, which causes the specimen
to expand and split [36]. During the hydration process, the Ca(OH)2 in the POFA matrix
was consumed, generating C-S-H gels, which have a greater ability to resist acid attacks.
Besides, the reactions between other components of OPC, such as calcium aluminate
and gypsum, may result in the creation of ettringite, which expands the specimens and
contributes to the formation of more cracks [47,48].

Figure 16. Cont.
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4. Conclusions

The long-term performance of concrete comprising WPFT fibers and POFA was
investigated against sulfate and acid attacks after 365 days. Concrete specimens were
exposed to 10% MgSO4 and 5% H2SO4 solutions. The performance of the concrete mixtures
was assessed with the help of visual inspection, mass change, residual strength, and
microstructural analysis. In the light of attained outcomes, the following conclusions can
be drawn:

• Adding WPFT fibers into the concrete mixture resulted in a reduction in workability.
The addition of 1% fibers resulted in a slump value of 35 mm, which is comparatively
lower than that of the 185 mm which was obtained for plain concrete mix.

• The compressive strength reduced as the fiber dosage increased. Initially, the strength
improvement of POFA mixes was essentially identical to that of OPC concrete mixes.
POFA-based concrete mixtures had higher compressive strength than OPC concrete
mixtures after extended curing times. At 365 days, the obtained compressive strength
values for POFA concrete mixes ranged from 42 MPa to 52.9 MPa, which is higher
than the values reported for OPC mixes. POFA’s pozzolanic activity, which pro-
duces additional hydration products, can account for the higher strength values in
POFA mixes.

• After being exposed to acid, the mass variation of plain and reinforced concrete
specimens was negative, whereas the mass variation of sulfate-treated samples was
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positive. The rate of mass change in mixtures comprising WPFT fiber and POFA,
on the other hand, was lower than that in the OPC combinations. Adding WPFT
fibers to concrete exposed to chemical attacks was a good technique for control-
ling mass changes. The mass loss of POFA concrete specimens reinforced with 1%
fibers after 12 months of exposure in the H2SO4 solution was recorded as 3.5%,
which is comparatively lower than that of the 15.5% recorded for the plain concrete
without fibers.

• Adding WPFT fibers and POFA to concrete specimens improved their sulfate resis-
tance. Due to the bridging action, the presence of WPFT fibers reduced expansion and
crack development, whereas the control specimen expanded due to the high calcium
oxide content in the sulfate solution. Consequently, a concrete mixture containing 0.4%
WPFT fibers and 30% POFA exposed to sulfate has excellent potential for reducing
compressive strength loss to only 3.7 MPa.

• Concrete specimens containing POFA and WPFT fibers showed a respectable level
of acid resistance. Concrete’s acid resistance rose as the fiber volume percentage
grew. It was discovered that concrete comprising 1% WPFT fibers and 30% POFA had
a compressive strength loss of 19.9 MPa, which is comparatively lesser than that of
the 31.4 MPa noted for the control mix.

• Due to the increased CaO content in ordinary Portland cement, the deterioration of
OPC-based concrete mixtures was more severe and quicker than that of the POFA
mixtures exposed to aggressive environments.

• SEM analysis of the pastes treated with 10% MgSO4 and 5% H2SO4 solutions revealed
how the specimens changed in these harsh conditions. As a result of exposure,
the pores of the OPC matrix eventually filled up with other precipitated elements.
Furthermore, in the POFA mixtures, most voids were filled with these products due
to POFA’s pozzolanic action and additional C-S-H gel, especially at later ages, which
developed the performance of the concrete.

• Concrete made from waste plastic food tray fibers and palm oil fuel could be commer-
cialized and used to develop industrial structures and other similar uses where high
resistance to harsh environments is required.

Author Contributions: All authors contributed to the paper evenly. Conceptualization, H.M. and
R.A.; methodology, H.M. and R.A.; software H.M., S.P.N. and R.A.; validation, H.M. and R.A.; formal
analysis, H.M. and R.A.; investigation, H.M. and R.A.; resources, H.M. and R.A.; data curation,
H.M., S.P.N. and R.A.; writing—original draft preparation, H.M., M.M.T. and R.A.; writing—review
and editing, H.M. and R.A.; visualization, H.M., S.P.N. and R.A.; supervision, M.M.T.; project
administration, R.A. and S.P.N.; funding acquisition, H.M. and R.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by University of Technology Malaysia under Postdoctoral
fellowship grants.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the size of the research.

Acknowledgments: The authors would like to acknowledge the financial and technical supports
received from Universiti Teknologi Malaysia and Prince Sattam Bin Abdulaziz University (Saudi Arabia).

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

References
1. Gu, L.; Ozbakkaloglu, T. Use of recycled plastics in concrete: A critical review. Waste Manag. 2016, 51, 19–42. [CrossRef]
2. Wu, S.; Montalvo, L. Repurposing waste plastics into cleaner asphalt pavement materials: A critical literature review. J. Clean.

Prod. 2020, 280, 124355. [CrossRef]
3. Eriksen, M.; Christiansen, J.; Daugaard, A.E.; Astrup, T. Closing the loop for PET, PE and PP waste from households: Influence of

material properties and product design for plastic recycling. Waste Manag. 2019, 96, 75–85. [CrossRef]
4. Hearn, G.; Ballard, J. The use of electrostatic techniques for the identification and sorting of waste packaging materials. Resour.

Conserv. Recycl. 2005, 44, 91–98. [CrossRef]

88



Crystals 2021, 11, 966

5. Blanco, I. Lifetime prediction of food and beverage packaging wastes. J. Therm. Anal. Calorim. 2016, 125, 809–816. [CrossRef]
6. Silvestre, C.; Duraccio, D.; Cimmino, S. Food packaging based on polymer nanomaterials. Prog. Polym. Sci. 2011, 36, 1766–1782.

[CrossRef]
7. Martino, V.; Ruseckaite, R.; Jiménez, A. Thermal and mechanical characterisation of plasticised poly (L-lactide-co-D, L-lactide)

films for food packaging. J. Therm. Anal. Calorim. 2006, 86, 707–712. [CrossRef]
8. Mohammadhosseini, H.; Yatim, J.M.; Sam, A.R.M.; Awal, A.A. Durability performance of green concrete composites containing

waste carpet fibers and palm oil fuel ash. J. Clean. Prod. 2017, 144, 448–458. [CrossRef]
9. Alqahtani, F.K.; Abotaleb, I.S.; ElMenshawy, M. Life cycle cost analysis of lightweight green concrete utilizing recycled plastic

aggregates. J. Build. Eng. 2021, 40, 102670. [CrossRef]
10. Mohammadhosseini, H.; Yatim, J.M. Microstructure and residual properties of green concrete composites incorporating waste

carpet fibers and palm oil fuel ash at elevated temperatures. J. Clean. Prod. 2017, 144, 8–21. [CrossRef]
11. Hubo, S.; Leite, L.; Martins, C.; Ragaert, K. Evaluation of post-industrial and post-consumer polyolefin-based polymer waste

streams for injection moulding. In Proceedings of the 6th Polymers & Mould Innovations International Conference, Guimaraes,
Portugal, 10–12 September 2014; pp. 201–206.

12. Kumar, S.; Panda, A.K.; Singh, R. A review on tertiary recycling of high-density polyethylene to fuel. Resour. Conserv. Recycl.
2011, 55, 893–910. [CrossRef]

13. Siddique, R.; Khatib, J.; Kaur, I. Use of recycled plastic in concrete: A review. Waste Manag. 2008, 28, 1835–1852. [CrossRef]
[PubMed]

14. Almeshal, I.; Tayeh, B.A.; Alyousef, R.; Alabduljabbar, H.; Mohamed, A.M.; Alaskar, A. Use of recycled plastic as fine aggregate
in cementitious composites: A review. Constr. Build. Mater. 2020, 253, 119146. [CrossRef]

15. Alyousef, R.; Mohammadhosseini, H.; Alrshoudi, F.; Alabduljabbar, H.; Mohamed, A.M. Enhanced performance of concrete
composites comprising waste metalised polypropylene fibres exposed to aggressive environments. Crystals. 2020, 10, 696.
[CrossRef]

16. Mohammadhosseini, H.; Alyousef, R.; Tahir, M.M. Towards Sustainable Concrete Composites through Waste Valorisation of
Plastic Food Trays as Low-Cost Fibrous Materials. Sustainability. 2021, 13, 2073. [CrossRef]

17. Alrshoudi, F.; Mohammadhosseini, H.; Alyousef, R.; Alabduljabbar, H.; Mustafa Mohamed, A. The impact resistance and
deformation performance of novel pre-packed aggregate concrete reinforced with waste polypropylene fibres. Crystals. 2020,
10, 788. [CrossRef]

18. Mohammadhosseini, H.; Ngian, S.P.; Alyousef, R.; Tahir, M.M. Synergistic effects of waste plastic food tray as low-cost fibrous
materials and palm oil fuel ash on transport properties and drying shrinkage of concrete. J. Build. Eng. 2021, 42, 102826. [CrossRef]

19. Jain, A.; Siddique, S.; Gupta, T.; Jain, S.; Sharma, R.K.; Chaudhary, S. Evaluation of concrete containing waste plastic shredded
fibers: Ductility properties. Struct. Concr. 2021, 22, 566–575. [CrossRef]

20. Colangelo, F.; Cioffi, R.; Liguori, B.; Iucolano, F. Recycled polyolefins waste as aggregates for lightweight concrete. Compos. Part B
Eng. 2016, 106, 234–241. [CrossRef]

21. Sotiriadis, K.; Nikolopoulou, E.; Tsivilis, S. Sulfate resistance of limestone cement concrete exposed to combined chloride and
sulfate environment at low temperature. Cem. Concr. Compos. 2012, 34, 903–910. [CrossRef]

22. Mohammadhosseini, H.; Tahir, M.M.; Sam, A.R.M.; Lim, N.H.A.S.; Samadi, M. Enhanced performance for aggressive environ-
ments of green concrete composites reinforced with waste carpet fibers and palm oil fuel ash. J. Clean. Prod. 2018, 185, 252–265.
[CrossRef]
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Abstract: This study investigated the influence of ultrafine metakaolin replacing cement as a ce-
mentitious material on the properties of concrete and mortar. Two substitution levels of ultrafine
metakaolin (9% and 15% by mass) were chosen. The reference samples were plain cement concrete
sample and silica fume concrete sample with the same metakaolin substitution rates and super-
plasticizer contents. The results indicate that simultaneously adding ultrafine metakaolin and a
certain amount of polycarboxylate superplasticizer can effectively ensure the workability of concrete.
Additionally, the effect of adding ultrafine metakaolin on the workability is better than that of adding
silica fume. Adding ultrafine metakaolin or silica fume can effectively increase the compressive
strength, splitting tensile strength, resistance to chloride ion penetration and freeze–thaw properties
of concrete due to improved pore structure. The sulphate attack resistance of mortar can be improved
more obviously by simultaneously adding ultrafine metakaolin and prolonging the initial moisture
curing time.

Keywords: ultrafine metakaolin; silica fume; strength; durability

1. Introduction

Concrete made with Portland cement has been available for nearly two hundred
years. In the past two centuries, with the development of science and technology, the
composition and performance of Portland cement have undergone great changes, and
construction technology using concrete has also undergone earth-shaking changes [1,2].
The two changes above have led to complete changes in the composition, preparation
methods and performance of modern concrete. Mineral admixtures such as supplementary
cementitious materials are an indispensable part of modern concrete [3,4]. The use of high-
activity admixtures such as slag and low-activity or inert admixtures such as limestone
powder effectively reduces energy and resource consumption by decreasing the amount
of cement used in the concrete production process and ensures the green and sustainable
development of the concrete industry [3,4]. More importantly, the use of admixtures
reduces the dependence of modern concrete strength on cement strength, improves the
rheological properties of the mixture, and increases the durability of concrete structures.

At present, the mineral admixtures used in the concrete preparation process world-
wide are mainly fly ash, slag, and limestone powder [5–8]. However, with the development
of the concrete industry, the stock of high-quality admixtures has decreased, leading to
gradually rising prices. Therefore, the available high-quality and economical mineral
admixtures will become increasingly scarce and unable to meet the needs of the national
construction market. On the premise that the annual production of admixtures cannot
be changed, the main technical means to offset the scarcity of high-quality admixtures
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is to increase their reactivity to reduce the dosage. Mechanical grinding is the most di-
rect method used to improve the reactivity of powders. Ultrafine grinding involves the
application of strong mechanical forces that distort the crystal structure of the mineral,
rapidly resulting in lattice dislocations, defects, and recrystallization, which improves the
reaction activity [9–12]. On the other hand, ultrafine grinding increases the specific surface
area of the admixture, thereby enhancing micro aggregation and nucleation effects in the
cement matrix [13–15]. In addition, ultra-high-performance concrete (UHPC) has attracted
increasing attention due to it meeting the requirements for special concrete structures such
as super high-rise buildings and long-span bridges [16–18]. Ultra-high-activity mineral ad-
mixtures, such as ultrafine powders, are indispensable for the preparation of UHPC [19–21].
Therefore, it is necessary to study the action mechanism and application effects of ultrafine
admixtures in concrete, whether from the perspective of improving the overall quality of
admixtures, solving the problem of the scarcity of high-quality admixtures, or meeting the
needs of special engineering and ensuring the supply of UHPC.

Metakaolin is an amorphous aluminum silicate formed by the calcination of kaolin
clay at temperatures ranging from 500 ◦C to 800 ◦C [22,23]. In the process of heating, most
octahedral alumina is converted into more active tetra-coordinated and penta-coordinated
units [24,25]. When the crystal structure is completely or partially broken, or the bonds
between the kaolinite layers are broken, kaolin undergoes a phase change and finally
forms metakaolin with poor crystallinity [25,26]. As its molecular arrangement is irregular,
metakaolin is in a metastable thermodynamic state and has gelling properties under ap-
propriate excitation [23–26]. Metakaolin has high pozzolanic activity, which means that it
can react with Ca(OH)2 and produce C-S-H gel and alumina-containing phases, including
C4AH13, C2ASH8, and C3AH6, at ambient temperature [23]. Therefore, metakaolin is
mainly used as a mineral admixture in cement and concrete. Compared to silica fume and
fly ash, metakaolin has a very high reactivity level [23]. Previous studies have shown that
metakaolin can increase the mechanical strength of concrete to varying degrees, depending
mainly on the replacement rate of metakaolin, the water/binder ratio, and the age at test-
ing [22,23,27]. Remarkably, metakaolin has a positive effect on reducing drying shrinkage
and improving durability [22,23,27–30].

In current practical engineering applications, 99.9% of metakaolin particles are less
than 16 µm [23]. The mean particle size is generally 3 µm, which is significantly smaller
than that of cement particles but not as fine as silica fume [23]. Ultrafine metakaolin
with a specific surface area greater than 20,000 m2/kg can be obtained by grinding. The
pozzolanic activity of metakaolin is related to the particle size. Theoretically, it is practical
to grind metakaolin so that it can play a greater role in concrete. In this paper, ultrafine
metakaolin obtained by grinding was used as a supplementary cementitious material in
concrete and mortar. The macroscopic properties, including the mechanical strength and
durability of concrete and mortar, were investigated. Plain cement concrete and silica fume
concrete were employed as reference samples.

2. Materials and Methods
2.1. Raw Materials

In this paper, Portland cement with a strength grade of 42.5 from Beijing Jinyu Group
Co., Ltd. in China was used as the cementitious material. Ultrafine metakaolin and
silica fume with similar specific surface areas were used as mineral admixtures. The
chemical compositions of the raw materials are presented in Table 1. The total content of
SiO2 and Al2O3 in ultrafine metakaolin is more than 99%. The particle size distribution
of ultrafine metakaolin is shown in Figure 1a. The X-ray diffraction (XRD) patterns of
ultrafine metakaolin are presented in Figure 1b. Figure 1b shows that the amorphous
phase is the main constituent, and SiO2 crystals are the main crystalline mineral phase in
ultrafine metakaolin. The microstructure of ultrafine metakaolin is shown in Figure 1c.
Ultrafine metakaolin is broken into small angular particles. Fine aggregates of mortar and
concrete were ISO standard sand and river sand with a fineness modulus of 2.9, respectively.
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Crushed limestone with a continuous size gradation from 4.75 mm to 20 mm was used as
coarse aggregate. A polycarboxylate superplasticizer with a water reduction rate of 20%
was used to adjust the flowability of fresh mortar and concrete.

Table 1. Main chemical compositions of raw materials/%.

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2Oeq * LOI

Cement 54.86 21.10 6.33 4.22 2.60 2.66 0.53 2.03
Ultrafine Metakaolin 0.13 52.72 46.29 0.28 0.15 0.08 0.12 0.64

Silica Fume - 94.67 - - - - 0.06 2.51

* Na2Oeq = Na2O + 0.658K2O; LOI: loss on ignition.
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2.2. Mix Proportions

Table 2 shows the mix proportions of concrete. The total amount of binder was
400 kg/m3. A water/binder ratio of 0.4 and a sand ratio of 0.44 were selected. Two
substitution rates of ultrafine metakaolin (9% and 15% by mass) were used, corresponding
to sample M1 and sample M2. The plain cement concrete sample (sample C), concrete
sample containing 9% silica fume (sample S1) and concrete sample containing 15% silica
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fume (sample S2) were regarded as the reference samples. The superplasticizer dosages
by mass percent of the total cementitious materials in samples C, M1 and M2 were 0.8%,
0.85% and 0.95%, respectively. The fresh concrete was poured into different sizes of molds,
including 100 mm × 100 mm × 100 mm and 100 mm × 100 mm × 400 mm. Only three
mix proportions (samples C, M1 and M2) were used for the mortar test. The water/binder
ratio was the same as concrete (0.4), and the sand/binder ratio was 3.0. Fresh mortar was
poured into steel molds with dimensions of 40 mm × 40 mm × 160 mm for sulphate attack
test. After 24 h, all samples were unmolded and cured under scheduled regimes.

Table 2. Mix proportions of concretes/kg·m−3.

Sample Cement Ultrafine
Metakaolin Silica Fume Fine Aggregate Coarse Aggregate Water Superplasticizer

C 400 0 0 854 1086 160 3.2
M1 364 36 0 854 1086 160 3.4
S1 364 0 36 854 1086 160 3.4
M2 340 60 0 854 1086 160 3.8
S2 340 0 60 854 1086 160 3.8

2.3. Curing Conditions and Test Methods

In the fresh state, the workability of fresh concrete was determined according to
Chinese National Standard GB/T 50080-2016. The fresh concrete was poured into the
slump bucket (upper 100 mm, lower 200 mm, and height 300 mm). After each pouring,
a tamper bar was used to hammer it evenly 25 times. After tamping, the bucket was pulled
up, and the concrete collapsed due to its own weight. The height value after the slump
was recorded. The slump value and loss ratio were calculated by the height difference
between peak height and slump height. In this study, different methods were used to
cure concrete and mortar. Concrete was cured under standard curing conditions at a
constant temperature (20 ± 2 ◦C) and relative humidity (95 ± 1%). The compressive
strength of concrete after 1 d, 3 d, 7 d, 28 d and 90 d and the splitting tensile strength after
28 d and 90 d were measured according to China National Standards GB/T 50081-2011.
Tests of compressive strength and splitting tensile strength were performed after casting
at a certain age by using three specimens for each test. The chloride ion penetrability
resistance and freeze–thaw resistance of concrete were determined by the American Society
of Testing Materials Standard ASTM C1202 and Chinese National Standard GB/T 50082-
2009, respectively. For the chloride ion penetrability resistance test, the cube specimen
of 100 mm × 100 mm × 100 mm was used to cut one specimen of 50 mm × 100 mm
× 100 from the middle. The charge passed in 6 h was used to evaluate the chloride ion
penetrability resistance. Three test blocks were tested for each group of specimens. For
the freeze–thaw resistance test, 100 mm × 100 mm × 100 mm cube blocks were used. The
mass change and dynamic elasticity modulus were tested after 300 cycles. The average
value for six specimens was obtained to ensure the accuracy of the test. For the connected
porosity test, the cut specimen of 50 mm × 100 mm × 100 mm was used. The connected
porosity was measured by the vacuum saturation–drying method. The connected porosity
P was determined using the Equation (1):

P = (m1 − m2)/m1 × 100%, (1)

where m1 is the mass of concrete that was completely saturated with water by the vacuum
saturation method for 3 d and m2 represents the mass of concrete that was dried at 40 ◦C
for 14 d.
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Two curing conditions for mortar were used: 3 d and 7 d initial moist curing. After
initial moist curing, all mortars were placed in a natural environment. The compressive
strength was tested after 28 d, and then the mortar was semi-immersed in a solution
containing 10% sodium sulphate (by mass) for 28 d, 56 d and 90 d. The concentration
of the sodium sulphate solution was maintained by periodically replacing the solution.
Meanwhile, the reference specimens cured in water for the same lengths of time were tested
for compressive strength and flexural strength. Therefore, the sulphate attack resistance
was evaluated by the relative compressive strength and flexural strength loss for the same
curing time.

3. Results and Discussion
3.1. Workability

Table 3 presents the values of slump and slump loss for all mixtures with different
dosages of ultrafine metakaolin. No segregation or bleeding was observed during mixture
experiments. Obviously, the workability of fresh concrete and replacement rate of ultrafine
metakaolin are nonlinearly related in Table 3. Compared to plain cement concrete, adding
9% ultrafine metakaolin decreases workability, while adding 15% ultrafine metakaolin
has little influence on workability. The addition of 9% ultrafine metakaolin results in a
smaller average particle size and larger specific surface area of the composite binder, which
leads to the availability of less free water in the concrete matrix. Therefore, sample M1
has poorer workability. However, sample M2 has the highest content of superplasticizer
compared to sample C, which seriously weakens the water absorption effect of ultrafine
metakaolin particles. Compared to silica fume concrete with the same replacement rate
and superplasticizer content, ultrafine metakaolin concrete has a higher slump value. This
indicates that the compatibility of the superplasticizer and ultrafine metakaolin concrete
is better. After 0.5 h, the slump loss values show the same change tendency as the slump.
However, the slump loss ratio is significantly changed. Compared to plain cement concrete,
adding 9% ultrafine mineral admixtures and 6.25% polycarboxylate superplasticizer has
little influence on the slump loss ratio. The addition of 15% ultrafine mineral admixtures
and 18.75% polycarboxylate superplasticizer obviously decreases the slump loss ratio.
Adding ultrafine metakaolin has a more effective impact.

Table 3. Slump and slump loss of fresh concretes.

C M1 S1 M2 S2

0 h (mm) 235 224 213 233 221
0.5 h (mm) 180 172 162 186 172

Loss ratio (%) 23.40 23.21 23.94 20.17 22.17

3.2. Mechanical Strength

The compressive strength and splitting tensile strength of all concrete are shown
in Figure 2. Overall, adding mineral admixtures increases the compressive strength of
concretes at all ages, as shown in Figure 2a. It is more obvious at the later ages. However,
different admixture dosages have various effects on ultrafine metakaolin concrete. The
compressive strength of sample M1 is slightly higher than that of sample M2 at 1 d, and it
is obviously higher than that of sample M2 at 3 d and 7 d. At 1 d, the early compressive
strengths of all concretes are approximately 15 MPa. At 3 d, the compressive strength of
plain cement concrete is 30 MPa, while the maximum strength is nearly 40 MPa (sample
M1). At 7 d, the compressive strengths of all concretes increase by approximately 10 MPa.
However, the opposite trend occurs at 28 d and 90 d. At 28 d, the compressive strengths of
sample C and sample M1 increase by approximately 10 MPa, but the compressive strength
of sample M2 reaches 62 MPa, increasing by 17 MPa. Therefore, adding 15% ultrafine
metakaolin can increase the strength of concrete to meet the strength requirements of
C60. The compressive strength of the composite concrete increases slowly from 28 d to
90 d. Thus, sample M2 has the highest compressive strength at late ages. Compared
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to plain cement concrete, adding 15% ultrafine metakaolin increases the compressive
strength at 28 d and 90 d by 24% and 20%, respectively. There is not much difference in
the compressive strengths of ultrafine metakaolin concrete and silica fume concrete with
the same replacement rate and superplasticizer content at all ages. Remarkably, the 7 d
compressive strengths of all concretes reached nearly 72–83% of the 28-d strength, which
suggests that a high superplasticizer content has no obvious negative effect on the early
strength of concrete.
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Figure 2b shows the same influence of ultrafine mineral admixtures on the splitting
tensile strength and compressive strength. The results show that the splitting tensile
strength of concrete increases as the ultrafine admixture content increases. There is little
difference in the splitting tensile strength of ultrafine metakaolin concrete and silica fume
concrete with the same replacement rate and superplasticizer content at 28 d and 90 d.
Adding 9% ultrafine metakaolin increases the splitting tensile strength by approximately
17% at 28 d and 90 d. Adding 15% ultrafine metakaolin increases the splitting tensile
strength at 28 d and 90 d by approximately 33% and 30%, respectively. The maximum
splitting tensile strength is close to 7 MPa at 90 d (samples M2 and S2).

3.3. Connected Porosity

The connected porosity of concrete is an index used to measure the transport capacity
of water and solution erosion, which is closely related to permeability. The connected
porosities of all concretes at 28 d are shown in Figure 3. Remarkably, the 28-d connected
porosity values of all concretes are in the 11–14% range. As shown in Figure 3, the
connected porosity of concrete obviously decreases with increasing ultrafine metakaolin
content. The connected porosity of silica fume concrete is relatively lower than that of
ultrafine metakaolin concrete at the same replacement rate and superplasticizer content.
This indicates that the addition of ultrafine mineral admixtures refines the pore structure
of concrete and makes the matrix denser, which improves the durability of concrete. This
result is consistent with the findings of Erhan et al. [22], who found that ultrafine metakaolin
substantially enhanced the pore structure of concrete and reduced the presence of harmful
large pores, especially at a high replacement level. The beneficial effect of adding silica
fume is slightly better than that of adding ultrafine metakaolin.
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3.4. Chloride Ion Penetrability of Concrete

According to ASTM C1202, the penetrability grades of concrete at 28 d and 90 d are
shown in Figure 4. Apparently, Figure 4 shows that the penetrability grades of samples C,
M1 and M2 at 28 d are “moderate”, “low” and “very low”, respectively. At 90 d, although
the charge passed by all concretes decreases due to lower connected porosity, there is no
change in penetrability levels. Meanwhile, the penetrability grades of ultrafine metakaolin
concrete and silica fume concrete with the same replacement rate show little difference at
28 d and 90 d for the same superplasticizer content. This result is attributed to similar pore
structures. Therefore, adding ultrafine mineral admixtures can improve the resistance to
chloride ion penetration of concretes at 28 d and 90 d. Ultrafine metakaolin has the same
effect as silica fume.
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3.5. Freeze–Thaw Resistance

Freeze–thaw damage is the main factor affecting the instability of concrete structures
in cold areas, which seriously threatens the safety and service life of concrete structures.
The relative dynamic elasticity modulus and mass loss of all concretes after 300 freeze–thaw
cycles are presented in Figure 5a,b, respectively. Figure 5a shows that the relative dynamic
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elasticity moduli of samples M1–S2 are all 81–86% after 300 cycles; therefore, sample M2
has the best freeze–thaw resistance, and its relative dynamic elasticity modulus is 85.5%.
However, the relative dynamic elasticity modulus of plain cement concrete is only 62.8%,
which is much less than those of composite concretes. Figure 5b shows that the mass loss of
plain cement concrete exceeds 5%. However, the mass loss of samples M1–S2 is very small,
less than 4% after 300 cycles in Figure 5b. Therefore, ultrafine metakaolin concrete and
silica fume concrete can meet the frost resistance requirements in cold areas; they have the
lowest frost resistance grade of F300. With increasing ultrafine metakaolin or silica fume
content, the relative dynamic elasticity modulus of concrete tends to increase, and the mass
loss decreases obviously. Meanwhile, it can hardly observe surface denudation of samples
M1, S1, M2 and S2, and the surface damage layers of these samples above are very thin.
Thus, composite concrete has excellent apparent performance. Therefore, adding ultrafine
metakaolin or silica fume has a positive influence on the freeze–thaw resistance of concrete.
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3.6. Sulphate Attack

Figure 6 shows the influence of different initial moisture curing times on the 28-d
compressive strength. The 28-d compressive strengths of samples C, M1 and M2 for 3-d
initial moisture curing are 55.3 MPa, 59.1 MPa and 67.9 MPa, respectively. Compared to
sample C, the growth rates of samples M1 and M2 are 6.9% and 22.8%, respectively. The
28-d compressive strengths of samples C, M1 and M2 for 7-d initial moisture curing are
57.4 MPa, 64.7 MPa and 70.8 MPa, respectively. Adding 9% and 15% ultrafine metakaolin
increases the 28-d compressive strength by 12.7% and 23.3%, respectively. The strength
growth rate of the 28-d compressive strength significantly increases with increasing ultra-
fine metakaolin content. The growth rate for 7-d initial moisture curing is higher than the
growth rate for 3-d initial moisture curing. Meanwhile, compared to that for 3-d initial
moisture curing, the 28-d compressive strength of mortar for 7-d initial moisture curing
increases. The growth rates of samples C, M1 and M2 are 3.8%, 9.5% and 4.3%, respectively.
The growth rates of samples M1 and M2 are higher than that of sample C. Therefore, pro-
longing the initial moisture curing time is more favorable for ultrafine metakaolin concrete
than plain cement concrete.
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The visual appearance of samples C, M1 and M2 exposed to sulphate attack for
different ages is shown in Figure 7a–c, respectively. The numbers marked in Figure 7 refer
to the initial moisture curing time. Many salt crystals precipitate from the upper parts
of the mortars and tend to increase with prolonged semi-immersion time. In the process
of semi-immersion, no obvious cracks appear on the surfaces of all mortars. The relative
compressive strengths of the mortars after different semi-immersion times are shown in
Figure 8a. When the mortars were initially moisture cured for 3 d, the relative compressive
strength of all mortars after 28 d of semi-immersion are less than 100%. However, the
relative compressive strengths for certain mortars after 56 d and 90 d of semi-immersion
are more than 100%, especially for plain cement mortar. When the mortars are initially
moisture cured for 7 d, the relative compressive strengths of almost all mortars after semi-
immersion are less than 100%. Therefore, from the results for the relative compressive
strengths, prolonging the initial moisture curing time has an adverse effect on the sulphate
attack resistance. This is unreasonable. Previous studies have shown that prolongation
of the initial moisture curing time is beneficial to cement hydration and pore structure
development, and sulphate attack resistance should not decrease with prolongation of the
initial moisture curing time [23,27]. Therefore, the compressive strength cannot be used as
an index to evaluate sulphate attack resistance of rectangular mortars in semi-immersion
tests. The flexural strength losses of mortars after different semi-immersion times are
shown in Figure 8b. Apparently, the flexural strength losses of mortars decrease with
increasing ultrafine metakaolin at any semi-immersion age. When the semi-immersion
time is the same, prolonging the initial moisture curing time has little impact on the flexural
strength loss of samples C and M1. However, compared to the flexural strength loss for
3-d initial moisture curing, the flexural strength loss of sample M2 for 7-d initial moisture
curing is relatively low. The addition of ultrafine metakaolin significantly improves the
sulphate attack resistance of mortar, and the sulphate attack resistance also significantly
improves with increasing ultrafine metakaolin. Therefore, in the semi-immersion test, it is
reasonable to evaluate the sulphate attack resistance of mortar by flexural strength loss.
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4. Conclusions 
(1) Simultaneously adding ultrafine metakaolin and a certain amount of polycarboxylate 

superplasticizer can effectively ensure the workability of concrete. The effect of add-
ing ultrafine metakaolin is better than that of adding silica fume in the same case. 
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cycles. Silica fume has the same effect as ultrafine metakaolin. 

(4) Prolonging the initial moisture curing time is more favorable for ultrafine metakaolin 
concrete than plain cement concrete in terms of compressive strength. Simultane-
ously adding ultrafine metakaolin and prolonging the initial moisture curing time 
can significantly improve the sulphate attack resistance of mortar. 
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4. Conclusions

(1) Simultaneously adding ultrafine metakaolin and a certain amount of polycarboxylate
superplasticizer can effectively ensure the workability of concrete. The effect of
adding ultrafine metakaolin is better than that of adding silica fume in the same case.

(2) The compressive strength and splitting tensile strength increase as the ultrafine admix-
ture content increases. Adding 15% ultrafine metakaolin increases the compressive
strength and splitting tensile strength at 28 d by approximately 24% and 33%, respec-
tively. The effect of mixing the same amounts of ultrafine metakaolin and silica fume
on the mechanical strength is not significant.

(3) Adding ultrafine metakaolin obviously reduces the connected porosity of concrete,
which effectively improves its resistance to chloride ion penetration and freeze–thaw
cycles. Silica fume has the same effect as ultrafine metakaolin.

(4) Prolonging the initial moisture curing time is more favorable for ultrafine metakaolin
concrete than plain cement concrete in terms of compressive strength. Simultaneously
adding ultrafine metakaolin and prolonging the initial moisture curing time can
significantly improve the sulphate attack resistance of mortar.
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Abstract: In this study, activator, metakaolin, and silica fume were used as a compound activator to
improve the activity of steel slag powder. The influence of activator, steel slag powder, metakaolin,
and silica fume on the resulting strength of steel slag cement mortar was investigated by orthogonal
experiments. For four weight fractions of steel slag powder (10%, 20%, 30%, 40%), the experimental
results indicate that the compressive strength of mortar can reach up to more than 85% of the control
group while the flexural strength can reach up to more than 90% of the flexural strength of the
control group. Through orthogonal analysis, it is determined that the activator is the primary factor
influencing the mortar strength. According to the result of orthogonal analysis, the optimal dosages
of activator, steel slag powder, metakaolin, and silica fume are suggested. The GM (0, N) prediction
model of compressive strength and flexural strength was established, and the compressive strength
and flexural strength of mortar with the optimal dosage combinations were predicted. The prediction
results show that by using the optimal dosage combination, the mortar strength can reach the level of
P·O·42.5 cement. Considering the different strength and cost requirements of cementitious materials
in practical engineering, the economic benefits of replacing cement with steel slag powder activated
by compound activator in various proportions and equal amounts were presented. The results show
that the method proposed in this study can reduce the cost of cementitious materials.

Keywords: steel slag powder; compound activator; mortar strength; orthogonal experiment; GM (0, N) model

Highlights:

• A method for using a compound activator to improve the activity of steel slag powder
is proposed.

• The optimal dosage combination of activator, steel slag, metakaolin, and silica fume is
suggested.

• The economic benefit analysis is carried out on the steel slag powder activated by the
compound activator to replace part of the cement.

1. Introduction

Steel slag is a byproduct of steel production, which accounts for about 15% of the mass
of steel production [1–3]. In China, the generation of steel slag is huge, whereas the total
utilization rate is low [4]. The accumulation of steel slag not only takes up a lot of land but
also pollutes the surrounding environment [5]. Therefore, it is imperative to improve the
utilization of steel slag [6–8]. The composition of steel slag is similar to that of cement, and
as such, it has the potential of replacing cement as a cementitious material. If steel slag can
be effectively used in the cement industry, it will benefit the solid waste utilization, energy

103



Crystals 2021, 11, 658

conservation, and environmental protection [9–13]. However, the inherent low activity of
steel slag restricts its application in the cement industry [14–16].

In order to address this issue, researchers have been employing different methods to
improve the activity of steel slag. Commonly used activation methods include physical
activation, chemical activation, thermal activation, and steel slag restructuring. The physi-
cal activation method increases the specific surface area of the steel slag by grinding the
steel slag into ultra-fine powder by using a ball mill, thereby increasing the hydration rate.
Zhu et al. [17] used a grinding aid mixed with sulfonate, alcohol, and metaphosphoric to
grind steel slag, which increased the early hydration rate of steel slag. Altun et al. [18]
ground steel slag to 4000 cm2/g and 4700 cm2/g specific surface area and used 30% of it
to replace Portland cement in mortar preparation which led to the 28-days compressive
strength of mortar to be 38.5 MPa and 45.8 MPa, respectively. Chemical activation enhances
the activity of steel slag by changing the mineral formation process, primarily including
alkali activation and acid activation [19–21]. Peng et al. [22] used water glass as a steel slag
activator, and the 28-days compressive strength of the mortar with 40% steel slag dosage
reached 51.4 MPa. Sun et al. [23] used water glass to activate the steel slag activity, and the
results showed that the pore structure of hardened cement paste was more compact than
that of the steel slag paste activated by sodium silicate, while the compressive strength of
alkali–activated steel slag hardened pastes was only 30–40% of the strength of ordinary
cement pastes. Huo et al. [20,24] used phosphoric acid and formic acid to activate the activ-
ity of steel slag, and research result showed that the compressive strength of the activated
steel slag pastes significantly improves at 3 days and 7 days ages. Zhang et al. [25] used
water glass, industrial residues, and a mixture of sodium hydroxide, calcium oxide, and
alum as the compound activator for steel slag; and the 28 days compressive strength of
steel slag blended cement was reported as 47.7 MPa. Du et al. [26] used dihydrate gypsum
and silica fume as steel slag compound activator in a ratio of 1:4, which greatly improved
the strength of steel slag cementitious materials at the early and late ages. Thermal activa-
tion can depolymerize the vitreous phase in the steel slag, thereby increasing the activity.
Lin et al. [27] investigated the effect of using thermally activated steel slag-fly ash-gypsum
system (the autoclave temperature was 100 °C). It was shown that the 28 days compressive
strength reached 46.8 MPa and 43.5 MPa for the pretreatment material dosages of 35% and
40%, respectively. Steel slag reconstruction is the addition of different materials to adjust
the chemical composition of steel slag to cause a chemical reaction at high temperature
for absorbing free calcium oxide to generate reactive substances such as dicalcium silicate,
tricalcium silicate, tricalcium aluminate, which improved the activity of steel slag. Kang
et al. [28] mixed basic oxygen furnace steel slag and electric arc furnace steel slag in an
appropriate ratio and reheated these at a high temperature in the laboratory, which sig-
nificantly improved the activity of steel slag. Yin et al. [29] reconstructed the steel slag by
reducing FeOx to improve the hydraulic activity of the steel slag, and the result confirmed
that the activity index was 92% when direct reduction slag replaced the cement with a
mass ratio of 30%. Zhao et al. [30] reconstructed the steel slag by adding electric furnace
slag and fly ash to the converter steel slag. The compressive strength of the paste with 30%
reconstructed steel slag dosage could reach 99.9% of that for the pure cement paste. Many
studies have shown that the physical activation takes a long time and has little effect on the
activity of steel slag at a later age. Also, the cost of the chemical activator is much higher
than the other methods. Whereas steel slag reconstruction can improve its activity to a
certain degree, it still lags behind the cement clinker. Other methods can also improve the
activity of steel slag, but these are still in the experimental stage [31,32].

There are many researches on chemical alkaline activation methods, but alkaline
activation has high cost. Therefore, the compound activator composed of neutral materials
(some salts such as sodium sulfate, sodium aluminate, and some mineral admixtures such
as silica fume) was used to activate the activity of steel slag powder in this paper, and the
optimal dosage of each component of compound activator in cementitious material was
determined through experiments. A grey prediction model GM (0, N) was established to
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predict the strength of steel slag cement mortar with the optimal dosage of each component.
The effectiveness of the proposed activation method was verified by the test results and
the model prediction results. Furthermore, considering the different requirements of
engineering for cementitious materials, economic benefit analysis is carried out for different
mix proportions to check whether the proposed method will reduce the cost of cementitious
materials and the extent of reduction to provide basis for engineering.

2. Experimental and Methods
2.1. Raw Materials

Seven different kinds of raw materials were used in the experimental program of this
study: cement, sand, steel slag powder, activator, metakaolin, silica fume, and water. The
cement was P·O·42.5 Portland cement with an apparent density of 3150 kg/m3. The sand
used in the study was ISO standard sand. The steel slag powder was produced by Taiyuan
Iron & Steel Group Co., Ltd. in Taiyuan, China, with a specific surface area of 450 m2/kg.
The activator was composed of various materials, and the corresponding components
and mass percentages are shown in Table 1. Water quenched slag and stone powder in
the activator can accelerate the hydration reaction. In addition, the particle size of water
quenched slag is larger than that of steel slag powder, so the water quenched slag can be
combined with steel slag powder to optimize the grading. Metakaolin was obtained by
calcining kaolin at 700 °C for 24 h. Silica fume was purchased from the market with a
density of 2.3 g/cm3. Ordinary potable water was used as well. The chemical compositions
of cement, steel slag powder, metakaolin, and silica fume are shown in Table 2, while the
particle size distribution is given in Figure 1. The actual samples of cement, steel slag
powder, activator, metakaolin, and silica fume are shown in Figure 2.

Table 1. Components of activator (wt %).

Silica Fume Sodium
Aluminate

Sodium
Sulfate

Sodium
Tripolyphosphate

Water
Quenched Slag

Desulfurization
Gypsum Stone Powder

6.25 0.63 1.25 0.62 21.25 3.13 66.87

Table 2. Main chemical compositions of materials (wt %).

Composition SiO2 Al2O3 Fe2O3 CaO SO3 MgO Na2O MnO K2O

Cement 19.31 5.86 3.15 60.33 4.42 3.03 0.12 - 1.13
Steel slag powder 14.24 1.94 19.69 46.19 - 10.06 - 1.36 -

Metakaolin 55.36 35.46 1.83 0.54 - 0.03 0.04 - 0.26
Silica fume 91.33 0.85 0.57 0.47 0.47 1.55 0.42 - 1.38
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2.2. Mix Proportions

The experimental design method is often chosen according to the experimental pur-
pose [33–35]. In order to study the influence of various factors on the mortar strength, the
orthogonal method was adopted for designing the experimental mix proportions. Activa-
tor, steel slag powder, metakaolin and silica fume were taken as four factors. The dosage
of each factor was set at several levels according to the mass percentage of cementitious
material. Due to the low activity of steel slag powder itself, the activation method is
difficult to have a good influence on the strength of steel slag cement mortar with excessive
steel slag powder dosage, so the dosage of steel slag powder is set to 10%, 20%, 30%, and
40%, a total of four levels. Al2O3 in metakaolin can accelerate the hydration reaction of
SiO2 in cementitious materials, so as to improve the strength of steel slag cement mortar. A
small amount of metakaolin can have positive effect on the strength of steel slag cement
mortar, so the dosage of metakaolin is set at four levels: 5%, 10%, 15%, and 20%. The silica
fume can improve the strength of steel slag cement mortar, but excessive dosage will lead
to high cost, so the silica fume dosage is set at 4 levels: 2%, 4%, 6%, and 8%. Level details of
factors are shown in Table 3. According to the orthogonal design method, sixteen groups
of mix proportions were designed. Another group of pure cement mortar specimens was
also designed as the control group for comparative study. The mix proportions are given
in Table 4.

Table 3. Level details of factors (wt %).

Dosage Level
Factor

Activator Steel Slag Powder Metakaolin Silica Fume

1 5 10 5 2
2 10 20 10 4
3 15 30 15 6
4 20 40 20 8
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Table 4. Mix proportions (g).

Experimental
Group Activator Steel Slag Powder Metakaolin Silica Fume Cement Sand Water

G0 0 0 0 0 450 1350 225
G1 22.5 45 22.5 9 351 1350 225
G2 22.5 90 45 18 274.5 1350 225
G3 22.5 135 67.5 27 198 1350 225
G4 22.5 180 90 36 121.5 1350 225
G5 45 45 45 27 288 1350 225
G6 45 90 22.5 36 256.5 1350 225
G7 45 135 90 9 171 1350 225
G8 45 180 67.5 18 139.5 1350 225
G9 67.5 45 67.5 36 234 1350 225

G10 67.5 90 90 27 175.5 1350 225
G11 67.5 135 22.5 18 207 1350 225
G12 67.5 180 45 9 148.5 1350 225
G13 90 45 90 18 207 1350 225
G14 90 90 67.5 9 193.5 1350 225
G15 90 135 45 36 144 1350 225
G16 90 180 22.5 27 130.5 1350 225

2.3. Test Methods

The mortar was mechanically mixed by a mixer. Before mixing, the activator and
steel slag powder was mixed uniformly. Then, metakaolin, silica fume, and cement were
gradually added to obtain the cementitious materials mix, and the mixing was further
continued. The mixing is done according to the following steps. First, water was added to
the mixing pot followed by the addition of all the cementitious materials. The machine was
started and the materials in the pot were slowly mixed at low speed for 30 s. The sand was
uniformly added after 30 s, and the mixing was continued at high speed for an additional
30 s after the sand was fully added. The mixing was stopped for 90 s, and a rubber scraper
was used to scrape off the paste on the blade and the wall of the mixing pot. Then, it was
further mixed at high speed for 60 s. The detailed mixing procedure is shown in Figure 3.
The mortar should be formed immediately after preparation. The specimens were cast in
three connected test molds, each having a size of 40 mm × 40 mm × 160 mm. The mortar
should be put into the test molds in two layers, and a vibrating table should be used for
vibrating the layers. Each time it was vibrated 60 times. Then, the mortar molds were put
into a curing box with humidity of 95% and a temperature of 20 ◦C for curing. After 24 h,
the demolding was done, and the test block was cured for 180 days under standard curing
conditions. Then, the mechanical properties of mortar were tested according to GB/T
17671-1999 [36]. The flexural strength testing machine is an electric flexural testing machine
model DKZ-5000 with 5 kN measuring range, manufactured by Wuxi Jianyi Instrument
& Machinery Co., Ltd. in Wuxi, China. Load control was selected as the test procedure
of flexural strength, and the loading rate was 50 N/s. The compressive strength testing
device is Hualong universal testing machine model WAW-600 with 600 kN measuring
range, manufactured by Shanghai Hualong Test Instrumens Co., Ltd. in Shanghai, China.
Load control was selected as the test procedure of compressive strength, and the loading
rate was 2500 N/s.
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2.4. GM (0, N) Prediction Model

In practice, we often encounter problems such as the lack of data, grey characteristics
of the data itself, and the need to consider the correlation between predictive variables and
multiple factors [37,38]. Grey system theory provides a method to solve such problems.
GM (0, N) and GM (1, N) are common multi-factor grey prediction models [39,40]. GM (1,
N) is a little complicated because it involves the first-order differentiation, whereas the GM
(0, N) model is relatively simple to establish as it has high prediction accuracy [41,42]. The
establishment of the GM (0, N) model is as follows [42]:

Take X(0)
1 =

(
x(0)1 (1), x(0)1 (2), · · · , x(0)1 (n)

)
as the system characteristic data sequence, and

X(0)
2 = (x(0)2 (1), x(0)2 (2), · · · , x(0)2 (n))

X(0)
3 = (x(0)3 (1), x(0)3 (2), · · · , x(0)3 (n))

· · ·
X(0)

N = (x(0)N (1), x(0)N (2), · · · , x(0)N (n))

as the relative factors data sequences. X(1)
i is the 1-AGO sequence of X(0)

i (i = 1, 2, ···, N),
then call

x(1)1 (k) =
N

∑
i=2

bix
(1)
i (k) + a (1)

as the GM (0, N) model.

B =




x(1)2 (2) x(1)3 (2) · · · x(1)N (2) 1
x(1)2 (3) x(1)3 (3) · · · x(1)N (3) 1

...
...

...
...

x(1)2 (n) x(1)3 (n) · · · x(1)N (n) 1




, Y =




x(1)1 (2)
x(1)1 (3)

...
x(1)1 (n)




Then the least-squares estimate of the parameter column
∧
b = [b2, b3, · · ·, bN , a]T is

∧
b = (BTB)

−1
BTY (2)
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3. Analysis of Results

The 180 days compressive strength and flexural strength test results of the control
group G0 (pure cement mortar specimens) are 48.0 MPa and 9.2 MPa, respectively. The
orthogonal experimental results are shown in Table 5.

Table 5. Orthogonal experimental results of mechanical properties.

Experimental
Group

Activator
(%)

Steel Slag
Powder

(%)

Metakaolin
(%)

Silica
Fume (%)

Compressive
Strength

(MPa)

Flexural
Strength

(MPa)

G1 5 10 5 2 43.4 8.2
G2 5 20 10 4 37.2 7.8
G3 5 30 15 6 45.6 8.3
G4 5 40 20 8 44.6 7.9
G5 10 10 10 6 44.2 8.8
G6 10 20 5 8 40.6 8.7
G7 10 30 20 2 29.8 7.4
G8 10 40 15 4 28.4 7.6
G9 15 10 15 8 47.9 8.2
G10 15 20 20 6 24.3 3.0
G11 15 30 5 4 31.1 3.7
G12 15 40 10 2 29.0 8.4
G13 20 10 20 4 16.0 4.0
G14 20 20 15 2 14.5 2.5
G15 20 30 10 8 12.5 2.4
G16 20 40 5 6 11.5 2.2

The compressive strength test results are shown in Table 5 and Figure 4a. When
the steel slag powder dosage is 10%, the mix proportion G9 has the highest compressive
strength (47.9 MPa). The dosages of activator, metakaolin, and silica fume are 15%, 15%,
8%, respectively. When the steel slag powder dosage is 20%, the compressive strength
of the mix proportion G6 is the highest (40.6 MPa), and the corresponding dosages of
activator, metakaolin, and silica fume are 10%, 5%, and 8%, respectively. When the steel
slag powder dosage is 30%, the mix proportion G3 has the highest compressive strength
(45.6 MPa), and the corresponding dosages of activator, metakaolin, and silica fume are 5%,
15%, and 6%, respectively. Furthermore, when the steel slag powder dosage is 40%, the
mix proportion G4 has the highest compressive strength (44.6 MPa), and the corresponding
dosages of activator, metakaolin, and silica fume are 5%, 20%, and 8%, respectively. As
shown in Figure 4a, with the change of dosage of steel slag powder (10–40%), the highest
compressive strength at each dosage level is more than 85% of the compressive strength of
the control group. As shown in Figure 4a, the compressive strength of steel slag cement
mortar shows an overall trend of decline from G1 to G16, while the dosage of activator
(5–20%) is gradually increasing. The reason why the strength of steel slag cement mortar
decreases may be that the content of stone powder increases with the increase of the
activator dosage, and excessive stone powder will have negative effect on the strength of
steel slag cement mortar. G9 is the mix proportion with the highest compressive strength
among 16 mix proportions. The reasons may be divided into two aspects. On the one
hand, the dosage of steel slag powder (10%) is relatively low, and the negative effect of
low activity of steel slag powder on steel slag cement mortar is relatively small. On the
other hand, it may be related to the relatively large dosage of metakaolin (15%) and silica
fume (8%). SiO2 in metakaolin and silica fume hydrate to form calcium silicate, which
improves the compressive strength. In addition, it is difficult to identify the main cause in
the condition of many factors, and further analysis is needed to determine the cause.

The flexural strength test results are given in Table 5 and Figure 4b. When the steel slag
powder dosage is 10%, the mix proportion G5 has the highest flexural strength (8.8 MPa),
and the corresponding dosages of activator, metakaolin, and silica fume, are 10%, 10%,
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and 6%, respectively. When the steel slag powder dosage is 20%, the mix proportion G6
has the highest flexural strength (8.7 MPa), and the dosages of activator, metakaolin, and
silica fume are 10%, 5%, and 8%, respectively. At 30% dosage of steel slag powder, the mix
proportion G3 has the highest flexural strength (8.3 MPa), and the corresponding dosages
of activator, metakaolin, and silica fume are 5%, 15%, and 6%, respectively. When the
steel slag powder dosage is 40%, the mix proportion G12 has the highest flexural strength
(8.4 MPa), and the corresponding dosages of activator, metakaolin, and silica fume are 15%,
10%, and 2%, respectively. As shown in Figure 4b, with the change of steel slag powder
dosage (10–40%), the highest flexural strength at each level of dosage is greater than 90% of
the flexural strength of the control group. As shown in Figure 4b, there is little difference
in the flexural strength of steel slag cement mortar of G1–G9, and the flexural strength of
G10, G11, G13, G14, G15, and G16 is relatively low, while the flexural strength of G12 is
relatively high. Similar to the compressive strength, it is difficult to find out the influence
law of each factor only from the test results, and further analysis is needed to determine
the cause.
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Figure 4. Strength of steel slag cement mortar with different mix proportions: (a) Compressive strength of experimental
groups; (b) Flexural strength of experimental groups.

4. Orthogonal Analysis

The analysis methods of orthogonal experimental results include range analysis and
variance analysis. Range analysis is a method to analyze the influence of each factor
on the system value in a multi-factor system. It can not only determine the primary
factor influencing the system value but also gives the optimal level combination of several
factors. Variance analysis is also a method of multi-factor system analysis, which can
not only estimate the error size but also represents the significant degree of influence of
each factor on the system value [43]. The above two methods are used to analyze the
experimental results.

4.1. Compressive Strength Analysis

The results of the compressive strength range analysis are shown in Table 6. According
to the range (R) of compressive strength caused by the change of dosage level, the factors
are in order as follows: activator (29.0 MPa) > steel slag powder (9.5 MPa) > silicon powder
(8.2 MPa) > metakaolin (5.4 MPa). Activator dosage has the most significant influence
on the experimental results of compressive strength. It indicates that the activator is the
primary influencing factor of compressive strength. The results of compressive strength
variance analysis are shown in Table 7. Activator, steel slag powder, metakaolin, and silica
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fume have a very profound effect on the compressive strength. The influence degree of
each factor on compressive strength can be further characterized according to the value
of ‘F’ of each factor. The greater the value of ‘F’ of each factor, the more significant the
influence is. Therefore, the order of the various factors according to the influence degree of
compressive strength from large to small is the activator, steel slag powder, silica fume, and
metakaolin. The results of range analysis and variance analysis indicate that the activator
had the greatest influence on the compressive strength and is the primary factor influencing
the compressive strength.

The relationship curve between the compressive strength and the dosage levels of
each influencing factor is shown in Figure 5. The influence of the activator dosages on the
compressive strength is shown in Figure 5a. The compressive strength decreases gradually
with the increase of the activator dosage, and it is at maximum when the activator dosage
is 5%. The influence of steel slag powder dosage on the compressive strength is shown in
Figure 5b. The compressive strength decreases gradually with the increase of the steel slag
powder dosage, and it reaches the maximum when the steel slag powder dosage is 10%.
The influence of metakaolin dosage on compressive strength is shown in Figure 5c. The
compressive strength first increases and then decreases with the increase of metakaolin
dosage. The compressive strength reaches the maximum when the metakaolin dosage is
15%. The influence of silica fume dosage on compressive strength is shown in Figure 5d.
The compressive strength first decreases and then increases with the increase of silica fume
dosage. The compressive strength reaches the maximum value when the activator content
is 8%. The compressive strength of steel slag cement mortar with 10% steel slag powder
dosage is significantly different from that with 20%, 30%, and 40% steel slag powder dosage.
The reason is that the activity of steel slag powder is low, and it is difficult to achieve a
higher compressive strength even if the activation method is adopted. With the increase of
the activator dosage, the content of stone powder also increases, and the negative effect
caused by excessive stone powder is greater than the activation effect of activator on steel
slag. When the dosage of metakaolin is 20%, the compressive strength is lower than the
compressive strength corresponding to dosages of 5–15%, so the dosage should not be
exceed 15%. With the increase of silica fume dosage (4–8%), the compressive strength of
steel slag cement mortar increases greatly. The dosages corresponding to the maximum
compressive strength are taken as the optimal dosage. Therefore, for the compressive
strength of mortar, the optimal dosage combination of the four factors is activator 5%, steel
slag powder 10%, metakaolin 15%, and silica fume 8%.

Table 6. Range analysis of compressive strength.

Index
Compressive Strength (MPa)

Activator Steel Slag Powder Metakaolin Silica Fume

K1 170.8 151.4 126.6 116.6
K2 142.9 116.6 122.9 112.7
K3 132.3 119.0 136.3 125.6
K4 54.6 113.5 114.7 145.6
k1 42.7 37.9 31.7 29.2
k2 35.7 29.2 30.7 28.2
k3 33.1 29.8 34.1 31.4
k4 13.7 28.4 28.7 36.4

MAX 42.7 37.9 34.1 36.4
MIN 13.7 28.4 28.7 28.2

R 29.0 9.5 5.4 8.2
Note: Ki is the sum of multiple test results at a certain level, ki is the mean value of multiple test results at a certain
level, and R is the range of mean value of test results at different levels.
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Table 7. Variance analysis of compressive strength.

Material SS df MS F Significant Degree

Activator 5562.2 3 1854.1 154.6 **
Steel slag
powder 703.0 3 234.3 19.5 **

Metakaolin 181.0 3 60.3 5.0 **
Silica fume 485.8 3 161.9 13.5 **

Se1 300.9 3 F0.01 (3, 35) = 4.4
F0.05 (3, 35) = 2.9
F0.2 (3, 35) = 1.6

Se2 118.8 32
Se 419.7 35 12.0

Sum 7232.9 47
Note: SS is the sum of squares; df is the degrees of freedom; MS is the mean square; Se1 is the System error; Se2 is
the experiment error; Se is the overall error; F is the MS/Se; ** is very significant (F > F0.01 (3, 35)).
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Figure 5. Relationship between compressive strength and dosage levels of each factor: (a) activator; (b) steel slag powder; 
(c) metakaolin and (d) Silica fume. 
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4.2. Analysis of Flexural Strength

The results of the flexural strength range analysis are shown in Table 8. According
to the range (R) of flexural strength caused by the change of dosage level, the factors
are in order as follows: activator (5.4 MPa)> steel slag powder (1.8 MPa) > metakaolin
(1.3 MPa) > silica fume (1.2 MPa). Activator dosage has the most significant influence on
the experimental results of flexural strength. It indicates that the activator is the primary
influencing factor of flexural strength. The results of the variance analysis of flexural
strength are shown in Table 9. Activator, steel slag powder, metakaolin, and silica fume all
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have a very significant influence on flexural strength. The influence degree of each factor
on flexural strength can be further distinguished according to the value of ‘F’ of each factor.
Therefore, the order of the different factors according to the influence degree of the flexural
strength from large to small is the activator, steel slag powder, metakaolin, and silica fume.
The results of range analysis and variance analysis indicate the activator had the greatest
influence on the flexural strength and is the primary factor affecting the flexural strength.

The relationship curve between the flexural strength and the dosage levels of each
factor is shown in Figure 6. The influence of the activator dosages on the flexural strength
is shown in Figure 6a. The flexural strength first increases and then decreases with the
increase of the activator dosage. The flexural strength reaches the maximum when the
activator dosage is 10%. The influence of steel slag powder dosage on the flexural strength,
shown in Figure 6b, indicates that the flexural strength decreases gradually with the
increase of the steel slag powder dosage. The flexural strength reaches the maximum when
the steel slag powder dosage level is 10%. The influence of metakaolin dosage on flexural
strength is shown in Figure 6c. The flexural strength first increases and then decreases
with the increase of metakaolin dosage. The flexural strength reaches the maximum when
the metakaolin dosage is 15%. The influence of silica fume content on flexural strength
is shown in Figure 6d. The flexural strength decreases first and then increases with the
increase of silica fume dosage, while it reaches the maximum value when the activator
content is 8%. Similar to the compressive strength, the steel slag cement mortar with smaller
dosage (5%, 10%) of activator has a larger flexural strength, while the steel slag cement
mortar with larger dosage (15%, 20%) of activator has smaller flexural strength. When the
dosages of metakaolin and silica fume were 10% and 8%, respectively, the corresponding
flexural strength reached the maximum, which was very close to 15% and 8% of optimal
dosage in compressive strength analysis. In addition, the strength corresponding to 40%
dosage of steel slag powder is only smaller than the strength corresponding to 10% dosage,
and the strength corresponding to 2% dosage of silica fume is only smaller than the strength
corresponding to 8% dosage, as shown in Figure 6. This indirectly explains the reason why
G12 has a large flexural strength, which is the result of the combined action of many factors.
The dosages corresponding to the maximum flexural strength are taken as the optimal
dosages. Therefore, for the flexural strength of mortar, the optimal dosage combination
of the four factors is activator 10%, steel slag powder 10%, metakaolin 10%, and silica
fume 8%.

Table 8. Range analysis of flexural strength.

Index
Flexural Strength (MPa)

Activator Steel Slag Powder Metakaolin Silica Fume

K1 32.2 29.1 22.8 26.4
K2 32.5 22.0 27.4 23.0
K3 23.2 21.8 26.6 22.4
K4 11.1 26.1 22.2 27.2
k1 8.0 7.3 5.7 6.6
k2 8.1 5.5 6.8 5.7
k3 5.8 5.4 6.7 5.6
k4 2.8 6.5 5.6 6.8

MAX 8.1 7.3 6.8 6.8
MIN 2.8 5.4 5.6 5.6

R 5.4 1.8 1.3 1.2
Note: Ki is the sum of multiple test results at a certain level, ki is the mean value of multiple test results at a certain
level, and R is the range of mean value of test results at different levels.
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Table 9. Variance analysis of flexural strength.

Material SS df MS F Significant Degree

Activator 228.7 3 76.2 51.1 **
Steel slag
powder 28.1 3 9.4 6.3 **

Metakaolin 15.6 3 5.2 3.5 *
Silica fume 13.3 3 4.4 3.0 *

Se1 28.9 3 F0.01 (3, 35) = 4.4
F0.05 (3, 35) = 2.9
F0.2 (3, 35) = 1.6

Se2 23.3 32
Se 52.2 35 1.5

Sum 314.6 47
Note: SS is the sum of squares; df is the degrees of freedom; MS is the mean square; Se1 is the System error; Se2 is
the experiment error; Se is the overall error; F is the MS/Se; ** is very significant (F > F0.01 (3, 35)); * is significant
(F > F0.05 (3, 35)).
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Figure 6. Relationship between flexural strength and dosage levels of each factor: (a) activator; (b) steel slag powder; (c) 
metakaolin and (d) Silica fume. 

Through orthogonal analysis, it is determined that the activator is the primary factor 
affecting the strength of steel slag cement mortar, and the optimal dosages of each factor 
corresponding to the compressive strength and the flexure strength are obtained. It pro-
vides a basis for scientific research and engineering application. At the same time, it was 
found that excessive content of stone powder in the activator had a negative effect on the 
strength of steel slag cement mortar. 
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Figure 6. Relationship between flexural strength and dosage levels of each factor: (a) activator; (b) steel slag powder; (c)
metakaolin and (d) Silica fume.

Through orthogonal analysis, it is determined that the activator is the primary factor
affecting the strength of steel slag cement mortar, and the optimal dosages of each factor
corresponding to the compressive strength and the flexure strength are obtained. It provides
a basis for scientific research and engineering application. At the same time, it was found
that excessive content of stone powder in the activator had a negative effect on the strength
of steel slag cement mortar.
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5. Prediction of Mortar Strength

The principle of orthogonal design method is to perform the overall evaluation of
the system by uniformly sampling the level combinations of multiple factors. Therefore,
the dosage level combinations of multiple factors adopted in the experiment may not
necessarily take into account the optimal dosage level combination. The GM (0, N) model
can be established to predict the system characteristic data of the optimal level combination
obtained by the range analysis method. The data selection used to establish the model
has a certain influence on the prediction accuracy of GM (0, N) model. Appropriately
reducing the number of data used in the model establishment, according to the level value
range of the primary factor of the system characteristic data, can improve the accuracy
of the prediction model. The results of orthogonal analysis show that the activator is the
main factor affecting the strength of mortar while the optimal dosages of the activator for
compressive strength and flexural strength are lower 5% and 10%, respectively. Therefore,
the GM (0, N) model was established by selecting the data of the first eight experimental
groups for improving the prediction accuracy.

5.1. Prediction of Compressive Strength

Taking the compressive strength of the first eight groups as X(0)
1 , that is the system

characteristic data sequence, and the dosage of activator, steel slag powder, metakaolin,
and silica fume as the relative factors data sequence X(0)

2 , X(0)
3 , X(0)

4 , X(0)
5 , then

X(0)
1 = (43.4 , 37.2 , 45.6 , 44.6 , 44.2 , 40.6 , 29.8 , 28.4 )

X(0)
2 = (5, 5, 5, 5, 10, 10, 10, 10)

X(0)
3 = (10, 20, 30, 40, 10, 20, 30, 40)
X(0)

4 = (5, 10, 15, 20, 10, 5, 20, 15)
X(0)

5 = (2, 4, 6, 8, 6, 8, 2, 4)

The data sequence is superimposed at once, and the parameter column satisfying the
least-square estimation is obtained through Equation (2).

∧
b = [−0.541,−0.395, 1.361, 4.557, 41.867]T (3)

Thus, the GM (0, 5) model of compressive strength is obtained:

x(0)1 (k) = −0.541x(1)2 (k)− 0.395x(1)3 (k)− 1.361x(1)4 (k)− 4.557x(1)5 (k) + 41.867 (4)

As shown in Table 10, the average relative simulation error of GM (0, 5) model of
compressive strength is 5.9%, while the accuracy is above 94%, which is a good prediction
accuracy. When the optimal dosage combination of compressive strength was substituted
into Equation (4), the prediction value of compressive strength was 55.6 MPa. The optimal
dosage combination of the flexural strength was substituted into Equation (4) to obtain
the prediction value of compressive strength of 51.5 MPa. The results show that the
compressive strength of the two mixtures reaches the level of P·O·42.5 Portland cement.
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Table 10. Simulation error check of GM (0, 5) model for compressive strength.

Number Actual Value Simulated Value Residual Relative Simulation Error

2 37.188 39.830 −2.642 0.071
3 45.583 38.612 6.971 0.153
4 44.625 50.581 −5.956 0.133
5 44.188 42.412 1.775 0.040
6 40.625 40.771 −0.146 0.004
7 29.750 29.894 −0.144 0.005
8 28.354 28.253 0.101 0.004

Mean 0.059

5.2. Prediction of Flexural Strength

Taking the flexural strength of the first eight groups as X(0)
1 , that is, the system

characteristic data sequence, and the dosage of activator, steel slag powder, metakaolin,
and silica fume as the relative factors data sequence X(0)

2 , X(0)
3 , X(0)

4 , X(0)
5 , then, the data

sequence X(1)
i is superimposed at once to obtain the parameter column satisfying the

least-squares estimation through Equation (2).

∧
b = [0.362,−0.019, 0.158, 0.591, 7.737]T (5)

Thus, the GM (0, 5) prediction model of flexural strength is obtained as

x(0)1 (k) = 0.362x(1)2 (k)− 0.019x(1)3 (k)+0.158x(1)4 (k)+0.591x(1)5 (k) + 7.737 (6)

As shown in Table 11, the average relative simulation error of GM (0, 5) model of
flexural strength is 5.3%, while the corresponding accuracy is above 94%, which is a good
prediction accuracy. When the optimal dosage combination of the flexural strength was
substituted into Equation (6), the prediction value of the flexural strength is obtained as
9.7 MPa, reaching the level of P·O·42.5 Portland cement. By substituting the optimal dosage
combination of compressive strength into Equation (6), the prediction value of flexural
strength is 8.7 MPa, which is consistent with the strength of the reference group (9.2 MPa).

Table 11. Simulation error check of GM (0, 5) model for flexural strength.

Number Actual Value Simulated Value Residual Relative Simulation Error

2 7.766 8.203 −0.437 0.056
3 8.344 7.156 1.188 0.142
4 7.906 8.938 −1.032 0.130
5 8.844 8.556 0.288 0.033
6 8.734 8.758 −0.024 0.003
7 7.359 7.392 −0.033 0.004
8 7.586 7.594 −0.008 0.001

Mean 0.053

6. Economic Benefit Analysis

The cement industry is a material and energy-intensive industry, which not only con-
sumes a lot of natural energy but also pollutes the environment. In practical engineering,
cement as a cementitious material has a huge cost, while the cost of steel slag, metakaolin,
and activator is relatively low. Activator, steel slag powder, metakaolin, and silica fume
were used as cementitious materials in equal amounts instead of cement, and their eco-
nomic benefits were evaluated. Through market research, the prices of activator, steel
slag powder, metakaolin, silica fume, and ordinary silicate P·O·42.5 Portland cement are
170 RMB/ton, 100 RMB/ton, 400 RMB/ton, 1000 RMB/ton, and 450 RMB/ton, respectively.
In practical engineering, the strength and cost requirements of cementitious materials are
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different according to different working conditions. Thus, it is imperative to provide the
economic benefit analysis of various dosage combinations for appropriate binder selection.
Based on the analysis of the above test results, the experimental group has a total of four
steel slag powder dosage levels (10%, 20%, 30%, and 40%). The results of the economic
benefit analysis based on the compressive strength and flexural strength are shown in
Tables 12 and 13, respectively.

Table 12. Economic benefit analysis on the combination with highest compressive strength in each steel slag powder
dosage level.

Dosage Combination of Binding Materials (%) Cost (RMB/ton)
Reduction Rate (%)

Steel Slag Powder Activator Metakaolin Silica Fume Cement Binging Materials in Study Cement

10 15 15 8 52 409.5

450

9.00
20 10 5 8 57 393.5 12.56
30 5 15 6 44 356.5 20.78
40 5 20 8 27 330 26.67

Max 26.67
Min 9.00

Table 13. Economic benefit analysis on the combination with highest flexural strength in each steel slag powder dosage level.

Dosage Combination of Binding Materials (%) Cost (RMB/ton)
Reduction Rate (%)

Steel Slag Powder Activator Metakaolin Silica Fume Cement Binging Materials in Study Cement

10 10 10 6 64 415

450

7.78
20 10 5 8 57 393.5 12.56
30 5 15 6 44 356.5 20.78
40 15 10 2 33 274 39.11

Max 39.11
Min 7.78

The results of the economic effect analysis indicate that the cost after cement replace-
ment can be reduced by 9.00–26.67% compared to that before the replacement when the
compressive strength is used as the benchmark for analysis. When the flexural strength is
analyzed, it is seen that the cost after the cement replacement can be reduced by 7.78–39.11%
compared to that before the replacement. For practical engineering, it is assumed that
10,000 m3 of concrete with the required strength of 42.5 MPa, the amount of cementitious
material per cubic meter of concrete is 0.4 ton. Using the method proposed in this study,
the cost of cement per cubic meter of concrete can save 31–156 RMB. Thus, the total cost
of cement replacement can be saved by at least 310,000 RMB and up to the maximum of
1560,000 RMB, which is a significant economic impact on the project.

7. Conclusions

A method of activating the activity of steel slag powder with neutral material is
proposed. The validity of the proposed method is verified by experiments. Through
orthogonal analysis, the optimal dosage combination of various components in the com-
pound activator is determined. The grey prediction model is established to predict the
strength of steel slag cement mortar under the optimal dosage combination of various
factors. Considering the different requirements of cementitious materials in engineering,
the economic benefits of several mix proportions are analyzed. The conclusions drawn
from this study are appended below.

1/The experimental results show that with the change of steel slag powder dosage
(10%, 20%, 30%, 40%), the compressive strength of mortar is affected. The highest strength
of each dosage can reach more than 85% of the compressive strength of the control group.
Similarly, the highest flexural strength can reach more than 90% of the flexural strength of
the control group.

2/Through orthogonal analysis, it is ascertained that the activator is the primary
factor influencing the strength of the steel slag cement mortar, and the optimal dosage
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combination of the compressive strength of the mortar is obtained as activator 5%, steel slag
powder 10%, metakaolin 15%, and silica fume as 8%, while the optimal dosage combination
of flexural strength is determined as activator 10%, steel slag powder 10%, metakaolin 10%,
and silica fume 8%.

3/GM (0, 5) prediction models for compressive strength and flexural strength were
established, respectively. The compressive strength and flexural strength of mortar were
predicted. The prediction results of the compressive strength and flexural strength for the
optimal dosage combination of compressive strength are 55.6 MPa and 8.7 MPa, respec-
tively. The compressive strength and flexural strength at the optimal dosage combination
for flexural strength are predicted to be 51.5 MPa and 9.7 MPa, respectively, which reach
the strength level of P·O·42.5 Portland cement.

4/The research conducted on economic benefit analysis for multiple dosage combina-
tions showed that the method proposed in this study can lower environmental pollution
and reduce the project cost to a greater extent on the basis of meeting project requirements.
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Abstract: The present research aims at evaluating the mechanical performance of untreated and treated
crumb rubber concrete (CRC). The study was also conducted to reduce the loss in mechanical properties
of CRC. In this study, sand was replaced with crumb rubber (CR) with 0%, 5%, 10%, 15%, and 20% by
volume. CR was treated with NaOH, lime, and common detergent for 24 h. Furthermore, water treatment
was also carried out. All these treatments were done to enhance the mechanical properties of concrete that
are affected by adding CR. The properties that were evaluated are compressive strength, indirect tensile
strength, unit weight, ultrasonic pulse velocity, and water absorption. Compressive strength was assessed
after 7 and 28 days of curing. The mechanical properties were decreased by increasing the percentage of
the CR. The properties were improved after the treatment of CR. Lime treatment was found to be the best
treatment of all four treatments followed by NaOH treatment and water treatment. Detergent treatment
was found to be the worse treatment of all four methods of treatment. Despite increasing the strength it
contributed to strength loss.

Keywords: crumb rubber concrete; crumb rubber; NaOH treatment; lime treatment; water treatment;
detergent treatment; concrete; compressive strength; materials; mechanical properties

1. Introduction

With the rapid growth in industrialization, solid waste is also increasing at an alarm-
ing rate. It has become essential for the construction industry to find and apply new
technologies to reduce waste produced by the industries and incorporate it in conventional
concrete [1–3]. Among many other solid wastes, crumb rubber (CR) is perhaps one of
the most challenging solid waste materials to cope with. CR is made by shredding tires
having a size between 0.075 mm and 4.75 mm [4]. It is estimated that nearly 1 billion tires
are generated every year, ending their serviceable life and out of this, about 50%, without
any treatment goes to garbage or landfills. By 2030, it is estimated, there would be about
5 billion tires that will be disposed of [5]. About 300 million tons are generated in the USA,
10 million tons in Turkey and Iran, and in the European Community, it is about 3.4 million
tons [6]. In order to avoid the negative and harmful ecological and environmental effects
caused by waste tire disposal, a significant body has promoted its use in concrete. The
major part of wasted tires is landfilled, globally. This rapid accumulation of tire waste
has catastrophic ecological and environmental consequences, causing serious threats to
human health (e.g., soil contamination, fire, and pests) [7,8]. There is a great potential in
the construction industry to accumulate a larger part of the rubber by utilizing CR as a
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partial replacement of natural aggregates in concrete which results in a type of concrete
named, crumb rubber concrete (CRC) [9,10]. Introducing CR into concrete increases energy
dissipation, impact resistance [11], drying shrinkage [12], water absorption [13], ductil-
ity [14], damping ratio, durability, and toughness [1,10,15]. However, it has been found by
many researchers that by increasing the percentage of CR the compressive strength of the
concrete decreases [16–20].

The utilization of admixtures in concrete has led to some changes in concrete mix
design, but in return, the resulted concrete is more durable and stronger [21,22]. Adhesion
of rubber particles is the main cause of strength loss [23,24]. In order to recover strength
loss, many researchers have tried diverse methods and techniques. Some researchers
have concentrated on the treatment of CR in order to improve adhesion, some have used
additives to recover the strength loss, and some have used a combination of treatment of
CR with additives to recover strength loss by adding CR [25]. Metakaolin, fly ash and silica
fume are the most common additives used in CRC [6,10,22,26–30] and treatments; NaOH
treatment is the most common treatment [10,31,32]. Some researchers have increased the
cement content [10] and some have used different water to cement ratios [16,33] in order
to mitigate the strength losses. Eshmaiel Ganjian et al. [34], investigated the performance
of concrete by incorporating discarded waste tire replacing fine (200–850 mm) aggregate
with 5%, 7.5%, and 10% by weight. They found a 10–23% drop in the compressive strength
of the concrete while the drop in tensile strength was found to be 30–60%. Eldin and
Senouci [35] found a reduction of 85% in compressive strength when coarse aggregate
was replaced while with the replacement of fine aggregate, there was a 65% drop in the
compressive strength. Güneyisi et al. [36] investigated the performance of CRC with
the addition of silica fume. They used CR for fine aggregates and tire chips for coarse
aggregates. They found a 77% reduction in the unit weight of the normal weight concrete
with 50% replacement of rubber as the total aggregate volume. They also found that silica
fume was beneficial and helped to recover strength loss. They also proposed that rubber
should not be used above 25% of the total volume of aggregate. Rezaifar et al. [6] found
that loss in compressive strength of CRC with 10, 20, and 30% CR replacement was 17, 34,
and 51% respectively. Rezaifar et al. [6], used metakaoline in conjunction with CR which
lowered the strength loss to about 22%. They also found a decrease in the unit weight of
the CRC. Mohammadi et al. [31], recovered a 25% of strength loss by treating CR with
NaOH for periods of 20 min, 24 h, and 7 days. They found 24 h to be the optimum period.
Onuaguluchi and Panesar [17] investigated the performance of CRC with pre-coated CR
in conjunction with silica fume. They found an increase in compressive strength of 29%
with 5% CR and silica fume and an increase in compressive strength of 14% with 10% CR
and silica fume. Youssf et al. [10], investigated the performance of concrete by treatment
using silica fume, NaOH (sodium hydroxide) solution, and cement content. They found
0.5 hours of treatment of rubber, 350 kg/m3 cement content, and 0% silica fume replacing
cement by weight as the best alternatives.

In this study, the focus is on the surface treatment of the CR to mitigate the strength
loss of concrete due to the addition of CR rather than focusing on additives, admixtures,
or increasing the cement content in the CRC. This study aims at finding new, better, and
cheaper methods of surface treatments of CR to recover the strength loss of concrete by
adding CR. This research study will contribute in better understanding the relationship
between surface treatments of CR and mechanical properties of the CRC. This will pave the
way to explore and advance the treatments’ techniques in order to achieve the best results
relating to losses in mechanical properties of CRC. The outcomes of this research study can
be helpful in the practical application of using CR in conventional concrete.

2. Experimental Program

A total of 189 cylinders of 150 mm × 300 mm for 21 mixes (as shown in Table 1) were
made for the research study. For each mix, nine cylinders were made. Three for assessing
compressive strength at 7 days, three for assessing compressive strength at 28 days, and
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three for assessing the indirect tensile the strength at 28 days. Out of the 21 mixes, 1 mix
was used for controlled mix, 4 mixes were for untreated CRC, and 16 mixes were for treated
CRC as shown in Table 1. About 15 additional cylinders of 150 mm × 300 mm were made
to evaluate the compressive strength of untreated CRC at 28 days after placing the concrete
specimen in the oven at 200 ◦C for a time period of 6 hours. The specimen were then
allowed to cool down at room temperature.

Table 1. Mix design.

Mix Type Treatment CR % w/c Ratio Net Water
(kg/m3)

Cement
(kg/m3) Fine Aggregate Coarse

Aggregate

Sand
(kg/m3)

Crumb
Rubber
(kg/m3)

Gravel
(kg/m3)

C0 (CM) - 0 0.50 203.97 400 661.82 0 1074.18
CU5 - 5 0.50 203.96 400 628.73 20.35 1074.18

CU10 - 10 0.50 203.95 400 595.64 40.70 1074.18
CU15 - 15 0.50 203.94 400 562.55 61.05 1074.18
CU20 - 20 0.50 203.93 400 529.46 81.40 1074.18
CN5 NaOH 5 0.50 203.96 400 628.73 20.35 1074.18

CN10 NaOH 10 0.50 203.95 400 595.64 40.70 1074.18
CN15 NaOH 15 0.50 203.94 400 562.55 61.05 1074.18
CN20 NaOH 20 0.50 203.93 400 529.46 81.40 1074.18
CL5 Lime 5 0.50 203.96 400 628.73 20.35 1074.18
CL10 Lime 10 0.50 203.95 400 595.64 40.70 1074.18
CL15 Lime 15 0.50 203.94 400 562.55 61.05 1074.18
CL20 Lime 20 0.50 203.93 400 529.46 81.40 1074.18
CW5 Water 5 0.50 203.96 400 628.73 20.35 1074.18
CW10 Water 10 0.50 203.95 400 595.64 40.70 1074.18
CW15 Water 15 0.50 203.94 400 562.55 61.05 1074.18
CW20 Water 20 0.50 203.93 400 529.46 81.40 1074.18
CD5 Detergent 5 0.50 203.96 400 628.73 20.35 1074.18

CD10 Detergent 10 0.50 203.95 400 595.64 40.70 1074.18
CD15 Detergent 15 0.50 203.94 400 562.55 61.05 1074.18
CD20 Detergent 20 0.50 203.93 400 529.46 81.40 1074.18

2.1. Concrete Materials and Properties

Ordinary Portland Cement (OPC) in compliance with ASTM C150 Type I, from Best-
way cement factory was used. The sand was used as fine aggregate, crushed stone was
used as coarse aggregate, and CR was used as a replacement of sand by volume ranging
from 0–20%. Water used for the entire research project was ordinary tap water available.
The fineness modulus of fine aggregate was found to be 2.71. The specific gravity, water
absorption, and moisture content of the sand were 2.6, 1.71%, and 0.809% respectively.
The coarse aggregates with a maximum size of 22.5 mm were used. The specific gravity,
water absorption, and moisture content of coarse aggregate were 2.63, 0.431%, and 1.696%
respectively. The specific gravity, water absorption, and moisture content of CR were found
to be 1.599, 0.035%, and 0.085% respectively. The sieve analysis of CR, fine and coarse
aggregates are shown in Table 2.

NaOH and lime were obtained from the local markets. Lime was in powdered form
while NaOH was available in bottles of 1 kg in solid granular form. The detergent used
in this research study was locally available detergent used for washing clothes. CR was
collected from a CR supplier. CR was in ground form with particle size ranging from
4.75–0.075 mm in size.
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Table 2. Sieve analysis of aggregates.

Sieve Size (mm) 0.075 0.15 0.3 0.6 1.18 2.36 4.75 9.5 12.5 19

Sand Passed (%) 0 3.8 11.9 36 77 94.8 99.4 100 100 100

Crumb Rubber (%) - 0 3.6 23 43.6 68 99.7 100 100 100

Gravel Passed (%) - - - - - - - 28.62 67.12 92.02

2.2. Mix Proportions

Mix design of controlled concrete was prepared according to British Standard (BS)
i.e., in per cubic meter of concrete as presented in Table 1. Controlled concrete was de-
signed for compressive strength of 21.7 MPa. Controlled concrete was the concrete having
0% CR. Water to cement ratio (0.5), cement content (400 kg/m3), and coarse aggregate
(1074.18 kg/m3) were not changed throughout the study. In this study CM stands for
controlled mix concrete, CN for NaOH treated, CL for lime treated, CW stands for water
treated, and CD stands for detergent-treated CRC. Whereas 5, 10, 15, and 20 represent
percentages of sand replaced with CR by volume.

2.3. Treatment of Crumb Rubber

Researchers have tried treatments of CR to improve the adhesion properties in order
to improve the strength of concrete [37–40]. In this research project, four different types of
treatments were used to treat the CR’s surface namely lime treatment, NaOH treatment,
detergent treatment, and water treatment in order to make the surface rougher and improve
the interface adhesion of rubber/cement.

In the present study, 10% concentrated solutions of NaOH, detergent, and lime were
made to treat the CR. Untreated CR was washed and then submerged in the solutions for
24 h. The time of treatment was taken on the basis of contact of CR with the solutions which
was 24 h. After the time has elapsed, CR was extracted from the solutions and washed
again to decrease the pH values as it may cause adverse effects on the concrete [10]. Water
treatment was carried out by boiling the water and then submerging CR into it for a time
period of 10 minutes. Then the water was allowed to cool and the CR was removed from
the water. This treatment was done to remove zinc stearate layers on CR [41].

2.4. Specimen Preparation

The concrete batches were mixed in the laboratory with the help of a mixer in accor-
dance with ASTM C192/C192M [42]. After uniform mixing, each specimen was cast in
150 × 300 mm cylinders and compacted with the help of a rod vibrator. After casting, the
specimen were left at room temperature 24 ± 3 ◦C for a time period of 24 h. The specimen
were then withdrawn from the molds and kept for curing in the tank until the time of
testing at a temperature of 24 ± 3 ◦C in accordance with ASTM C192/C192M [42].

2.5. Testing Methods

Slump test was conducted according to ASTM C143 [43] and compaction factor
test was conducted following IS: 1199–1959 [44]. The compressive strength of each mix
was determined according to ASTM C 109M [45] and C 39 [46]. Testing was carried
out at the curing age of 7 and 28 days. An indirect tensile strength test was conducted
following AS 1012.10 [47] at a constant loading rate of 1.5 ± 0.15 MPa/min at 28 days of
curing. Ultrasonic pulse velocity test was also performed according to ASTM C597 [48]
at 28 days of curing. The water absorption test was performed in accordance with ASTM
C642 [49] specifications. The weight of the concrete cylinders was obtained and divided
by the volume of molds. The unit weight of concrete for all cylinders was assessed at
7 and 28 days.
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3. Results and Discussions

In this section effect of untreated CR, NaOH treated CR, lime-treated CR, detergent-
treated CR, and water-treated CR on water absorption, slump, compressive strength, and
indirect tensile strength of concrete are discussed. Experimental results of all concrete
mixes are shown in Table 3.

Table 3. Test results.

Mix
Code Treatment CR % Slump

(mm)

Compressive
Strength

(MPa)

Indirect Tensile
Strength (MPa)

Water Absorption
(%)

Unit Weight
(kg/m3)

UPV
(km/s)

7
days

28
days 7 days 28 days 7

days
28

days

CM - 0 50 11.88 23.00 7.30 2.3 6.6 2331 2464 4.45
CU5 Untreated 5 50 11.00 20.63 7.04 1.8 6.2 2344 2364 4.41
CU10 Untreated 10 75 9.56 15.37 5.33 2.8 6.8 2121 2128 4.41
CU15 Untreated 15 150 6.62 11.45 3.60 3.6 7.4 1999 2021 4.40
CU20 Untreated 20 180 4.21 8.71 1.15 4.7 8.7 1882 1892 4.38
CN5 NaOH 5 65 11.82 21.40 7.19 4.7 3.7 2370 2382 4.41

CN10 NaOH 10 90 10.10 16.52 5.68 5.8 4.1 2117 2132 4.40
CN15 NaOH 15 150 7.25 12.25 3.95 8.0 4.9 1989 2014 4.39
CN20 NaOH 20 165 5.63 9.31 1.76 8.6 5.3 1869 1881 4.37
CL5 Lime 5 50 12.01 21.56 7.33 1.1 3.1 2341 2375 4.42

CL10 Lime 10 75 10.37 16.67 5.91 2.3 3.9 2101 2110 4.41
CL15 Lime 15 165 7.43 12.48 4.05 3.3 3.9 1903 2021 4.40
CL20 Lime 20 180 5.87 9.78 1.82 4.5 4.1 1875 1882 4.39
CW5 Water 5 50 11.23 21.05 7.08 4.9 4.6 2353 2363 4.40

CW10 Water 10 75 9.91 16.43 5.41 6.2 5.5 2111 2124 4.40
CW15 Water 15 150 7.10 12.01 3.66 8.2 6.7 1993 2015 4.39
CW20 Water 20 180 4.52 9.25 1.17 10.2 7.3 1874 1890 4.37
CD5 Detergent 5 50 10.95 20.57 7.00 4.6 4.0 2352 2360 4.39
CD10 Detergent 10 90 9.40 15.32 5.29 5.6 4.3 2109 2121 4.38
CD15 Detergent 15 165 6.40 11.43 3.53 6.5 5.3 1992 2015 4.38
CD20 Detergent 20 180 4.15 8.71 1.14 7.9 6.5 1881 1892 4.36

3.1. Slump and Compaction Factor

The slump of freshly mixed concrete for replacement levels of 0%, 5%, 10%, 15%, and
20% determined (as shown in Figure 1) with the maximum slump of 180 mm was recorded
for CU 20, CL20, CW20, and CD20. The minimum slump of 50 mm was recorded for CM,
CU5, CL5, CW5, and CD5. On average an increase of 52% slump was recorded for every
increment of 5% in CR replacement. A total of 250% increase in a slump was recorded with
20% of replacement of sand with CR from that of controlled concrete. Albano et al. [50]
used CR (0.59 and 0.29 mm) as fine aggregate and found a decrease in a slump. Bignozzi
and Sandrolini [51] replaced the sand with CR of two sizes 0.5 to 2 mm and 0.05 to 0.7 mm
and found no significant change in the behavior of fresh concrete. However, Onuaguluchi
and Panesar [17] replaced the sand with CR and found a significant increase in the slump.

A 14% increase in compaction factor was recorded with 20% replacement of sand by
CR. On average there was a 3.3% increase in compaction factor for every increment of 5%
replacement with CR.

The increase in a slump and compaction factor in this study was due to the addition
of poorly graded CR in the mixes with a high fineness modulus of 3.62 as compared to
sand which had the fineness modulus of 2.77. With the increase in fineness modulus of
concrete aggregates, the workability of CRC also increased.
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The compaction factor of freshly prepared concrete at replacement levels of 0%, 5%,
10%, 15%, and 20% was determined as shown in Figure 2. Compaction factor increases
with the increase in percentage levels of CR.
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3.2. Water Absorption

Water absorption tells us about the porosity and pore structure of the concrete. Sadek
and El-Attar [52] found that water absorption is affected by CR when replaced with fine or
coarse aggregates. However, they found that in the case of coarser rubber the increase in
water absorption is greater as compared to the finer rubber aggregates. Water absorption
was increased by increasing the percentage of the CR and was decreased by increasing the
curing ages (as shown in Figures 3 and 4). The lowest absorption percentage was recorded
at 1.15% for CL5 at 7 days and for 28 days it was 3.1% for CL5. The highest absorption
percentage was recorded 10.23% for CW20 at 7 days and 8.69% for CU20 at 28 days. This
increase in the water absorption was due to a decrease in unit weight and increase in
porosity of CRC due to an increase in the percentage of CR.
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3.3. Density

As percentage levels of replacement of CR increased, the density was decreased.
Corinaldesi et al. [53], has also found a decrease in density with the introduction of rubber
particles. However, as the curing age increased, the density increased. The control mix
showed an increase in the density from 7 to 28 days i.e., 2331 kg/m3 to 2464 kg/m3. The
lowest amount of density recorded for CRC at 7 days was 1869 kg/m3 and for 28 days it
was 1881 kg/m3 as shown in Figures 5 and 6 respectively. The increase in density as the
curing period increased was due to the presence of water which helped internal curing. The
water was available for the hydration of cementitious materials in concrete. The decrease
in density as the replacement level increases was due to the low specific gravity of CR.

Crystals 2021, 11, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 3. Water absorption at 7 days. 

 
Figure 4. Water absorption at 28 days. 

3.3. Density 
As percentage levels of replacement of CR increased, the density was decreased. 

Corinaldesi et al. [53], has also found a decrease in density with the introduction of rubber 
particles. However, as the curing age increased, the density increased. The control mix 
showed an increase in the density from 7 to 28 days i.e., 2331 kg/m3 to 2464 kg/m3. The 
lowest amount of density recorded for CRC at 7 days was 1869 kg/m3 and for 28 days it 
was 1881 kg/m3 as shown in Figure 5 and Figure 6 respectively. The increase in density as 
the curing period increased was due to the presence of water which helped internal cur-
ing. The water was available for the hydration of cementitious materials in concrete. The 
decrease in density as the replacement level increases was due to the low specific gravity 
of CR. 

 
Figure 5. Density of concrete at 7 days. Figure 5. Density of concrete at 7 days.

Crystals 2021, 11, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 6. Density of concrete at 28 days. 

3.4. Ultrasonic Pulse Velocity (UPV) 
As the replacement level was increased there was a decrease in UPV values. Turgut 

and Yesilata [54] used CRs with sizes ranging from 4.75 mm (No. 4 Sieve) to 0.075 mm 
(No. 200 Sieve). They also found a decrease in UPV values with the increase in the per-
centage of CR. Salhi et. al [55] found a correlation between compressive strength and UPV 
to be good. The highest value of UPV was recorded for CL5 and it was 4.42 km/s which is 
a 0.67% decrease from that of controlled concrete. The lowest value of UPV was recorded 
for CD20 and it was 4.36 km/s which is a 2.02% decrease from that of controlled concrete. 
The UPV and density of the concrete share a direct relation. In this study, with the increase 
of CR, the density of the concrete was decreased as shown in Figure 7. It means the more 
the CR in the concrete; the more would be the cracks, pores, capillaries attributing to the 
enhancement of interfacial transition zone (ITZ) [56]. Due to the presence of pores, crack, 
and capillaries the values of UPV were decreased with the increase in the percentage of 
CR because it needs compact mass for the velocity of compression waves to travel.  

 
Figure 7. UPV results. 

  

Figure 6. Density of concrete at 28 days.

3.4. Ultrasonic Pulse Velocity (UPV)

As the replacement level was increased there was a decrease in UPV values. Turgut
and Yesilata [54] used CRs with sizes ranging from 4.75 mm (No. 4 Sieve) to 0.075 mm
(No. 200 Sieve). They also found a decrease in UPV values with the increase in the
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percentage of CR. Salhi et. al [55] found a correlation between compressive strength and
UPV to be good. The highest value of UPV was recorded for CL5 and it was 4.42 km/s
which is a 0.67% decrease from that of controlled concrete. The lowest value of UPV was
recorded for CD20 and it was 4.36 km/s which is a 2.02% decrease from that of controlled
concrete. The UPV and density of the concrete share a direct relation. In this study, with the
increase of CR, the density of the concrete was decreased as shown in Figure 7. It means
the more the CR in the concrete; the more would be the cracks, pores, capillaries attributing
to the enhancement of interfacial transition zone (ITZ) [56]. Due to the presence of pores,
crack, and capillaries the values of UPV were decreased with the increase in the percentage
of CR because it needs compact mass for the velocity of compression waves to travel.
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3.5. Compressive Strength

It is evident from many research studies that by increasing the percentage of CR the
compressive strength of the concrete decreases [16–20,57,58]. There was a loss of 7.41%
compressive strength at 7 days with 5% replacement, a loss of 19.53% with 10% replacement,
44.28% with 15% replacement, and a loss of 64.56% with 20% replacement of sand with
CR in untreated CRC (Figure 8). At 7 days of curing, lime treatment managed to recover
9.96% of the strength loss, NaOH treatment recovered 7.54% of strength loss, and water
treatment recovered 5.09% of strength loss at 7 days of curing. Detergent treatment did not
recover strength loss however it decreased the strength further to 1.72% at 7 days of curing.
At 28 days of curing 10.30% loss of compressive strength at 5% replacement, 33.17% at 10%
replacement, 50.22% strength loss at 15% replacement, and 62.13% loss at 20% replacement
of sand with CR were seen (Figure 9). At 28 days of curing, lime treatment managed to
recover 8.56% of the strength loss, NaOH treatment recovered 6.27% of strength loss, and
water treatment recovered 5.01% of strength loss at 28 days of curing. Detergent treatment
did not recover strength loss, however it decreased the strength further to 0.20% at 28 days
of curing. Figure 10 shows the comparison of strength loss recovered at 7 and 28 days
respectively. It shows that the strength loss recovered or deteriorated for all treatments was
greater at 7 days than 28 days except for water treatment.

3.6. Compressive Strength after Heating

Liang et al. [59] found a significant decrease in compressive strength of concrete after
a rise in temperature. A greater drop in compressive strength of concrete samples was
recorded at 28 days after placing them in the oven at 200 ◦C (Figure 11) as compared
to the compressive strength at normal temperature (24 ± 3). Replacement of sand with
CR showed very poor results when CRC was heated in the oven at a temperature of
200 ◦C. At 5% replacement level there was a loss of 61.38% in compressive strength, at 10%
replacement, it increased to 87.13%, at 15% replacement, it further increased to 90.73%, and
at 20% replacement level it reached 95.37%. This huge strength loss was due to the low
softening point of CR which lies between 180 and 250 ◦C.
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3.7. Indirect Tensile Strength

Indirect tensile strength was found to be following the same pattern of compressive
strength. At 28 days of curing there was a loss of 3.56% in indirect tensile strength at
5% replacement, 24.25% loss at 10% replacement, 50.68% loss at 15% replacement, and
84.25% loss of indirect tensile strength at 20% replacement level of sand with CR (Figure 12).
Batayneh et al. [8], also found that with the increase in CR, there is a loss in tensile strength
of concrete. Lime treatment managed to recover 9.16% of strength loss, NaOH treatment
recovered 6.14% of strength loss, and water treatment recovered 1.37% of strength loss.
Detergent as in all cases reduced the tensile strength to a further 1.03%. The reduction
in indirect tensile strength might be due to the weak bonding between CR and cement.
The ITZ acted as a micro-crack between the two materials. This weak ITZ accelerated the
reduction in tensile strength [60].

Crystals 2021, 11, x FOR PEER REVIEW 11 of 15 
 

 

 
Figure 12. Indirect tensile strength at 28 days. 

3.8. Scanning Electron Microscopy (SEM) 
In order to check the morphology of CR, SEM was conducted on treated and un-

treated samples. SEM can render information on surface structure, chemical composition, 
crystalline structure, and electrical behavior of the top [61]. As the focus of this research 
was on surface treatments, SEM helped to look at the physical effects of surface treatments 
besides experimental results. 

From Figures 13–17, it is visible that the surface of lime-treated CR is rougher than 
the remaining three giving the best results in the case of a compression test. After lime the 
surface of NaOH-treated CR is relatively rougher than water-treated and detergent-
treated samples giving the second-best results. The surfaces of water-treated and deter-
gent-treated CR were relatively slightly rougher than the untreated CR. 

 
Figure 13. Untreated CR. 

 
Figure 14. Water-treated CR. 

Figure 12. Indirect tensile strength at 28 days.

3.8. Scanning Electron Microscopy (SEM)

In order to check the morphology of CR, SEM was conducted on treated and untreated
samples. SEM can render information on surface structure, chemical composition, crys-
talline structure, and electrical behavior of the top [61]. As the focus of this research was on
surface treatments, SEM helped to look at the physical effects of surface treatments besides
experimental results.

From Figures 13–17, it is visible that the surface of lime-treated CR is rougher than
the remaining three giving the best results in the case of a compression test. After lime the
surface of NaOH-treated CR is relatively rougher than water-treated and detergent-treated
samples giving the second-best results. The surfaces of water-treated and detergent-treated
CR were relatively slightly rougher than the untreated CR.
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4. Conclusions

This study was conducted to evaluate the performance of untreated and treated CRC.
CR was treated with lime, NaOH, detergent, and water. The fresh and hard properties
of concrete were evaluated. Based on the experimental results of the research study, the
following conclusions are drawn:

• A 250% increase in slump and 14% increase in compaction factor were recorded with
20% replacement of sand with CR.

• Water absorption increased with the addition of CR and a maximum of 10.23% water
absorption was recorded at 7 days for 20% replacement of sand and it decreased as
the curing period increased and recorded 8.69% as the maximum value at 28 days.

• The density of concrete dropped to 1869 kg/m3 and 1881 kg/m3 for 7 and 28 days
respectively for 20% replacement. Based on its lightweight properties CR concrete can
be used in stone backing, interior construction, false facades, and nailing concrete.

• Lime treatment was found to be the best treatment of all four treatments followed
by NaOH treatment and water treatment. Lime treatment recovered a compressive
strength of 10.30% at 28 days and 9.16% of tensile strength at 28 days.

• Detergent treatment was found to be the worse treatment of all four treatment methods.
Despite of increasing the strength it contributed to compressive strength loss of 1.70% at
7 days and 0.20% at 28 days and a loss of 1.03% for indirect tensile strength at 28 days.

• CRC is not suitable for heat applications as it dropped 95.37% and 61% of its compres-
sive strength with 20% and 5% replacement of sand, respectively.
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Abstract: Numerous research studies have been conducted to improve the weak properties of
recycled aggregate as a construction material over the last few decades. In two-stage concrete (TSC),
coarse aggregates are placed in formwork, and then grout is injected with high pressure to fill
up the voids between the coarse aggregates. In this experimental research, TSC was made with
100% recycled coarse aggregate (RCA). Ten percent and twenty percent bagasse ash was used as a
fractional substitution of cement along with the RCA. Conventional concrete with 100% natural coarse
aggregate (NCA) and 100% RCA was made to determine compressive strength only. Compressive
strength reduction in the TSC was 14.36% when 100% RCA was used. Tensile strength in the TSC
decreased when 100% RCA was used. The increase in compressive strength was 8.47% when 20%
bagasse ash was used compared to the TSC mix that had 100% RCA. The compressive strength of the
TSC at 250 ◦C was also determined to find the reduction in strength at high temperature. Moreover,
the compressive and tensile strength of the TSC that had RCA was improved by the addition of
bagasse ash.

Keywords: bagasse ash; sustainable concrete; sustainable development; mechanical properties;
natural coarse aggregate; recycled coarse aggregate; two-stage concrete; materials design; green
concrete; recycled concrete

1. Introduction

The most extensively used building material around the globe is concrete [1]. Normal
concrete is made by mixing coarse aggregate, fine aggregate, cement, water, and admixture
in a mixer according to ASTM C192-02. In TSC, coarse aggregates are set in formwork,
and then grout or mortar is infused through a pipe with high pressure from the bottom to
the top. The grout fills the pores between the coarse aggregates [2]. Maximum density is
achieved without mechanical compaction or using a vibrator [3]. In contrast to conventional
concrete, compressive stresses in TSC are first passed through the body of coarse aggregates
due to point-to-point contact and, after deformation, they then pass through the hardened
mortar [2]. TSC is environmentally friendly concrete as the coarse aggregates are not mixed
in a mixer, which reduces the consumption of energy. The grout is made on-site, which
eliminates the usage of transit trucks, which in turn results in decreasing pollution and
reduces cost [4]. The cost of TSC is 40% less than that of traditional concrete because it
consists of about 70% coarse aggregate, consuming about 30% less cement [5]. Due to
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point-to-point contact of the coarse aggregates, the modulus of elasticity of TSC is very
high [6]. Drying shrinkage in TSC is lower than in normal concrete, which results in less
volume change [7]. TSC is mainly used where a low heat of hydration is required, such as
mass concreting in tunnels, and underwater construction and repair [6].

Around 25 billion tons of concrete is produced annually, making it the largest con-
sumer of Earth’s natural resources, which are water, natural aggregates (gravel and crushed
rock), and sand [8]. Around 12.6 billion tons of natural aggregate is used annually [9]. Due
to urbanization, a lot of construction and demolition waste (CDW) is produced. CDW
has a serious impact on our environment as it creates pollution when it is disposed of in
landfills. Over 1 billion tons of CDW is produced annually [9]. To protect our environment
from depleting virgin aggregate resources, recycled coarse aggregates (RCA) have been
used to produce concrete [10]. RCA consists of natural aggregates and adhered mortar.
Concrete obtained from demolished buildings is crushed to obtain RCA. Due to increased
absorption capacity, 5% more water is required for concrete made with RCA to acquire
a similar workability as that of normal concrete [11]. Due to traverse cracks in RCA, in-
creased porosity, less information regarding the interfacial transition zone (ITZ) between
RCA and cement paste, impurities, adhered mortar, and inferior quality, this makes the
use of RCA as structural concrete difficult [12]. RCA has two ITZs, one with new cement
paste and the other with old mortar. Therefore, the structure of concrete made with RCA
demonstrates a more complex structure than that of concrete made with natural aggregates.
Old ITZ has micro-cracks that decrease the strength of the concrete and also increase its
water consumption [13]. RCA may contain impurities such as organic matter, sulphates,
carbonates, and chlorides [14]. When Sheen et al. [15] made concrete using RCA, it was
observed that the compressive strength of the concrete with RCA decreased because of
fine particles. The compressive strength of the concrete with RCA can be increased by
adding natural admixtures [16]. The permeability of the concrete can be increased by
increasing the amount of the RCA [17]. The shape and texture of RCA depends on the
crusher plant, which directly affects the workability of the concrete [18]. Pakistan is an
agricultural country. Sugar cane is the second largest cash crop of Pakistan, which accounts
for 3.6% of gross domestic product [19]. Bagasse is a by-product of the sugar industry and
is used as an energy source for sugar production in this industry [20]. Sugarcane contains
about 25% bagasse. Fourteen million tons of bagasse is produced in Pakistan annually.
Bagasse is also used in the paper industry. When bagasse is burnt for energy purposes, it
produces 3% ash, which is dumped in landfills [21]. Waste obtained from agriculture and
some other industries can be used as a partial replacement of cement in concrete [22]. One
of the ways to decrease the negative environmental impact of concrete is to use mineral
admixtures as a partial replacement of cement, which will not only reduce pollution but
will also decrease the cost and improve the strength of the concrete [23].

The objective of this research is to evaluate the mechanical properties of TSC made
with NCA and RCA. In order to achieve the objective, four mixes of TSC were prepared.
One mix was prepared with 100% NCA, while in the other three mixes, NCA was replaced
with 100% RCA. Bagasse ash was used as a partial replacement of the cement at 10% and
20% in two mixes of the TSC that had RCA. Compressive strength, compressive strength
at 250 ◦C, tensile strength, and mass loss at 250 ◦C were then determined. In addition,
two mixes of conventional concrete were also prepared. One mix was prepared with 100%
NCA, while the other mix was prepared with 100% RCA. The results of the compressive
strength of the conventional concrete were then compared to that of the TSC.

2. Materials and Methods
2.1. Materials
2.1.1. Cement and Bagasse Ash

Ordinary Portland cement (ASTM Type-I) from the Cherat cement factory was used
for the preparation of the TSC. Twenty-eight-day strength of cement was up to 69 MPa.
The fineness of the cement was 93.15%. The surface area of the cement was 2137 cm2/gm.
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Bagasse ash was brought from Premier sugar mill, Mardan, Pakistan. It was then ground/
crushed in PCSIR, Peshawar, Pakistan. It was passed through sieve#200. The specific
gravity of bagasse ash was 1.35. The surface area of the bagasse ash was 2840.7 cm2/gm.
The chemical composition of the bagasse is shown in Table 1 and was used according to
ASTM C618 criteria.

Table 1. Chemical composition of bagasse ash.

Chemical Composition Bagasse Ash ASTM C618 Requirement

Silicon dioxide (SiO2) 64.81%
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Physical Properties Natural Coarse Aggregates Recycled Coarse Aggregates Fine Aggregate 
Water absorption 1.85% 7.59% 1.1% 
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Impact value 14.72% 22.23% - 
Fineness modulus 2.04 2.19 2.96 
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2.1.3. Superplasticizer 
Ultra-Super Plast 470 was used throughout the casting of the TSC. The Ultra-Super 

Plast 470 was procured from Ultra Chemicals, Peshawar, Pakistan. The product was light 
brown, and the specific gravity was 1.15. 

2.2. Mixture Proportions 
Six groups of concrete mixtures were prepared in total as shown in Table 3. Two 

mixtures were prepared with the conventional method. Four different mixtures of TSC 
were made. All six groups were prepared with a ratio of 1:1:2.7 (cement: fine aggregate: 

Aluminum oxide (Al2O3) 11.36%

Ferric oxide (Fe2O3) 1.53%

SiO2 + Al2O3 + Fe2O3 77.70% 77.70% > 70%

Magnesium oxide (MgO) 3.49%

Calcium oxide (CaO) 11.13%

Sodium oxide (Na2O) 1.14%

Manganese oxide (MnO) 0.09%

Potassium oxide (K2O) 3.99%

Phosphorous pentoxide (P2O5) 1.99%

Titanium dioxide (TiO2) 0.47%

2.1.2. Aggregates

Coarse and fine aggregates were obtained from a quarry near COMSATS University
Islamabad, Abbottabad Campus, Pakistan. The concrete waste from a demolished building
was obtained from an empty plot near Daewoo terminal, Abbottabad, Pakistan. The
demolished concrete waste was crushed with the help of a crusher to obtain the RCA.
Twenty-five millimeters was the maximum size of both the natural and recycled aggregates.
Table 2 shows the physical properties of both the natural and recycled aggregates.

Table 2. Physical properties of the natural, recycled coarse, and fine aggregates.

Physical Properties Natural Coarse Aggregates Recycled Coarse Aggregates Fine Aggregate

Water absorption 1.85% 7.59% 1.1%
Specific gravity 2.75 2.62 2.35

Impact value 14.72% 22.23% -
Fineness modulus 2.04 2.19 2.96

Density 1532.3 kg/m3 1399.2 kg/m3 1610 kg/m3

2.1.3. Superplasticizer

Ultra-Super Plast 470 was used throughout the casting of the TSC. The Ultra-Super
Plast 470 was procured from Ultra Chemicals, Peshawar, Pakistan. The product was light
brown, and the specific gravity was 1.15.

2.2. Mixture Proportions

Six groups of concrete mixtures were prepared in total as shown in Table 3. Two
mixtures were prepared with the conventional method. Four different mixtures of TSC
were made. All six groups were prepared with a ratio of 1:1:2.7 (cement: fine aggregate:
coarse aggregate). Control mix-N was prepared using the conventional method and
contained 100% natural coarse aggregate (NCA). Control mix-R was prepared using the
conventional method and contained 100% RCA. Control mix-TSCI was a TSC and was
made with 100% NCA. Control mix-TSCII was a TSC and was made with 100% RCA. The
fifth mix was a TSC and was prepared with 10% bagasse ash as a fractional substitution
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of the cement and 100% RCA. The sixth mix was a TSC and was made with 20% bagasse
ash as a fractional substitution of the cement and 100% RCA. The water-to-cement ratio
(W/C) used in this experimental research was 0.5. This ratio was used for all six of the
mixes. Superplasticizer was added at a rate of 1% by the weight of the cement in TSC10BA
and TSC20BA.

Table 3. Mix types with identification based on replacement ratio.

Mix Types Concrete Mix Proportion

CM-N Control mix made with the conventional method (100% NCA)
CM-R Control mix made with the conventional method (100% RCA)

CM-TSCI Control mix made with TSC (100% NCA and 100% cement)
CM-TSCII Control mix made with TSC (100% RCA and 100% cement)
TSC10BA TSC with 100% RCA and 10% cement replaced by bagasse ash
TSC20 BA TSC with 100% RCA and 20% cement replaced by bagasse ash

2.3. Specimen Casting and Curing

CM-N and CM-R were normal concrete mixes. The RCA used during casting of the
normal concrete and the TSC were prewet. Fine aggregate and coarse aggregates were
first dry mixed for one minute in a mixer. Cement was then added and dry mixed for
a further minute. Finally, water was added, and the total mixing time was five minutes.
Cylindrical molds of 6 inches (152.4 mm) in diameter and 12 inches (254.8) in height were
used for casting as per ASTM C 31/C 31M-03. For the TSC, a pipe with a diameter of 1 inch
(25.4 mm) and a height of 2 m (2000 mm) was placed in the middle of a mold. Then, a
mold was filled with coarse aggregates. Following this, grout was injected from the top via
a pipe. The grout was injected with the help of pressure created by gravity. As the voids
in the coarse aggregate were filled, the pipe was raised. After the appearance of grout
at the top of a mold, the pipe was removed from the mold. This procedure was used for
all the specimens and was also used by Abdelgader [24]. After 24 h, the specimens were
taken out of the molds and were kept in a water tank. Ninety specimens were prepared
in total; CM-N and CM-R had three specimens each, while each mix of the TSC had
twenty-one specimens.

3. Results and Discussions
3.1. Compressive Strength

The compressive strength of all the concrete mixes is shown in Figure 1. Each com-
pressive strength is an average of three measurements. The compressive strength of CM-N
and CM-R was determined at day 28 of the curing process, whilst the compressive strength
of all the TSC mixes was determined at days 7, 28, and 56 of the curing process. The figures
show that the compressive strength of CM-TSCI is at its highest among all mixes at days 7,
28, and 56 of the curing process. The compressive strength of CM-TSCI is 3.32% more than
that of CM-N at 28 days Thus, the compressive strength of the TSC is greater than that of
the conventional concrete. The increase in strength is due to the point-to-point contact of
coarse aggregates in the TSC; stresses in the TSC are first passed through the skeleton of
the coarse aggregates and then through the grout, while in normal concrete, stresses are
passed through a non-homogenous matrix. Due to this phenomenon, the crack mechanism
and the ultimate strength of the TSC were different [25].

The compressive strength of CM-TSCI was at its highest at 56 days of curing. When
100% RCA is used, compressive strength is decreased. The compressive strength of CM-
TSCII is reduced by 14.14% when compared with CM-TSCI at 28 days, while the compres-
sive strength of CM-R is reduced by 22.13% when compared with CM-N at 28 days [26–28].
Noritaka Morohashi [29] evaluated the compressive strength of TSC by replacing 30% of
the NCA with RCA in TSC, which resulted in a reduction in compressive strength of 12.6%
at 28 days. RCA has a porous structure due to the adhered mortar and absorbs more water,
which makes it weaker than NCA and causes a reduction in compressive strength [30]. This
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adhered mortar also decreases the density of RCA. Tavakoli and Soroushian [31] reported
that the compressive strength of concrete made with RCA is less than that of concrete
made with NCA when the same w/c ratio is used. Li [32] observed in his study that the
percentage of RCA in concrete has an inverse relation with compressive strength.
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Figure 1. Compressive strength of the concrete mixes at 7, 28, and 56 days.

The compressive strength of the TSC mixes that had 100% RCA was improved by the
addition of bagasse ash as a partial substitution of cement. The compressive strength of
TSC10BA and TSC20BA was increased by 4.57% and 8.47%, respectively, when compared
with CM-TSCII at 56 days of curing. The increase in strength is due to the pozzolanic
reaction between calcium hydroxide and bagasse ash, which forms a calcium silicate
hydrate gel [33]. Figure 2 shows the development of compressive strength of all four mixes
of the TSC. Figure 2 clearly shows that the increase in compressive strength was rapid until
day 7. CM-TSCII, TSC10BA, and TSC20BA show a very similar compressive strength at day
7. From day 7 to day 28, CM-TSCI shows more of an increase in compressive strength than
that of the other mixes. From day 28 to day 56, the increase in compressive strength was
low for all four of the mixes of the TSC. Kou, Poon, and Agrela [12] reported that there was
an increase in compressive strength in RCA concrete mixes when mineral admixture was
used. This is mainly due to the porous nature of the RCA; mineral admixture penetrates
into the pores of the RCA, which improves the ITZ bond strength between the cement
paste and the RCA. Another reason for the increase in compressive strength is the filling of
cracks present in the RCA with hydration products.

3.2. Compressive Strength at 250 ◦C

The compressive strength of the TSC mixes at 20 ◦C and 250 ◦C is demonstrated in
Table 4. The compressive strength at 250 ◦C is compared with the compressive strength
of the mixes at 20 ◦C to determine the decrease in compressive strength due to high tem-
perature. All mixes of the TSC demonstrated a loss of strength at 250 ◦C. The compressive
strength loss in all of the mixes was less than 5.2%. The highest strength loss was 5.13% in
TSC10BA and the lowest strength loss was 3.53% in CM-TSCI. The decrease in compressive
strength at high temperature was mainly due to a loss of water and dehydration of the
calcium silicate hydrate. Maanser et al. reported a 4% decrease in compressive strength at
200 ◦C [34]. The decrease in compressive strength in the mixes that had RCA was slightly
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more than that of CM-TSCI. This is mainly due to the weak interfacial bond between the
RCA and the hardened paste in the concrete matrix. Otherwise, there is no significant
difference in the strength loss between the TSC that has NCA and RCA.
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Figure 2. Development of compressive strength of TSC mixes.

Table 4. Mean compressive strength with standard deviation.

Mix Type Days Mean Compressive Strength (MPa) SD

CM-N
7 - -
28 24.38 0.093
56 - -

CM-R
7 - -
28 18.99 0.098
56 - -

CM-TSCI
7 16.06 0.089
28 25.19 0.095
56 27.02 0.081

CM-TSCII
7 13.85 0.087
28 21.63 0.098
56 23.14 0.099

TSC10BA
7 14.41 0.076
28 22.62 0.083
56 24.2 0.095

TSC20BA
7 14.96 0.079
28 23.44 0.082
56 25.11 0.093

3.3. Tensile Strength

The results of the split tensile strength of the TSC at any given curing age are demon-
strated in Figure 3. A split tensile test was only conducted on the TSC samples. Each value
is an average of three measurements. It is evident from Figure 3 that the tensile strength of
the TSC mixes that have RCA is less than that of the TSC mix that has NCA. The tensile
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strength of CM-TSCI is highest among all the mixes of the TSC throughout all curing
days. There was a rapid decrease in tensile strength when 100% RCA was used. CM-TSCII
tensile strength was reduced by 26.84% when compared with CM-TSCI at 56 days of curing.
Tensile strength increased with the addition of bagasse ash as a partial substitution of the
cement in TSC mixes that have 100% RCA. Tensile strength showed similar behavior as that
of compressive strength. Lee and Choi [35] and Padmini, Ramamurthy, and Mathews [26]
reported that the tensile strength of the concrete that had RCA was less than that of the
concrete that had NCA. The tensile strength of TSC10BA and TSC20BA was increased
by 22.1% and 26.86%, respectively, when compared with that of CM-TSCII at 56 days
of curing.

The TSC mixes prepared with bagasse ash and 100% RCA showed better results in
tensile strength as compared to the TSC mix that had only 100% RCA.
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Figure 3. Tensile strength of concrete mixes at 7, 28, and 56 days.

3.4. Mass Loss at 250 ◦C

All the TSC mixes exhibited a mass loss due to the evacuation of free water due to
an increase in temperature from 20 to 250 ◦C, which is demonstrated in Table 5. The
decrease in mass loss is expressed in percentage form. The maximum mass loss was found
in CM-TSCII, which was roughly 4.35%. The lowest mass loss was found in TSC10BA,
which was 2.6%. The water present in concrete comes in three forms, which are the free,
adsorbed, and bonded forms. This water escapes at high temperature and causes a mass
loss. From 20 to 150 ◦C, a small mass loss occurs, while from 150 to 300 ◦C, there is an
increase in mass loss. This mass loss is mainly due to dehydration of C-S-H [36]. A lesser
mass loss is mainly due to the superplasticizer in TSC10BA and TSC20BA, which is due to
the effect of resistances. Mean tensile strength is shown in Table 6 while percentage mass
loss is shown in Table 7.
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Table 5. Compressive strength at 20 ◦C and 250 ◦C.

Mix Types Compressive Strength at
20 ◦C (MPa)

Compressive Strength at
250 ◦C (MPa) % Decrease

CM-TSCI 25.18 24.29 3.53
CM-TSCII 21.63 20.67 4.43
TSC10BA 22.63 21.47 5.13
TSC20BA 23.45 22.33 4.77

Table 6. Mean tensile strength with standard deviation.

Mix Type Days Mean Compressive Strength (MPa) SD

CM-TSCI
7 1.92 0.065
28 2.51 0.078
56 2.69 0.073

CM-TSCII
7 1.45 0.086
28 1.92 0.087
56 1.97 0.084

TSC10BA
7 1.57 0.092
28 2.33 0.077
56 2.41 0.088

TSC20BA
7 1.79 0.073
28 2.42 0.067
56 2.5 0.081

Table 7. Mass loss of the TSC.

Mix Types Mass at 20 ◦C (kg) Mass at 250 ◦C (kg) % Decrease

CM-TSCI 13.24 12.69 4.15%
CM-TSCII 12.39 11.85 4.35%
TSC10BA 12.27 11.95 2.6%
TSC20BA 12.35 12.01 2.75%

4. Conclusions

The use of recycled coarse aggregate and bagasse ash in two-stage concrete would
be beneficial for sustainable and environmentally friendly construction. The following
conclusions are deduced from the experimental investigation:

1. Compressive strength of the samples made with the two-stage concrete method
showed 3% more strength than that of the conventional concrete that had the same
ratios, demonstrating the superior nature of the two-stage concrete method.

2. Compressive strength was decreased both in the TSC and the conventional concrete
when RCA was used. However, compressive strength was reduced in the conven-
tional concrete by 22%, compared to the TSC, which demonstrated a 20% increase in
compressive strength.

3. A maximum increase in compressive strength was achieved when 20% bagasse ash
was used. This increase in strength was found to be 8.47% at 56 days.

4. Minimum reduction in compressive strength (3.57%) at 250 ◦C was achieved when
natural aggregates were used. However, the reduction in compressive strength in
mixes that had RCA was also very minimal (maximum 5%).

5. Every mix that was used experienced mass loss at 250 ◦C. The maximum mass loss
was 4.35% in the two-stage concrete that contained all natural aggregates.
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Abstract: Cement is among the major contributors to the global carbon dioxide emissions. Thus,
sustainable alternatives to the conventional cement are essential for producing greener concrete
structures. Rice husk ash has shown promising characteristics to be a sustainable option for further
research and investigation. Since the experimental work required for assessing its properties is both
time consuming and complex, machine learning can be used to successfully predict the properties
of concrete containing rice husk ash. A total of 192 data points are used in this study to assess the
compressive strength of rice husk ash blended concrete. Input parameters include age, amount of
cement, rice husk ash, super plasticizer, water, and aggregates. Four soft computing and machine
learning methods, i.e., artificial neural networks (ANN), adaptive neuro-fuzzy inference system
(ANFIS), multiple nonlinear regression (NLR), and linear regression are employed in this research.
Sensitivity analysis, parametric analysis, and correlation factor (R2) are used to evaluate the obtained
results. The ANN and ANFIS outperformed other methods.

Keywords: rice husk ash; sustainable concrete; artificial neural networks; multiple linear regression;
eco-friendly concrete; green concrete; sustainable development; artificial intelligence; data science;
machine learning

1. Introduction

The world is making progress by leaps and bounds. New technologies and innovations
are being introduced every day in every field. These advancements have altered the course
of human history. One of the main aspects that has played a crucial role in shaping modern
human civilization is infrastructure. From caves, mankind has started to live in strong
and pleasing dwellings made by their own creative and innovative minds. Still, today
infrastructure is considered to be the main element for progress in any country. The
construction material that is used in abundance throughout the world for the construction
of infrastructure is cement. However, along with the advantages of cement there are also
certain adverse effects. Cement is said to be responsible for seven percent of the total
carbon dioxide emissions worldwide [1]. It produces carbon dioxide while reacting when
water is added to it. Secondly, a high temperature is required during the production of
cement [2]. This high temperature is achieved by burning fossil fuels which increase the
carbon footprint of cement. Our planet earth is suffering from problems of grave danger.
Environmental deterioration and global warming are some of these alarming issues. If not
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controlled in due time, these problems will push the earth to the brink of extinction. One
of the major causes of environmental degradation and global warming is said to be the
emission of carbon dioxide from different products and processes [3,4]. Since cement is a
crucial contributor to the total carbon dioxide emissions of the world, the importance of
infrastructure cannot be undermined. It must be replaced with some other material that has
a smaller carbon footprint as well as possessing the same or better properties than cement.

The materials that replicate the properties of ordinary Portland cement (OPC) are
known as secondary cementitious materials (SCMs). They have smaller carbon dioxide
emission rates [5]. SCMs are generally waste materials and byproducts of different indus-
tries. These materials become sources of various types of pollution if not discarded or
utilized properly. SCMs can be used in different proportions and combinations to replicate
the desired properties of OPC. Some of the SCMs are fly ash (FA), corn cob ash (CCA),
sugarcane bagasse ash (SCBA), rice husk ash (RHA), ground granulated blast furnace slag
(GGBFS), etc [6–9]. RHA is one of the SCMs obtained from the agricultural waste of rice
crop. Rice grains are covered in rice husks (RH) which are used as a fuel to boil paddy
in rice mills. RHA is obtained after utilizing rice husks as fuel. It contains more than
90 percent silica and can be used successfully as an SCM to synthesize concrete [10]. An
illustration of the chemical composition of RHA is shown in Figure 1 [11]. Ameri et al. [12]
conducted a research on concrete containing RHA. It was found that concrete containing
RHA showed a vigorous increase in early compressive strength. However, by increasing
the RHA content by more than 15 percent, the compressive strength was decreased. This is
attributed to the excess amount of silica present in RHA which remains unreacted. The
compressive strength of concrete with RHA as an SCM was 9, 12, 13, and 16 percent higher
than that of control mix. Similarly, Chao Lung et al. [13] incorporated RHA in concrete and
concluded that concrete containing RHA showed a strength 1.2 to 1.5 times greater than
that of the control mix. Chindaprasirt et al. [14] tested the concrete containing RHA for
sulphate attack resistance and reported that concrete containing RHA proved to be highly
effective against sulphate attack. It was reported by Thomas et al. [15] in a review paper
that concrete containing RHA has a dense microstructure, so it can be used to reduce the
water absorption of concrete by up to 30 percent. Rattanachu et al. [16] conducted research
in which grounded RHA was used with steel reinforcements. It was observed that the use
of RHA in the presence of steel resisted the corrosion of steel due to the fine structure of
RHA. Thus, several studies have been made on environmental impact of RHA. They are
reported in Table 1:

Table 1. Environmental impact of rice husk ash (RHA).

Material in Which RHA Is Used Results Reference

Concrete Utilization of RHA results in reduction of global
warming potential (GWP) [17]

Mortar Use of RHA results in reduction of harmful
environmental impacts [18]

Concrete RHA aids in reducing carbon footprint of concrete [19]

Concrete blocks Utilization of RHA shows positive environmental
results [20]

Hence, RHA can be utilized successfully as a cementitious material. RHA does not
produce excessive amount of carbon dioxide. It can be used as a structural concrete. Not
only does it contribute towards the strength of the concrete but also towards the long term
durability properties of concrete [21].
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Figure 1. Chemical composition of RHA.

The rate of environmental deterioration does not allow one to spend an extensive
amount of time on research and development of RHA blended concrete (RBC). Conse-
quently, extensive lab works cannot be carried out on RBC. Along with that there is always
an uncertainty regarding the mix design of RBC. This is due to the hygroscopic nature of
RHA. Therefore, to predict the properties of different SCMs, artificial intelligence (AI) is
being used throughout the globe. AI is used by different researchers to assess and predict
the strength of concrete mixes. Table 2 lists the different previous studies conducted on
SCMs to predict different properties. Different techniques such as artificial neural net-
works (ANN), LR, adaptive neuro-fuzzy inference system (ANFIS), and MNLR are used to
successfully model and predict different properties of materials [22,23].

As AI research depends on mathematical modelling and parameters, it is a complex
programming work and needs great optimization and care. Therefore, four programming
techniques are being used to predict the compressive strength of RHA-based concrete
in this research. These techniques are ANFIS, ANN, MNLR, and LR. To achieve the
targeted accuracy and to cater the complexity of programming these four techniques will
be compared with each other. A vast database of peer reviewed literature is used to model
the prediction of compressive strength.
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Table 2. Some recent studies using AI.

Material Used No. of Data Points Property Predicted Modelling Technique Used Reference

SCBA 65 Compressive strength
GEP, Multiple Linear Regression

(MLR), Multiple Nonlinear Regression
(MNLR)

[22]

Silica fume (SF) and
zeolite 18 Compressive Strength ANN [23]

Recycled concrete
aggregate 17 Compressive strength ANN, Response Surface Methodology

(RSM) [24]

Recycled rubber
concrete 72 Compressive strength ANN, MNLR, ANFIS, Support vector

machine (SVM) [25]

Cellular concrete 99 Compressive strength Backpropagation Neural Network
(BPNN) [26]

Fly ash (FA) and blast
furnace slag (BFS) 135 Compressive strength ANN [27]

Foamed concrete 91 Compressive strength Extreme Learning Machine (ELM) [28]

Recycled aggregates 74 Compressive strength ANN Convolutional Neural Network [29]

Rubberized concrete 112 Compressive strength ANN [30]

Steel fiber added
lightweight concrete 126 Compressive strength ANN [31]

Fiber reinforced
polymer concrete (FRP) 98 Shear strength ANN [32]

FRP 84 Shear strength ANN [33]

High strength concrete
(HSC) 187 Compressive strength ANN [34]

2. Data Collection

To predict the compressive strength (CS) of RHA, mathematical models are developed
using a dataset of 192 data points from the vast literature review and existing studies on
machine learning [12,13,35–39]. These data were collected through google Scopus. The
constituents of concrete include RHA, OPC, aggregates, super plasticizer (SP), and water.
The type of cement and curing methodology used in all the mixes is same. The CS of cubic
specimens is converted into CS of cylinders by using 0.8 as a factor (as per BS 1881: Part
120:1983). The only output parameter in this study is compressive strength. The input
parameters consist of main variables such as percentage of SP, curing age (CA), quantity
of water used (W), amount of OPC (OPCP), quantity of aggregates (AGG), and amount
of RHA (RHAP). Moreover, the description of collected data and its statistics are given
in Table 3.

Table 3. Statistical analysis of input data.

Parameters Mean Standard Deviation Kurtosis Skewness Minimum Maximum

Input parameters
Age (days) 34.57 33.52 −1.02 0.75 1 90

Plain cement (kg/m3) 409.02 105.47 3.66 1.55 249 783
RHA (kg/m3) 62.33 41.55 0.07 0.44 0 171
Water (kg/m3) 193.54 31.93 −0.74 −0.42 120 238

Super plasticizer (kg/m3) 3.34 3.52 −0.82 0.69 0 11.25
Aggregates (kg/m3) 1621.51 267.77 −0.27 −0.74 1040 1970

Response
Experimental compressive strength

(MPa) 48.14 17.54 0.75 0.83 16 104.1
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3. Methodology

The methodology section provides a brief detail about the approaches being made to
determine the CS of concrete mathematically as shown in Figure 2. First, the AI processes
used in this research are explained. The results obtained from AI data processing techniques
are assessed for validity by different statistical parameters.
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Figure 2. Adopted methodology for study.

3.1. Modeling Techniques

Machine learning-based modeling has been used in the past to predict the different
mechanical properties of materials [40–42]. These types of modeling techniques can be
utilized to develop models for prediction of a property of material. They do not need any
knowledge of the rudimentary experimental processes. This section of paper provides a
brief introduction of the predictive models used in this study. These models are as follow:

3.1.1. ANN

ANN is an artificial data analyzing technique. It is inspired by the learning capability
of human brain. The most widely used type of ANN is feedforward back propagation
(FFBP). As evident from Figure 3, an FFBP consists of at least three layers, namely, the input
layer, hidden layer, and output layer. The nodes of these layers are connected in a proper
sequence along with some weights. The input layer nodes do not perform any function
on input data. Their function is to just receive the data from outside. It is a hidden layer
where data are biased, weighted, and summed up. These processed data are then sent out
to the output layers [43,44].

There are basically two types of FFBP, namely, single layer perceptron (SLP) and
multiple layers perceptron (MLP). Both types of FFBP have their own advantages and dis-
advantages. Alhough the SLP is simple and easy to use, it cannot handle nonlinear relations.
On the other hand, MLP are complex, but they can be applied to nonlinear relations.
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Mathematically, an MLP operates in following way:
Step 1: The inputs are summed and weighted as

sj = ∑n
i = 1 ωij Ii + bj j = 1, 2, 3, . . . . . . , h (1)

where n = number of total inputs, Ii = current input number, ωij = weight between the
previous layer, and the jth neuron and b are used to define the termination of process.

Step 2: This step includes an activation function. There are various types of activation
functions such as sigmoid, ramp, and Gaussian functions. However, this research utilizes
sigmoid function which is defined as

sj =
1

1 + e−sj
j = 1, 2, 3, . . . . . . . . . , h (2)

Step 3: This represents the final outputs. The final outputs depend on the outputs
calculated by hidden nodes. The final outcome can be expressed as

Ok = ∑h
j = 1

(
ωjk· sj

)
+ b′k, k = 1, 2, . . . , m (3)

Ok = sigmoid (Ok) =
1

(1 + e−Ok )
, k = 1, 2, . . . , m (4)

In above equation, ωjk = weighted connection between kth output node to jth hidden
node. Similarly, b′k = bias output of kth output node.

In this research, 70 percent of the data points are selected randomly for the training of
data, and 30 percent for validation.

3.1.2. ANFIS

ANFIS is a technique that utilizes the combined effect of artificial neural networks and
fuzzy logic [45]. Figure 4 shows a brief illustration of the ANFIS technique. An artificial
neural network is used to minimize the chances of error in the output data. Thus, the fuzzy
logic is implied to demonstrate the expert knowledge [42]. Fuzzy logic rules are applied as
if-then while mathematically programming for the desired input and output datasets. An
ANFIS model consists of five layers normally. These are (1) fuzzification, (2) set of rules, (3)
normalization, (4) defuzzification, (5) aggregation.
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Layer 1 is the fuzzification layer. It contains all the function members of the input
variables. A Gaussian function is used in this layer to predict the outcome. Mathematically,
it can be expressed as

µui (x) = exp
[
− (x− ai)

2 εi
2

]
(5)

where ai and εi are parameters of a function membership.
Layer 2 contains nodes which send the output by multiplying the input by certain

weightages. This layer utilizes the fuzzy AND logic by using the equation listed below:

wi = µui (x) × µvi (y) (6)

Layer 3 has an aim to normalize the data. It normalizes the functions of membership.
It calculates the ratios between different firing strength using the following expression:

w =
wi

∑i wi
(7)

Layer 4 is known as the defuzzification layer. It contains nodes that conclude the
fuzzy logic rules. This layer contains square nodes, which can be expressed by following
function:

wi fi = wi × (mix + niy + ri) (8)

where mi, ni, and ri are linear parameters.
Layer 5 has a function of aggregation. It sums up the previous layers and presents the

final output mathematically as follows:

∑
i

w fi =
∑i wi fi

∑i wi
(9)

All the data points are used for the training of data.
Off the shelf functionality of MATLAB is used for ANN and ANFIS techniques in this

research.

3.1.3. MNLR

MNLR is a technique which is used to model a random nonlinear relationship be-
tween the dependent and independent variables. The following equation represents the
MNLR [41]:

Y = a + β1Xi + β2Xj + β3Xi
2 + β4Xj

2 + . . . . . . .. + βkXiXj (10)

where a = intercept, β = slope or coefficient, K = number of observations. The above
equation can make an estimate for the value of Y for each value of X.

3.1.4. LR

LR is a technique in which there is linear relationship between the dependent and
independent variables. It can be represented mathematically as follows:

Y = a + β1X1 + β2X2 + β3X3 + . . . . . . .. + βiXi (11)
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The above equation can be utilized to find values of Y for each input value X.
In above equations of MNLR and LR, “Y” stands for compressive strength of RHA.

Similarly, the values of “X” represents inputs which are age, water content, RHA content,
SP content, and the percentage of aggregates.

The models are developed in Microsoft Excel by authors for MNLR and LR techniques
using the above equations.

4. Results

A total of 192 data points are used for all the models and techniques. A total of
134 data points are used for training, and 58 data points for validation. The results of
machine learning techniques and regression models are given in Appendix A.

4.1. ANN

Parametric adjustments are made before running the proposed ANN model. These
parameters include number of hidden layers, total number of neurons per hidden layer,
training function for neural networks, epochs, and maximum number of iterations. These
parameters are determined through the hit and trial method in this research. The details of
the parametric adjustment are given in Table 4.

Table 4. Parametric adjustment of the developed model.

Parameters Description

Total number of hidden layers 2
Maximum number of neurons per hidden layer 10

Training function Levenberg–Marquardt
Epochs 3

Training completed at epoch 2

MATLAB was used to predict the compressive strength of RBC through ANN. ANN
gave the results which were closest to the experimental results. The same can be verified
through the statistical parameters of ANN.

It is noteworthy that the correlation factor for ANN predicted CS (R2 = 0.98) is quite
high. The prediction result for ANN is plotted in Figure 5.
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4.2. ANFIS

Similarly, before training the data on ANFIS, parametric adjustments were made.
These included total number of epochs and function used for the activation of ANFIS. The
parametric adjustments for ANFIS are given in Table 5.

Table 5. Parametric adjustments for ANFIS.

Parameters Description

Training function trimf
Epochs 6

Training completed at epoch 2

MATLAB is used for ANFIS. The correlation factor for ANFIS predicted CS (R2 = 0.89)
is also quite high. Figure 6 shows that the predicted results are quite close to the experi-
mental values.
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4.3. MNLR

The results predicted by MNLR were not close to the experimental results. The
correlation factor for MNLR predicted CS (R2 = 0.70) confirms the same. The correlation
factor for training and validation is 0.75 and 0.69, respectively. The same can be confirmed
by the dispersion of points in Figure 8 below.

4.4. LR 40

LR gave the results which were far away from the experimental results. A weak corre-
lation (R2 = 0.63) existed between the experimental and predicted results. The correlation
factor for LR training and LR validation is 0.64 and 0.62, respectively. It can be seen in
Figure 9 below that points are dispersed.

4.5. Sensitivity and Parametric Analysis

Different variables are used to find the CS of RBC. Sensitivity analysis (SA) is used
to determine the relative contribution of these variables to the result. SA is carried out
mathematically by using the following Equations:

Ni = fmax(xi) − fmin(xi) (12)

SA =
Ni

∑
j = 1
n Nj

(13)

where fmax(xi) is the maximum, and fmin(xi) is the minimum output of the predictive
models, respectively. Thus, i represents the input domain and other input variables that
are kept constant. It is obvious from the graphical representation (shown in Figure 10) that
the contribution of different input variables on the CS of RBC is same as that in real life.
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Figure 9. LR (a) training, (b) validation, (c) testing.

Crystals 2021, 11, x FOR PEER REVIEW 14 of 24 
 

 

 
(c) 

Figure 9. LR (a) training, (b) validation, (c) testing. 

4.5. Sensitivity and Parametric Analysis 

Different variables are used to find the CS of RBC. Sensitivity analysis (SA) is used to 

determine the relative contribution of these variables to the result. SA is carried out 
mathematically by using the following Equations: 

𝑁𝑖 = 𝑓max(𝑥𝑖) − 𝑓min(𝑥𝑖)  (12) 

𝑆𝐴 = 
𝑁𝑖

∑ 𝑁𝑗

𝑗=1

𝑛

  
(13) 

where 𝑓max(𝑥𝑖) is the maximum, and 𝑓min(𝑥𝑖) is the minimum output of the predictive 
models, respectively. Thus, i represents the input domain and other input variables that 

are kept constant. It is obvious from the graphical representation (shown in Figure 10) 
that the contribution of different input variables on the CS of RBC is same as that in real 

life. 

 

Figure 10. Contribution of inputs to the output. 

17.99

19.65

4.64

19.35 19.07 19.29

Age Cement RHA Water SP Agg

0

5

10

15

20

R
e

la
ti

v
e

 c
o

n
tr

ib
u

ti
o

n
 t

o
 o

u
tc

o
m

e
 (

%
)

Parameters

Figure 10. Contribution of inputs to the output.

Along with sensitivity analysis, a parametric analysis (PA) is also carried out. This
helps in determining the influence of the input parameters on the output parameter. This
shows the trend of CS when all the input variables are kept constant at their mean value
except one input. The change in CS is recorded when one input variable is varied from its
minimum value to its maximum value. All the results of PA are shown in Figure 11 below.

The sublots in front of each graph in Figure 11 represent the constant parameters of
parametric analysis for each input. The literature used for obtaining experimental values
includes [12,35–39]. It can be observed from the results that when water is increased from
a certain limit, a reduction in CS occurs. This is also obvious from previous studies. De
Sensale [39] conducted research in which a water to cement ratio (w/c) of 0.4 gave more
CS than w/c of 0.5. RHAP contributes towards the enhancement of strength, but when
RHAP is increased by 30 percent, it results in decrease of compressive strength. This is due
to the fact that, as discussed in Section 1, RHA contains 90 percent silica. By increasing the
RHA percentage, the amount of silica is also increased. This silica remains unreacted by
increment of RHA and results in reduced CS of RBC [37].

It can be seen from the above results that the regression models did not show sat-
isfactory results as compared to the machine learning processes. This is due to certain
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limitations in regression models, such as pre-defined equations that cannot learn the rela-
tionship between input variables and the function properly. Whereas, machine learning
has efficiently predicted the relationship between input and output variables. The machine
learning techniques gave results closer to the experimental values.
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Figure 11. Parametric analysis of inputs. (a) Age, (b) cement, (c) RHA, (d) water content, (e) superplasticizer, (f) ag-
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Figure 11. Parametric analysis of inputs. (a) Age, (b) cement, (c) RHA, (d) water content, (e) superplasticizer, (f) aggregates.

5. Conclusions

Different models for prediction of CS of RBC are developed in this study. The models
developed in this study are based on wide range of data which consist of different parame-
ters demonstrated by experimental studies that are available in the literature. The models
considered the most influential parameters on CS as inputs. The results obtained in this
research are closer to the experimental research. The following conclusions can be drawn
from the obtained results:

1. The PA has shown that the input parameters used in this research are effectively
utilized by the model to predict the CS. Moreover, the statistical parameter R2 shows
the accuracy of the data used for the training and validation of different models.

2. The R2 for the predicted strengths of ANN, ANFIS, MNLR, and LR is 0.98, 0.89, 0.70,
and 0.63, respectively.

3. It is evident by the comparison of ANN and ANFIS with the regression models that
both ANN and ANFIS have a high command on prediction of CS of RBC. Therefore,
they are suitable for the predesign of RBC.

4. The proposed models can provide the basis for using RBC in different structures
rather than discarding it.

Concrete containing RHA has a great potential to replace OPC concrete. It is rec-
ommended that extensive research be carried out by including more parameters. These
parameters should include temperature, corrosion, and resistance to chlorine and acid
attacks. Other advanced programming techniques such as an M5P tree and gene expression
programming can be used to make further predictions.
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Abbreviations

Nomenclature Definition

AGG Amount of aggregates
AI Artificial intelligence
ANFIS Adaptive neuro-fuzzy inference system
ANN Artificial neural network
CA Curing age
CCA Corn cob ash
CS Compressive strength
FA Fly ash
FFBP Feed forward back propagation
GGBFS Ground granulated blast furnace slag
GWP Global warming potential
LR Linear regression
MLP Multi layer perceptron
MNLR Multiple nonlinear regression
OPC Ordinary Portland cement
OPCP Amount of OPC
RBC RHA blended concrete
RH Rice Husks
RHA Rice husk ash
RHAP Amount of RHA
SCBA Sugarcane baggase ash
SCM Secondary cementitious material
SLP Single layer perceptron
SP Superplasticizer
W Water used

Appendix A

Table A1. Compressive strength (CS) (MPa) results obtained through different models.

Experimental ANN Prediction ANFIS Prediction LR Prediction MNLR

18.16 17.91 31.12 45.00 40.31
16.72 12.06 27.21 41.43 30.10
17.6 15.19 31.43 41.21 34.24
15.76 18.26 29.00 39.39 33.65
27.76 30.28 42.86 45.59 40.46
30.24 30.12 43.81 42.02 30.25
27.36 27.30 42.54 41.88 34.41
26.08 29.29 40.42 40.21 33.86
38.32 37.24 33.33 45.51 44.64
33.04 30.89 28.89 41.93 34.44
38.96 36.67 33.62 41.71 38.58
36.16 35.72 31.05 39.89 37.99
14.08 14.95 14.11 27.75 25.72
48.64 50.77 45.60 46.09 44.79
51.12 49.99 45.85 42.52 34.58
48.56 50.10 45.25 42.38 38.75
45.84 48.30 43.04 40.71 38.20
48.48 49.97 37.76 46.52 48.79
40.8 42.73 32.25 42.95 38.59
49.44 51.43 38.02 42.72 42.73

24 23.64 24.81 30.02 24.01
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Table A1. Cont.

Experimental ANN Prediction ANFIS Prediction LR Prediction MNLR

25.2 23.86 25.39 30.85 28.80
26 23.83 27.60 31.67 30.22

28.4 23.95 28.54 32.50 31.01
24.8 24.43 25.31 33.33 31.46
22.08 22.04 22.70 23.90 23.28
23.76 24.07 25.01 23.52 23.27
20.56 20.25 20.97 23.16 20.56
46.08 46.67 35.13 40.90 42.14
66.88 64.77 51.09 47.10 48.94
25.92 23.20 25.88 28.85 29.66
61.12 62.83 49.95 43.53 38.73
66.24 66.69 50.67 43.39 42.90
63.36 60.64 48.28 41.73 42.35
28.24 27.61 26.93 25.55 27.87
28.88 28.21 27.26 25.17 26.58
58.24 60.42 60.99 51.83 57.53
47.68 50.46 49.89 48.25 47.32
58.16 54.92 61.09 48.03 51.46
35.6 36.04 34.11 35.33 32.74
36.4 37.66 34.88 36.16 37.53
39.6 38.16 37.72 36.98 38.95
40 37.39 38.61 37.81 39.75

34.4 35.20 33.55 38.64 40.19
29.68 32.60 29.98 29.33 28.05
33.44 33.46 34.23 28.96 32.49
30.08 29.41 30.17 28.59 30.37
53.76 54.72 56.59 46.21 50.87
76.16 75.21 79.90 52.41 57.68
68.56 67.37 71.43 48.84 47.47
75.44 70.38 79.14 48.70 51.63
32.24 30.73 32.25 34.34 33.92
37.52 32.79 37.51 33.94 38.46
72.24 70.61 75.79 47.04 51.08
41.2 40.88 42.37 42.41 38.23
42.8 43.35 43.43 43.24 43.02
44.8 45.59 46.88 44.06 44.44
47.6 47.49 48.07 44.89 45.24
41.6 49.06 42.34 45.72 45.68
66.56 66.98 66.55 67.50 67.30
53.44 65.68 53.44 63.93 57.09
65.76 66.02 65.76 63.71 61.23
60.64 60.01 60.65 61.89 60.64
34.64 34.06 34.65 44.88 41.78
36.8 36.36 36.85 44.51 41.77
29.76 30.66 29.74 44.14 39.06
44.4 45.77 44.01 51.01 42.51
45.2 45.74 45.49 51.83 47.30
50.4 46.92 49.25 52.66 48.72
51.2 48.40 51.52 53.49 49.52
48.8 49.83 48.52 54.31 49.96
47.2 46.94 47.20 49.75 48.38
83.28 83.60 83.29 68.09 67.45
75.2 75.35 75.20 64.52 57.24
82.64 83.02 82.64 64.38 61.40
79.28 78.48 79.27 62.71 60.85
39.5 39.69 39.50 42.75 45.55
30.5 30.47 30.50 41.75 43.76
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Table A1. Cont.

Experimental ANN Prediction ANFIS Prediction LR Prediction MNLR

29.7 29.35 29.70 33.47 35.31
23.6 23.61 23.60 33.19 34.09
22.7 23.21 22.70 26.39 26.79
20.8 26.18 20.80 26.05 25.81
51.4 50.15 51.40 48.06 54.28
47.4 47.08 47.40 47.06 52.50
40.8 40.61 40.80 38.78 44.04
39.4 40.25 39.40 38.50 42.82
34.5 29.33 34.50 31.70 35.53
35.9 36.13 35.90 31.36 34.54
64.5 64.94 64.50 63.74 64.05
68.5 69.42 68.50 62.74 62.27
51.5 51.89 51.50 54.46 53.81
57.3 57.27 57.30 54.17 52.59
44.4 43.98 44.40 47.38 45.30
52.9 52.55 52.90 47.04 44.31
25.2 26.10 25.23 30.56 17.15
25.68 25.92 25.73 30.00 21.15
26.64 26.24 26.88 29.25 21.23
27.6 26.90 27.46 28.31 20.45
26.88 26.18 26.53 27.20 19.16
23.44 24.15 23.45 25.90 17.47
23.2 21.95 23.16 24.42 15.46
33.36 31.93 33.37 37.39 34.36
34.16 33.71 33.61 36.82 38.37
35.36 36.30 35.56 36.07 38.45
37.44 38.46 36.98 35.14 37.67
34.8 38.45 36.07 34.03 36.38
31.6 37.15 31.50 32.73 34.69
30.56 35.91 30.67 31.25 32.68
39.28 37.51 39.44 44.47 39.86
40.16 39.41 39.95 43.90 43.86
41.68 42.31 42.42 43.15 43.94
44.24 43.81 44.16 42.22 43.16
44.16 42.63 43.10 41.10 41.87
37.6 40.41 37.76 39.81 40.18
36.72 38.56 36.63 38.33 38.17
42.08 43.41 41.98 53.07 44.13
43.92 45.62 43.95 52.50 48.14
45.84 48.62 46.40 51.75 48.21
48.96 48.95 47.45 50.82 47.44
44.4 46.41 45.86 49.70 46.15
41.52 43.25 41.14 48.40 44.46
40.16 40.79 40.18 46.92 42.45

41 40.43 53.59 65.61 68.86
30 30.26 41.92 37.55 31.04
27 28.62 37.95 37.54 36.42
26 26.13 36.87 38.13 35.68
19 19.53 31.29 38.54 33.46
16 15.26 25.75 23.81 18.84
59 52.03 54.44 66.11 73.19
46 39.32 42.89 38.05 35.37
41 38.71 39.35 38.05 40.75
38 37.54 38.27 38.64 40.02
32 32.63 32.88 39.04 37.80
26 25.29 27.13 24.32 23.18
62 60.76 56.13 67.12 77.34
50 47.89 44.83 39.06 39.53
47 48.19 42.14 39.06 44.90
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Table A1. Cont.

Experimental ANN Prediction ANFIS Prediction LR Prediction MNLR

47 47.53 41.06 39.65 44.17
43 43.50 36.06 40.05 41.95
37 35.53 29.91 25.33 27.33
63 64.01 59.09 68.89 81.37
54 52.69 48.22 40.83 43.56
52 53.58 47.03 40.83 48.93
52 52.95 45.93 41.42 48.20
51 48.99 41.63 41.82 45.98
40 41.96 34.77 27.10 31.36
66 67.67 65.01 72.43 86.08
56 56.63 55.01 44.37 48.26
61 58.11 56.80 44.37 53.64
60 58.28 55.69 44.96 52.90
54 55.56 52.77 45.36 50.68
47 47.06 44.48 30.64 36.06
69 70.31 72.59 79.51 91.57
60 61.89 64.09 51.45 53.75
62 63.30 68.19 51.45 59.13
61 63.18 67.77 52.04 58.39
60 60.58 65.74 52.44 56.17
51 51.74 56.18 37.72 41.55
74 72.72 73.15 88.11 95.85
67 67.64 66.03 60.05 58.03
67 68.51 65.54 60.04 63.41
69 67.15 67.40 60.63 62.67
64 63.34 62.65 61.04 60.45
56 54.59 54.77 46.32 45.83

22.08 22.04 22.70 23.90 23.28
22.4 22.26 23.66 23.78 23.84
23.44 23.49 24.42 23.65 23.75
23.76 24.07 25.01 23.52 23.27
22.96 23.29 24.63 23.40 22.55
21.92 21.81 23.13 23.28 21.64
20.56 20.25 20.97 23.16 20.56
27.36 27.33 25.81 25.67 27.31
28.24 27.61 26.93 25.55 27.87
28.8 28.72 27.69 25.42 27.78
31.44 29.08 28.12 25.29 27.30
28.88 28.21 27.26 25.17 26.58
26.8 26.79 25.47 25.05 25.67
24.88 25.41 23.52 24.93 24.59

32 32.36 32.04 29.21 32.01
33.04 32.86 33.46 29.09 32.58
33.44 33.46 34.23 28.96 32.49

34 32.88 34.33 28.83 32.00
31.04 31.26 32.52 28.71 31.28
30.08 29.41 30.17 28.59 30.37
28.08 27.85 28.61 28.47 29.29
34.64 34.06 34.65 44.88 41.78
35.84 36.36 35.81 44.76 42.35
36.56 37.27 36.54 44.64 42.26
36.8 36.36 36.85 44.51 41.77
34.4 34.58 34.26 44.39 41.05
30.96 32.60 31.06 44.26 40.14
29.76 30.66 29.74 44.14 39.06
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Abstract: Massive high-strength concrete structures tend to have a high risk of cracking. Ground
slag powder (GSP), a sustainable and green industrial waste, is suitable for high-strength concrete.
We carried out an experimental study of the effects of GSP with a specific surface area of 659 m2/kg
on the hydration, pore structure, compressive strength and chloride ion penetrability resistance of
high-strength concrete. Results show that adding 25% GSP increases the adiabatic temperature rise of
high-strength concrete, whereas adding 45% GSP decreases the initial temperature rise. Incorporating
GSP refines the pore structure to the greatest extent and improves the compressive strength and
chloride ion penetrability resistance of high-strength concrete, which is more obvious under early
temperature-matching curing conditions. Increasing curing temperature has a more obvious impact
on the pozzolanic reaction of GSP than cement hydration. From a comprehensive perspective, GSP
has potential applications in the cleaner production of green high-strength concrete.

Keywords: GSP; high strength; hydration; strength; penetrability

1. Introduction

Currently, high-rise buildings have become increasingly widespread in China due
to their advantages in space, stability and unique design [1,2]. They typically symbolize
the landscape architecture and construction of a city, such as the Shanghai Tower (632 m),
the Shenzhen Ping’an Finance Centre (599 m) and the China Zun in Beijing (528 m). The
foundation structures of high-rise buildings with heavy loads are extremely deep and wide,
which is typical for massive high-strength concrete structures [1]. During the hydration
process, substantial hydration heat is generated in massive high-strength concrete, result-
ing in a high internal temperature rise because of its slow heat dissipation [3–6]. After
hardening, large tensile stresses are formed due to restrained thermal and autogenous
shrinkage deformations, which are the main driving forces of cracking in concrete [7].

Using supplementary cementitious materials (SCMs) to lower early heat and attendant
volume changes is the most common preventative method [8–12]. The application of SCMs
in concrete also has positive effects on workability, pumpability, strength and permeability
resistance to chemical attacks [13–21]. Meanwhile, SCMs, as mineral admixtures to replace
cement in high-strength concrete, reduce the carbon footprint in cement and concrete pro-
duction and are conducive to sustainable development due to the conservation of natural
resources [22–24]. Slag, as one of the most suitable SCMs, has been extensively identified
and used to directly replace cement, minimizing cracking in massive concrete applications.
Slag is a non-metallic residual generated from blast furnaces when iron is extracted from its
ore [25,26]. Molten slag, comprising mostly silicates and alumina, is swiftly quenched with
abundant water [27]. The rapid cooling method results in amorphous phases of slag (nearly
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80% content), which is responsible for its pozzolanic activity [28]. Compared to Portland
cement, slag has a lower specific gravity [29]. The colour of slag varies from dark grey
to white depending on the moisture inside, its chemical composition and its granulation
efficiency [30]. The replacement rate for slag during the production of concrete varies
from 30% to 85%, and 50% is typically used in most applications [10,31]. Incorporating as
little as 30% slag can reduce the cumulative heat by 25% after the initial 48 h [31,32]. The
cementitious activity of slag needs to be further improved for wider application. These
inherent attributes are not easy to change, including the chemical composition, amorphous
phase content and alkali concentration of the cement system [33,34]. However, the fineness
of slag can be further enhanced by drying and subsequent grinding in a rotating ball mill
to a finer powder with a specific surface area of 600 m2/kg−700 m2/kg, which is called
“ground slag powder (GSP)” in this study.

Many studies have proven that the pozzolanic reaction rate is increased by improving
the fineness of slag, which has a great impact on the development of strength and durability.
He et al. [35] used two methods to prepare GSP, including the wet-milling method and
the dry-separation method, to improve its early reactivity. They verified that the setting
time gradually decreased with the dry-separation slag and increased with the wet-milling
slag [35]. Moreover, a system containing wet-milling slag had higher electrical resistivity
and better mechanical properties [35]. Liu et al. [36] investigated the contribution ratios of
GSP to a GSP-cement-steel slag ternary cementitious material system and found that
GSP caused an obvious improvement in the hydration and mechanical properties at
every stage due to its close-packing effect [36]. Zhang et al. [37] found that the ultimate
hydration heat initially increased and then decreased sharply with increasing proportions
of GSP [37]. Meanwhile, adding GSP had a slight impact on chemical shrinkage but
increased the chloride binding capacity [37]. Mohan et al. [38] conducted experiments
on the influence of silica fume and GSP on the properties of self-compacting concrete.
They found that incorporating GSP is a better way to decrease free shrinkage due to
the diminished water withholding and improved sulphate and acid attack resistance of
self-compacting concrete [38]. Pradeep Kumar et al. [39] reported a modification of the
corrosion property of concrete with the use of GSP. Using GSP reduced the workability and
water absorption of concrete, enhanced the bond strength of the steel rebar, and remarkably
reduced rebar corrosion [39].

Based on the literature available, there is still a lack of research on the properties
of GSP high-strength concrete. Hence, this study aims to investigate the feasibility of
using GSP as a mineral admixture in high-strength concrete. In this paper, high-strength
cement concrete with a design strength of C75 was prepared as the reference sample. Two
substitution rates of GSP (25% and 45%) and two curing conditions (a standard curing
condition and a temperature-matching curing condition) were selected. The adiabatic
temperature rise, pore structure, hydration products, compressive strength and chloride
ion penetrability resistance of high-strength concrete were measured. Effects of elevated
early temperatures on the properties of plain cement concrete and GSP concrete were
analyzed. The results of this study can provide considerable theoretical guidance for the
use of GSP in massive high-strength concrete applications.

2. Materials and Methods
2.1. Raw Materials

Water-quenched blast-furnace slag powder was produced by Xingye Materials Co.,
Ltd., Xingtai, Hebei province, China. Portland cement with a strength grade of 42.5 was
supplied by Jinyu Cement Co., Ltd., Beijing, China. The slag powder is further ground into
GSP in the laboratory. The chemical compositions of raw materials are given in Table 1.
The mass coefficient (K = w(CaO + MgO + Al2O3)/w(SiO2 + MnO + TiO2)) of the GSP
used was 1.97 according to the Chinese national standard (GB/T 203-2008). The specific
surface areas of the cement and GSP were 341 m2/kg and 659 m2/kg, respectively. Coarse
aggregates of concrete are crushed limestone of 5 to 20 mm in size. Fine aggregates of
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concrete are river sand with a fineness modulus of 2.9. The workability of fresh concrete
was adjusted using a polycarboxylate superplasticizer.

Table 1. Chemical compositions of the cement and ground slag powder (GSP)/%.

CaO SiO2 Al2O3 MgO Fe2O3 SO3 Na2Oeq * f-CaO LOI

Cement 62.71 22.33 4.75 1.98 2.78 2.37 0.68 0.64 2.03
GSP 39.47 30.14 18.64 8.68 0.75 0.24 0.86 - 1.04

* Na2Oeq = Na2O + 0.658K2O; LOI: loss on ignition.

2.2. Mix Proportions

Table 2 shows the mix proportions of the high-strength concrete. The total amount of
binder was 550 kg/m3. A water/binder ratio of 0.28 and a sand ratio of 0.43 were selected.
Plain cement concrete was regarded as the reference sample (sample C). Two substitution
rates of GSP (25% and 45% by mass) were used, corresponding to sample S25 and sample
S45. Cubic concrete samples with side lengths of 100 mm were prepared. Each sample had
a total of 36 square concrete specimens. The paste had the same water/binder ratio and
substitution rates as the concrete. Fresh pastes were cast into plastic tubes and cured under
the same curing conditions as the concrete.

Table 2. Mix proportions of high-strength concrete/kg·m−3.

Sample Cement GSP Fine
Aggregate

Coarse
Aggregate Water Superplasticizer

C 550 - 751 995 154 5.5
S25 412.5 137.5 751 995 154 8.25
S45 302.5 247.5 751 995 154 11

2.3. Curing Conditions and Test Methods

In this study, two curing conditions for the concretes and pastes were set—the standard
curing condition (symbol S) and the temperature-matching curing condition (symbol M).
Thus, sample SS25 represents S25 concrete cured under the standard curing condition,
and sample MS45 represents S45 concrete cured under the temperature-matching curing
condition. The standard curing condition required a constant temperature (20 ◦C ± 2 ◦C)
and relative humidity (>95%). The temperature-matching curing condition needed to be
adjusted according to the adiabatic temperature rise curve of the concrete. The adiabatic
temperature rise curve of high-strength concrete for the initial 7 d was determined by a
temperature measuring instrument (50 L) with an accuracy of ±0.1 ◦C.

The compressive strength and chloride ion penetrability resistance of concrete for
each concrete mixture were obtained from an average of three specimens. The pastes were
prepared for the tests of pore structure, Ca(OH)2 (CH) content, and non-evaporable water
content. First, the hardened paste was broken into small pieces (less than 5 mm). Then,
the pieces were soaked in ethanol (Tongguang fine chemicals company, Beijing, China)
for 24 h at test ages. Finally, all pieces were dried in the oven at 110 ◦C. For tests of CH
content and non-evaporable content water content, dried pieces were further ground into
ultrafine powder. The pore structure of hardened paste at ages of 28 d and 90 d was
measured with a mercury intrusion porometer (MIP, AUTOPORE II 9220 manufactured
by Micromeritics, America) with a maximum mercury intrusion pressure of 300 MPa. The
CH content was determined by thermogravimetric (TG) and derivative thermogravimetric
(DTG) analyses. TG and DTG curves were obtained using Instrument TGA 3+ (METTLER
TOLEDO, Switzerland) in an N2 atmosphere from 30 ◦C to 900 ◦C at 14 d, 28 d and 90 d.
The non-evaporable water content Wn was determined using the following Equation (1):

Wn = (m1 − m2)/m1 − (1 − α) LOIC − αLOIS, (1)
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where m1 is the dried mass of hardened paste at 110 ◦C, m2 is the mass of hardened paste
after heating at 1050 ◦C, α represents the replacement rate of GSP, and LOIC and LOIS
represent the loss on ignition of cement and GSP, respectively.

3. Results and Discussion
3.1. Adiabatic Temperature Rise

The adiabatic temperature rise curves of plain cement concrete and GSP concrete
for the initial 7 d are depicted in Figure 1. It is obvious that the growth trends of the
three temperature curves are similar. The temperature rose sharply before 24 h and
remained stable after 150 h. The final temperature rises of samples C, S25 and S45 were
56.56 ◦C, 60.58 ◦C and 54.07 ◦C, respectively. This illustrates that the incorporation of
25% GSP increases the adiabatic temperature rise by 4.02 ◦C and incorporating 45% GSP
decreases the adiabatic temperature rise by 2.49 ◦C. Note that sample S25 exhibited the
maximum temperature rise. This indicates that the promoting effect of GSP on cement
hydration exceeds the negative effect due to cement reduction. The promoting effects
derived from two main contributing factors [34]. One is the heterogenous nucleation
effect [34]. Compared to cement particles, GSP has finer particles, of which the specific
surface area is 659 m2/kg. Finer slag particles can serve as heterogeneous nucleation and
crystallization sites of C–S–H gel and CH, thus improving the degree of cement hydration.
The other is related to the higher reactivity of slag, which participates in pozzolanic
reactions at an early stage, thus promoting cement hydration. The drop in the adiabatic
temperature rise is attributed to a significant reduction in cement content.
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3.2. Compressive Strength

The compressive strengths of plain cement concrete and GSP concrete under standard
curing conditions are shown in Figure 2a. It can be easily observed that the compressive
strength of concrete slightly increased with GSP at all ages. The compressive strengths
of concrete at ages of 7 d, 28 d, 90 d and 180 d were more than 70 MPa, approximately
80 MPa, 85 MPa and 90 MPa, respectively. Compared to the 7 d compressive strength, the
growth rates of the strength at the ages of 28 d, 90 d and 180 d were approximately 12%,
20% and 24%, respectively. Thus, the growth rates of the compressive strengths of plain
cement concrete and GSP concrete showed little difference at the same ages under standard
curing conditions. Compared to the compressive strengths of plain cement concrete, the
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growth rates in strength due to the addition of GSP were calculated and are presented in
Figure 2b. The growth rate of sample SS25 at all ages was relatively low, at no more than
2%. The growth rate of sample SS45 was higher than that of sample SS25 at all ages. In
particular, the 28 d growth rate of sample SS45 reached 6%. The growth rate is related
to pore structure and hydration products. Compared to sample SS25, sample SS45 has a
higher substitution rate and the presence of GSP with finer particles has a more positive
influence on early hydration, resulting in a higher growth rate.
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Figure 2. (a) Compressive strength of high-strength concrete under standard curing condition; (b) growth rate of compressive
strength at different ages.

The compressive strength and growth rate of compressive strength under temperature-
matching curing conditions are presented in Figure 3a,b, respectively. The compressive
strength of high-strength concrete significantly increases with GSP at all ages under
temperature-matching curing conditions, which is different from the trend under stan-
dard curing conditions. Compared to the 7 d compressive strength, the growth rates of
the strength at 28 d and 90 d were approximately 11% and 21%, respectively. However,
the growth rates of 180 d compressive strength were approximately 22%, 28% and 30%,
respectively. The growth rate of GSP concrete at 180 d was higher than that of plain cement
concrete. Meanwhile, compared to the compressive strength of plain cement concrete, the
growth rates of strength at different ages due to the addition of GSP under temperature-
matching curing conditions (Figure 3b) were higher than those under standard curing
temperatures (Figure 2b). In addition, the growth rate increased with GSP. In particular, the
180 d growth rates were the highest. This result indicates that the temperature-matching
curing conditions have a more positive effect on the development of the late compressive
strength of GSP concrete. Elevated temperatures promote the pozzolanic reaction of GSP.
The pozzolanic reaction of GSP consumes CH and forms C–S–H gel, improving the density
of the interfacial transition zone between the cement and aggregates [40,41]. Furthermore,
C–S–H gel plays a key role in mechanical performance. When GSP is added to the cementi-
tious system, Al3+ is released from the slag and finally forms a C–(A)–S–H gel, leading to
an increase in the Al/Si molar ratio and a decrease in the Ca/Si molar ratio [42,43]. C–S–H
with higher Al/Si and lower Ca/Si ratios has a higher bonding capacity and thus improves
the compressive strength [40–44].
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3.3. Chloride Ion Penetrability Resistance

The chloride ion penetrability resistance of concrete at ages of 28 d and 180 d under
standard curing conditions are shown in Figure 4. It can be seen in Figure 4 that the
chloride ion penetrability grades of sample SC were “moderate” and “low” at 28 d and
180 d, respectively. However, the penetrability grades of samples SS25 and SS45 fell to the
“low” level and the “very low” level at the two ages. Therefore, substitution with GSP can
improve the chloride ion penetrability resistance of high-strength concrete, and the effect
increases with increasing GSP. This is because the filling effect of grinding slag fills the
pore structure of concrete, and the pozzolanic reaction consumes CH in the transition zone,
resulting in more C–S–H gel, which refines the pore structure.
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ing conditions.

The chloride ion penetrability resistance of concrete at 28 d and 180 d under temperature-
matching curing conditions are presented in Figure 5. Significantly, as the age increases,
the chloride ion penetration resistance of concrete did not change. The chloride ion pene-
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trability grades of sample MC were “moderate” at the two ages. The penetrability grades
of both samples MS25 and MS45 fell to the “very low” level at the same time. The GSP
content has little effect on the chloride ion penetration resistance of concrete with further
hydration. This is because the pozzolanic reaction of GSP mainly occurred at an early age
and increasing the early curing temperature promoted the reaction of GSP, which had an
adverse effect on the late reaction. In terms of the chloride ion penetration resistance, com-
bined with the results under standard curing conditions, increasing the curing temperature
has a greater influence on high-strength concrete mixed with 25% GSP.
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3.4. Pore Structure

The differential pore size distributions of different hardened pastes under standard
curing conditions are presented in Figure 6. As shown in Figure 6, the most likely pore
sizes of samples SC, SS25 and SS45 at 28 d were 62.1 nm, 30.2 nm and 13.94 nm, respectively.
With further hydration, the pore structure of the hardened paste becomes dense. The
most likely pore sizes of samples SC, SS25 and SS45 at 28 d were 40.7 nm, 5.42 nm and
3.39 nm, respectively. The most likely pore size obviously decreased with GSP due to
its positive effects on pore structure. Pores in hardened paste can be divided into four
types, depending on their diameters and functions, according to Mehta’s opinion: >100 nm,
50–100 nm, 4.5–50 nm and <4.5 nm [45,46]. Pores larger than 100 nm (also called harmful
pores) have adverse effects on the development of mechanical strength and the permeability
of hardened matrices [36]. Thus, the detailed pore size distribution of the hardened paste
is presented in Figure 7. Figure 7a shows that the porosities of samples SC, SS25 and SS45
at 28 d were 21.52%, 20.81% and 17.29%, respectively. The porosities at 90 d, shown in
Figure 7b, were 16.77%, 16.79% and 19.09%, respectively. Compared to the plain cement
paste (sample SC), the total porosity and the volume of harmful pores in hardened paste
at 28 d were significantly reduced due to the addition of GSP. However, the total porosity
in hardened paste containing 45% GSP (sample SS45) was the largest at 28 d due to more
harmless pores (<4.5 nm).
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The differential pore size distributions of different hardened pastes under temperature-
matching curing conditions are presented in Figure 8. The most likely pore sizes of samples
MC, MS25 and MS45 at 28 d were 24.3 nm, 49.0 nm and 5.4 nm, respectively. With further
hydration, the pore structure of the hardened paste becomes denser. The most likely pore
sizes of samples MC, MS25 and MS45 at 90 d were 17.1 nm, 5.7 nm and 5.0 nm, respectively.
The detailed pore size distribution of the hardened paste is presented in Figure 9. Figure 9a
shows that the porosities of samples MC, MS25 and MS45 at 28 d were 24.74%, 17.09% and
16.23%, respectively. The porosities at 90 d, shown in Figure 9b, were 22.20%, 16.35% and
11.31%, respectively. Compared to the plain cement paste (sample MC), the total porosity
and the volume of harmful pores in hardened paste containing 25% GSP were significantly
reduced. Sample MS25 had lower total porosity than sample MC. However, the volumes
of harmful pores of both pastes showed little difference.
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3.5. CH Content

The main hydration products of cement after 110 ◦C are CH and C–S–H gel. TG and
DTG analyses can express the mass loss resulting from the decomposition of the hydration
products. TG and DTG curves of hardened pastes under standard curing conditions at
different ages are presented in Figure 10. It is obvious that the mass loss of sample SC was
lower than that of samples SS25 and SS45 at the same ages, especially at early ages (14 d
and 28 d). However, the gap between samples SS25 and SS45 was small. As seen from
the DTG curves, there are two distinct peaks. One peak represents the dehydration of the
C–S–H gel before 200 ◦C, and the other is associated with the decomposition of CH within
a temperature range of 400 ◦C–500 ◦C [46,47]. It is worth noting that a smaller peak can be
found at approximately 800 ◦C, especially at 90 d. This peak is related to the decomposition
of CaCO3 originating from the carbonation of CH. The total CH content was calculated
based on the mass losses, corresponding to the decomposition of CH and CaCO3.
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Therefore, the CH content of hardened paste at different ages under standard curing
conditions is shown in Figure 11. It is clear that the CH content declined as the incorporation
of GSP increased at early and late ages, which can be primarily attributed to the reduction in
the cement content. Furthermore, unlike cement, GSP does not produce CH, but consumes
a certain amount of CH due to its pozzolanic reaction. In order to better explain the
influence of GSP on the cement system, the CH contents of plain cement systems were
calculated using reduction factors of 0.75 (25% GSP) and 0.55 (45% GSP), respectively.
The calculation results are also marked in Figure 11. At 14 d, compared to those of the
cement after the calculation with reduction factors of 0.75 and 0.55, the CH contents of
samples SS25 and SS45 were significantly higher. This indicates that the promoting effects
of GSP on the cementitious system exceeded the pozzolanic effect of GSP. These promoting
effects on cement hydration can be attributed to the dilution effect and the nucleation effect,
which forms a higher effective water/cement ratio and a larger growth space for hydration
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products. At an early age, hydration of cement in the cementitious system is dominant.
At 28 d, the CH contents in the cement paste after calculation and the corresponding
hardened paste containing GSP showed little difference. However, with further hydration,
the pozzolanic reaction of GSP consumed more CH, leading to a lower CH content in
composite systems at 90 d.

Crystals 2021, 11, x FOR PEER REVIEW 12 of 18 
 

 

 
Figure 11. CH content of hardened pastes under standard curing conditions. 

The TG and DTG curves of hardened pastes at different ages under temperature-
matching curing conditions are presented in Figure 12. As shown in Figure 12, the trend 
in mass losses was obviously different from that observed under standard curing condi-
tions (Figure 10). The gaps between samples MC, MS25 and MS45 were relatively small 
at all ages. There are also two endothermic peaks on the DTG curves at approximately 100 
°C and 450 °C, corresponding to the sequential decomposition of C–S–H gel and CH crys-
tals. Another absorption peak is located at approximately 650 °C, which represents the 
decomposition of CaCO3. 

  
(a) (b) 

Figure 11. CH content of hardened pastes under standard curing conditions.

The TG and DTG curves of hardened pastes at different ages under temperature-
matching curing conditions are presented in Figure 12. As shown in Figure 12, the trend in
mass losses was obviously different from that observed under standard curing conditions
(Figure 10). The gaps between samples MC, MS25 and MS45 were relatively small at
all ages. There are also two endothermic peaks on the DTG curves at approximately
100 ◦C and 450 ◦C, corresponding to the sequential decomposition of C–S–H gel and CH
crystals. Another absorption peak is located at approximately 650 ◦C, which represents the
decomposition of CaCO3.

The CH contents of different hardened pastes, including measured values and normal-
ization marks, under temperature-matching curing conditions are indicated in Figure 13.
At 14 d, the CH contents in the cement paste after calculation and the corresponding
hardened paste containing GSP showed little difference. This indicates that the CH content
remained balanced between production from cement hydration and consumption due to
the pozzolanic reaction of GSP. Currently, the promoting effect of GSP on the cementitious
system can compensate for its negative effect on CH content due to the pozzolanic effect.
At 28 d, compared to those of the cement after calculation with reduction factors of 0.75
and 0.55, the CH contents of samples SS25 and SS45 were significantly lower. At 90 d,
the gap in CH contents between the cement paste and hardened paste containing GSP
became wider. This indicates that the pozzolanic effect of GSP proves its importance with
further hydration. Compared to that observed under standard curing conditions, the
gap in the CH content at 14 d was obviously smaller under temperature-matching curing
condition. Elevated curing temperature has a greater impact on the pozzolanic reaction of
GSP, consuming more CH.
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3.6. Non-Evaporable Water Content

The non-evaporable water contents of hardened paste under two curing conditions are
presented in Figure 14a,b, respectively. The lowest non-evaporable water content of hard-
ened paste exceeded 12% under both curing conditions. Under standard curing condition,
the non-evaporable water content of hardened paste containing GSP was slightly higher
than that of sample SC. In particular, hardened paste containing 25% GSP showed the
highest non-evaporable water content. This indicates that the promoting effects, including
the dilution effect and the nucleation effect of GSP on the cement hydration, were obvious
at early and late ages. The results agree with the results of the adiabatic temperature rise of
concrete (Figure 1). In theory, the hydration of Portland cement per gram produces 0.25 g
of non-evaporable water, but the pozzolanic reaction of slag per gram generates 0.30 g of
non-evaporable water [48]. Meanwhile, increasing the fineness of active powder has a more
positive effect on the pozzolanic reaction [48]. Therefore, the faster reaction of GSP results
with a higher temperature rise rate was observed for sample SS25 (Figure 1), along with the
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higher non-evaporable water content of sample SS25. However, the gap in non-evaporable
water contents between samples SC and SS45 was relatively small, resulting from a sharp
reduction in cement content. Combined with the results of compressive strength under two
curing conditions, sample SS45 had the highest compressive strength. The compressive
strength of concrete depends not only on the amount of hydration products, it is also
closely related to the pore structure. Sample SS45 had the lowest total porosity and volume
of harmful pores, which resulted in the highest compressive strength.
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Under temperature-matching curing conditions, the trend of the non-evaporable water
content was similar to that under standard curing conditions (Figure 14a). However, the
non-evaporable water content of hardened paste became higher than that under standard
curing conditions. Increasing the early curing temperature evidently improves the hydra-
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tion rate of the plain cement and composite binder. Meanwhile, the highest non-evaporable
water content was observed for sample SS45 at 90 d. Replacing cement with GSP markedly
increased the late non-evaporable water content under temperature-matching curing condi-
tions. It is worth noting that the non-evaporable water content of hardened paste containing
GSP under two curing conditions reached or exceeded the content of cement paste after 14
d of curing. A previous study on ordinary slag showed that the same non-evaporable water
content with replacement rates of 50%–70% can be achieved after 60 d of curing [28,49].
This indicates that the fineness of slag plays an important role in cement hydration and the
pozzolanic reaction of mineral admixtures.

4. Conclusions

(1) Adding 25% GSP increases the adiabatic temperature rise of high-strength concrete
due to the promoting effects on cement hydration, whereas adding 45% GSP de-
creases the adiabatic temperature rise, which can be attributed to a reduction in
cement content.

(2) Compared to the compressive strength of plain cement concrete, the growth rates of
strength at different ages due to the addition of GSP under temperature-matching cur-
ing conditions are higher than those under standard curing temperature. Temperature-
matching curing conditions have a positive effect on the development of the late
compressive strength of GSP concrete.

(3) Compared to plain cement systems, cementitious material systems containing GSP
tend to have lower total porosity and a lower volume of harmful pores. The dense pore
structure of the GSP system leads to better chloride ion penetrability resistance of the
concrete, which is more distinct under early temperature-matching curing conditions.
Increasing the curing temperature has a greater influence on high-strength concrete
mixed with 25% GSP.

(4) The improvement effects of incorporating GSP on the late non-evaporable water
content of hardened paste are significant under early temperature matching curing
conditions. However, the effect of elevated temperatures on the early non-evaporable
water content are limited. Increasing early curing temperatures has a more obvious
effect on the pozzolanic reaction of GSP than the hydration of cement.
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Abstract: Fiber reinforced polymer (FRP) serves as a prospective alternative to reinforcement in
concrete slabs. However, similarly to traditional reinforced concrete slabs, FRP reinforced concrete
slabs are susceptible to punching shear failure. Accounts of the insufficient consideration of impact
factors, existing empirical models and design provisions for punching strength of FRP reinforced
concrete slabs have some problems such as high bias and variance. This study established machine
learning-based models to accurately predict the punching shear strength of FRP reinforced concrete
slabs. A database of 121 groups of experimental results of FRP reinforced concrete slabs are collected
from a literature review. Several machine learning algorithms, such as artificial neural network,
support vector machine, decision tree, and adaptive boosting, are selected to build models and
compare the performance between them. To demonstrate the predicted accuracy of machine learning,
this paper also introduces 6 empirical models and design codes for comparative analysis. The
comparative results demonstrate that adaptive boosting has the highest predicted precision, in
which the root mean squared error, mean absolute error and coefficient of determination of which
are 29.83, 23.00 and 0.99, respectively. GB 50010-2010 (2015) has the best predicted performance
among these empirical models and design codes, and ACI 318-19 has the similar result. In addition,
among these empirical models, the model proposed by El-Ghandour et al. (1999) has the highest
predicted accuracy. According to the results obtained above, SHapley Additive exPlanation (SHAP)
is adopted to illustrate the predicted process of AdaBoost. SHAP not only provides global and
individual interpretations, but also carries out feature dependency analysis for each input variable.
The interpretation results of the model reflect the importance and contribution of the factors that
influence the punching shear strength in the machine learning model.

Keywords: machine learning; FRP reinforced concrete slab; punching shear strength; SHAP

1. Introduction

Reinforced concrete slabs are one of the common horizontal load-carrying members in
civil engineering, and widely applied in bridges, ports and hydro-structures. Since there is
no beam in the flat slab under longitudinal load, the punching failure of reinforced concrete
slab occurred easily. Many researchers have carried out numerous experiments on the
punching shear resistance of reinforced concrete slabs, and obtained successful results [1–3].
However, steel bars are prone to corrosion, which will result in the shortening of the actual
service life [4]. In recent years, with the development of technology, the durability of
structure has attracted people’s attention. For coastal areas and the areas of using chlorides
such as deicing salt, the actual service life of structures is often much lower than their
design service life, resulting in massive losses [5].

Fiber reinforced polymer (FRP) is a material which has many advantages such as
light, high strength and corrosion resistance. In a corrosion environment, to solve the
problem of short actual service life of structure, FRP bar can be applied as an alternative
to steel bars in concrete structures. This is because FRP bar can be appropriate for service
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demands of concrete structure in severe environments which contain plenty of chloride
ion and sulfate ion. However, FRP bar has a low elastic modulus, which will result
in FRP reinforced concrete slabs being more prone to punching failure than reinforced
slabs (Figure 1). Many experimental studies show that [6–11] under the same conditions,
the punching shear strength and stiffness of the cracked FRP reinforced concrete slabs
decrease faster than reinforced concrete slabs. Matthys and Taerwe [6] concluded that the
crack development of slabs and brittleness of punching failure were significantly affected
by the bond performance of FRP grid reinforcement through experimental results. The
experimental results of Ospina et al. [7] indicated that the bond behavior between FRP
bar and concrete have a significant impact on punching shear capacity of FRP reinforced
concrete slabs. It is shown that the slab thickness and the concrete compressive strength
were of considerable influence on the punching shear capacities of FRP reinforced concrete
slabs by Bouguerra et al. [9]. Ramzy et al. [12] reported that the punching shear behavior
of flat slab was related to the size effect of construction and the Young’s modulus of FRP
reinforcement.

Figure 1. Punching shear failure mode of FRP reinforced concrete slabs. (a) Stereogram; (b) Profile.

In terms of theoretical models, most of the punching shear strength computational
formulas of FRP reinforced concrete slabs were derived from traditional reinforced concrete
flat with modifications to account for FRP [13]. Some current design specifications such
as the GB 50010-2010 [14] and the ACI 318-14 [15] regard the eccentric shear stress model
as theoretical basis. Based on the ACI 318-11, El-Ghandour et al. [16] suggested that one
considers the impact of elastic modulus of FRP bars, and come up with an improved
equation for punching shear strength. After that, El-Ghandour et al. [17] used the same
method to modify the design formula of the BS 8110-97. Matthys and Taerwe [6] consid-
ered the effect of the equivalent reinforcement ratio, and proposed a modification of the
BS 8110-97. On this basis, Ospina et al. [7] proposed an empirical model for computing
the punching shear strength of FRP slabs by modifying the relation between the punching
shear capacity and the equivalent reinforcement ratio. On the basis of the probability of ex-
ceedance, Ju et al. [18] proposed a new approach for analyzing the punching shear strength
of FRP reinforced two-way concrete slabs by using Monte Carlo simulations. However,
the aforementioned empirical models adopted some simplifications during theoretical
derivations, thus the empirical models were unable to consider all of the influential factors.
What’s more, the parameters in the aforementioned empirical models were determined
by the traditional regression analyses from experimental results. Therefore, the accuracy
of the models is highly dependent on the choices of theoretical models and quality of the
databases.

In recent years, with the development of artificial intelligence, some algorithms with
data at the core have emerged [19]. Among these algorithms, machine learning has received
remarkable attention of researchers, and there have been many successful examples [20–24].
In structure engineering, Hoang et al. [25] constructed machine learning based alternatives
for estimating the punching shear capacity of steel fiber reinforced concrete (SFRC) flat
slabs. Hoang et al. [26] presented the development of an ensemble machine learning model
to predict the punching shear resistance of R/C interior slabs. Mangalathu et al. [27] build
an explainable machine learning model to predict the punching shear strength of flat slabs
without transverse reinforcement. In addition, some researchers [28,29] even use the atom-
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istic simulations as the input parameters of machine learning to predict the performance of
materials and structures, which has also seen success. To the best of the authors’ knowledge,
however, no study examined the interpretable machine learning models in predicting the
punching shear strength of FRP reinforced concrete slabs. Therefore, this study intends
to fill this research gap. The deep relationship between material properties and punching
shear strength will be found if the machine learning research on FRP reinforced concrete
slabs is carried out. It is helpful to refine the traditional empirical models and design codes
and make them more accurate than before. In this paper, an experimental database for the
punching shear strength of FRP reinforced concrete slabs is first compiled, and used for
training, validating, and testing machine learning models.

Four machine learning algorithms, namely artificial neural network (ANN), support
vector machine (SVM), decision tree (DT) and adaptive boosting (AdaBoost), are employed
for punching shear strength prediction. Then, by comparing the performance of machine
learning models, their efficiency and accuracy can be determined. These comparisons
are valuable for identifying the efficiency and prediction ability of the machine learning
models. However, there is problems which need to be solved; for example, the values of
hyper-parameters in machine learning are often difficult to determine. Therefore, to assist
the improvement of the predicted performance of machine learning models, optimization
methods such as particle swarm optimization (PSO) and empirical method will be used. In
addition, since previous models based on machine learning found it difficult to explain the
predicted mechanism, the predicted results of models were somehow unconvincing [27].
This paper uses SHapley Additive exPlanation (SHAP) [30] to explain the predicted result
of model. Distinct from other machine learning papers explained by SHAP, the kernel
explainer will be used in this paper, which is appropriate for all the machine learning
models. Not only can SHAP carry out analysis of feature importance for input factors,
it can also determine whether the impact of input features on predictions is positive or
negative. In addition, SHAP can make researchers realize the interrelation between input
features, and how each input feature will influence the final predicted value for a single
sample. Consequently, the emergence of SHAP renders the predicted results of machine
learning more convincing than before.

2. Experimental Database of FRP Reinforced Concrete Slab

To ensure the accuracy of predicted results, a database with adequate samples is re-
quired for model training. In this paper, 121 groups of experimental results [6–10,12,31–49]
of FRP reinforced concrete slabs under punching shear tests were collected, and made
it into a database. In the data set, 80% of the data was used as a training set (10% of
this was used as validation set), and remaining 20% were used as test set. In this study,
6 critical parameters are selected to characterize the punching shear strength of FRP slabs
such as the types of column section, cross-section area of column (A/cm2), slab’s effec-
tive depth (d/mm), compressive strength of concrete (f’c/Mpa), Young’s modulus of FRP
reinforcement (Ef/Gpa), and reinforcement ratio (ρf/%). According to the findings of
Ju et al. [18], these 6 parameters have a great influence on punching shear strength of FRP
slabs. Therefore, these 6 parameters are considered as input parameters and the punching
shear strength of FRP slabs is considered as an output parameter of machine learning
algorithms. To simplify the names of the 6 input parameters and the 1 output parameter,
we used x1 to x6 and y to represent them, respectively. The column section has 3 types:
square (x1 = 1), circle (x1 = 2), rectangle (x1 = 3). The distribution of the dataset is shown as
Table 1 and Figure 2, and the detailed information is shown as Appendix A.
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Table 1. Parameters in the punching shear strength samples.

Parameter Unit Minimum Maximum Std. Dev Mean Type

x1: Types of column section - 1.00 3.00 0.75 1.44 Input
x2: cross-section area of

column cm2 50.27 2025.00 515.94 817.72 Input

x3: slab’s effective depth mm 55.00 284.00 52.71 136.38 Input
x4: compressive strength of

concrete Mpa 22.16 118.00 14.53 41.17 Input

x5: Young’s modulus of
FRP reinforcement Gpa 28.40 147.00 24.34 60.36 Input

x6: reinforcement ratio % 0.15 3.76 0.67 1.03 Input
y: punching shear strength kN 61.00 1600.00 288.87 402.34 Output

Figure 2. Histograms of input and output variables. (a) x1; (b) x2; (c) x3; (d) x4; (e) x5; (f) x6; (g) y.

Before starting the machine learning procedure, the data of input variables should
be preprocessed. In this paper, we used deviation standardization as the preprocessing
method; this can be written as:

x∗i =

xi − min
1≤j≤m

{
xj
}

max
1≤j≤m

{
xj
}
− min

1≤j≤m

{
xj
} (1)

where x is the sample before feature scaling; x* is the sample after feature scaling; m is the
total number of samples. Since the sample x contains features of several input parameters,
it can also be named the feature vector.

3. Machine Learning Algorithms

Generally, the implementation of machine learning has four stages: (a) divide the
database into training set and test set; (b) apply the training set to model training; (c) check
whether the accuracy requirements are met; d) output the predicted model for test or adjust
the values of hyper-parameters. The flowchart for this procedure is shown as Figure 3. A
total of 4 machine learning models, namely, ANN, SVM, DT and Adaboost, are selected
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in this study. As for ANN, an input layer, hidden layers and an output layer are formed
for the predicted results, where several neurons are applied. As for SVM, a prediction
equation is formed based on the predicted output in which the error should be smaller than
a fixed value. As for DT, the whole database is separated into tree-like decisions which are
based on one or several input characteristics, and the output is the tree which falls into the
data. As for the AdaBoost, a group of weak learners are collected to form a strong learner
which achieves better predicted results. Notably, the predicted performance of model has
relations with the value of hyper-parameters. Therefore, in this paper, some methods will
be selected to better determine the value of hyper-parameters.

Figure 3. Flowchart for implementation of machine learning algorithm.

3.1. Artificial Neural Network

Artificial neural network (ANN) is a supervised learning algorithm that was originally
used to simulate the neural network of human brain [50]. Generally, a simple ANN model
consists of an input layer, one or two hidden layers, and an output layer. There are several
neurons in each layer of ANN, where the number of neurons in the input layer and output
layer depends on the number of input parameters and output parameters, respectively. In
this paper, the number of neurons in the input layer and output layer can be seen in Table 1,
which equals 6 and 1, respectively.

Except for the output layer, the neurons of each layer needs to be activated by activation
function. In ANN, generally, the sigmoid function is used as activation function [51], which
expression can be written as:

g(z) =
1

1 + e−z (2)

z = wTx∗ + b (3)

where b is the bias unit; w denotes the weight vector of sample. According to Rumelhart et al. [52]
described, when ANN is used for regression forecasting, the cost function of model as
follows:

J(w, b) =
1
m

m

∑
i = 1

(
y(i)pred − y(i)

)2
+

C
2m
‖w‖2 (4)

where ypred denotes the predicted value of machine learning; C is the regularization coefficient.
Since the cost function represents the error between the actual value and the predicted

value, to improve the accuracy of predicted result, a method similar to gradient descent, in
order to decrease the value of cost function, is required. The gradient descent is expressed as:

{
wj : = wj − α ∂

∂wj
J(w, b)

b : = b− α ∂
∂b J(w, b)

(5)

where α is learning rate.
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Before starting the training procedure, there are some values of hyper-parameters
need to be set. For neuron number of hidden layer, Shen et al. [53] mentioned a method to
determine their value range, which method as follows:





X
∑

i = 0
Ci

H > m

H =
√

X + O + a
H = log2 X

(6)

where X is the number of neurons in the input layer; H is the number of neurons in the
hidden layer; O is the number of neurons in the output layer; a is the constant between
1 to 10. According to the Equation (6), it can be ascertained that the range of neurons in
hidden layer ranges from 7 to 13.

In order to better compare the performance of models which have different neuron
numbers in the hidden layer, 3 indicators are introduced, which names root mean squared
error (RMSE), mean absolute error (MAE) and coefficient of determination (R2), which are,
respectively, defined as:

RMSE =

√
1
m

m

∑
i = 1

(
y(i)pred − y(i)

)2
(7)

MAE =
1
m

m

∑
i = 1

∣∣∣y(i)pred − y(i)
∣∣∣ (8)

R2 = 1−

m
∑

i = 1

(
y(i)pred − y(i)

)2

m
∑

i = 1

(
y(i) − 1

m

m
∑

i = 1
y(i)
)2 (9)

The performance of ANN which have different neuron numbers in hidden layer is
shown as Table 2. According to the comparative results, the number of neurons in the
hidden layer H is determined as 8. In addition, the values of other hyper-parameters
confirmed by manual adjustment are: the number of hidden layers equal 1; the training
times equal 5000; the learning rate α equals 5 × 10−5; the regularization coefficient C
equals 20.

Table 2. Performance and ranking of ANN which have different neuron numbers in hidden layer.

Neuron Number of
Hidden Layer

Validation Set Ranking

RMSE MAE R2 RMSE MAE R2

7 100.24 80.92 0.89 5 5 5
8 87.28 71.72 0.91 2 1 2
9 86.91 73.00 0.91 1 3 1
10 87.92 72.60 0.91 3 2 3
11 94.09 79.04 0.90 4 4 4
12 101.66 83.38 0.88 6 6 6
13 109.43 89.78 0.86 7 7 7

3.2. Support Vector Machine

Support vector machine (SVM) was originated from statistical learning theory, and it
was firstly proposed by Cortes and Vapnik [54] in 1995. When SVM is used for regression
analysis, it can also be called support vector regression (SVR). The predicted method of
SVR maps the data to high-dimensional space and use hyperplane for fitting, and these
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data are generally hard to fit into low-dimensional space [55]. The expression of SVR reflect
the relation between input factors and predicted value [56], it can be written as:

ypred = wTφ(x) + b (10)

where φ(x) means feature vector after mapping. With the same as ANN, SVR also has the
cost function to represents the performance of model. The cost function can be written as:

J(w, b, ξi, ξ∗i ) =
1
2
‖w‖2 + C

m

∑
i = 1

(ξi + ξ∗i ) (11)

where ξ and ξ* are the slack variables, they represent the errors of the sample exceeding
the lower and upper bounds of the hyperplane, respectively.

To minimize the value of cost function, Lagrange multiplier method is used for trans-
forming the original problem to its dual problem. The Lagrange multiplier method is
formulated in the following form:

L(w, b, λ, λ∗, ξ, ξ∗, µ, µ∗) = 1
2‖w‖

2 + C
m
∑

i = 1

(
ξi + ξ∗i

)
−

m
∑

i = 1
µiξi −

m
∑

i = 1
µ∗i ξ∗i

+
m
∑

i = 1
λi

(
y(i)pred − y(i) − ε− ξi

)
+

m
∑

i = 1
λ∗i
(

y(i) − y(i)pred − ε− ξ∗i
) (12)

where µ, µ*, λ, λ* denote the Lagrange multiplier; ε is the maximum allowable error. After
transforming, the expression of dual problem as follows:

Maximise
m

∑
i = 1

y(i)(λ∗i − λi)− ε(λ∗i + λi)−
1
2

m

∑
i = 1

m

∑
j = 1

(λ∗i − λi)
(

λ∗j − λj

)
xT

i xj (13)

subjected to
m
∑

i = 1

(
λ∗i − λi

)
= 0, 0 ≤ λi, λ∗i ≤ C.

The Karush-Kuhn-Tucker (KKT) conditions need to be met for Equation (13), which
can be written as: 




λi

(
y(i)pred − y(i) − ε− ξi

)
= 0,

λ∗i
(

y(i) − y(i)pred − ε− ξ∗i
)

= 0,
λiλ
∗
i = 0, ξiξ

∗
i = 0,

(C− λi)ξi = 0,
(
C− λ∗i

)
ξ∗i = 0.

(14)

According to Equations (13) and (14), the weight vector w and bias unit b can be
acquired. Finally, the expression of SVR as follows:

ypred =
m

∑
i = 1

(λ∗i − λi)κ(x, xi) + b (15)

κ
(
xi, xj

)
= φ(xi)

Tφ
(
xj
)

(16)

where κ(xi, xj) denotes kernel function, which can used to express the inner product of
eigenvectors in high-dimensional space. The kernel function has many types, and the radial
basis function (RBF) kernel function is selected in this paper, which can be expressed as:

κ
(
xi, xj

)
= exp

(
−γ
∥∥xi − xj

∥∥2
)

(17)

where γ > 0 is the coefficient of RBF kernel function, which is a hyper-parameter. Except
that, in this paper, the values of other hyper-parameters in SVR need to be determined:
the maximum allowable error ε, the regularization coefficient C. There are many methods
which can be used for numerical adjustment of hyper-parameters, in this paper we have
selected particle swarm optimization.
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Particle swarm optimization (PSO) is an optimized algorithm inspired by the foraging
behavior of bird flock [57,58]. On account of the fact that PSO has a large number of
advantages, such as being easily comprehendible and containing, it is usually used for
hyper-parameter adjustment in SVM [59,60]. For every particle in PSO, there is two
parameters to determine the search result, which are position p and velocity v, respectively.
These 2 parameters are defined as [58]:

vt+1
d∗ = Wvt

d∗ + r1C1
(

Pt
d∗ − pt

d∗
)
+ r2C2

(
Gt

d∗ − pt
d∗
)

(18)

pt+1
d∗ = pt

d∗ + vt+1
d∗ (19)

where t is the number of iterations; d* denotes the dimension of search space; W is the
inertial coefficient; C1 and C2 are the self-learning factor and the global learning factor; r1
and r2 are random number between (0, 1); P is the location with the best fitness among all
the visited locations of each particle; G is the location with the best fitness among all the
visited locations of all the particles.

In this paper, some hyper-parameters in Equations (18) and (19) have been confirmed:
the maximum of iteration equals 150; the dimension of search space d* equals 3; the
inertial coefficient W equals 0.8; the total number of particles equals 40; the self-learning
factor C1 and global learning factor C2 are all equal to 2. The hybrid machine learning
approach consists of PSO and SVR can be called PSO-SVR, whose best value of hyper-
parameters also can be determined by calculating: the maximum allowable error ε equals 10;
the regularization coefficient C equals 4238.58; the coefficient of RBF kernel function γ
equals 2.88.

3.3. Decision Tree

Decision tree (DT) served as a supervised learning algorithm that is proposed by
Quinlan [61]. In the beginning, DT only could be used for conducting the classification
forecasting, and its types less such as iterative dichotomiser 3 (ID3) and classifier 4.5 (C4.5).
In this paper, classification and regression tree (CART) [62] is selected to make a study of
regression prediction. The dividing evidence of CART is the variance of samples, which
can be written as:

Minimise

[
∑

xi∈R1

(
y(i) − c1

)2
+ ∑

xi∈R2

(
y(i) − c2

)2
]

(20)

where R1 and R2 denote the sample set after dividing; c1 and c2 are mean of samples in R1
and R2, respectively. With the division of sample set, gradually, the purity of leaf nodes
will improve.

Pruning is a method to avoid the over-fitting in DT, and it contains two basic methods:
pre-pruning and post-pruning [63,64]. In this paper, the specific way of pruning is to adjust
the maximum of depth, which equals 5.

3.4. Adaptive Boosting

Adaptive boosting (AdaBoost) is one of the ensemble learning algorithms that can
combine multiple weak learners into strong learner [65]. To be distinct from aforementioned
machine learning algorithms, each sample in AdaBoost has a subsampling weight which
will constantly adjust [66]. At the beginning of the training process, the weights of samples
need to be initialized [67], which can be written as:

w∗ki =
1
m

(21)
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where w*
ki denotes the weight of the i-th sample in the k-th weak learner. The largest error

of the k-th weak learner on the training set as follows:

Ek = max
∣∣∣y(i) − Gk(xi)

∣∣∣ (22)

where Gk(xi) denotes the predicted value of the i-th sample in the k-th weak learner. The
relative error eki of each sample and the error ratio ek of the k-th weak learner can be
written as:

eki =

(
y(i) − Gk(xi)

)2

E2
k

(23)

ek =
m

∑
i = 1

wkieki (24)

After that, the weight βk of the k-th weak learner can be calculated, the value of which
will increase as the error ratio ek decreases. The weight βk can be defined as:

βk =
ek

1− ek
(25)

Afterwards, the error ratio of the next weak learner can be reckoned, and the weights
of samples need to be updated:

w∗k+1,i =
w∗ki
Zk

β
1−eki
k (26)

Zk =
m

∑
i = 1

wkiβ
1−eki
k (27)

where Zk is the normalization factor. Finally, the expression of the strong learner can be
written as:

f (x) =
K

∑
k = 1

(
ln

1
βk

)
g(x) (28)

where K is the total number of weak learners; g(x) is the median of all the βkGk(x). The
algorithm of the weak learner needs to be confirmed, and PSO-SVR is chosen in this paper.

3.5. Predicted Results

The result comparison between ANN, PSO-SVR, DT and AdaBoost are provided in
Table 3. The four machine learning models shows high predicted accuracy reflected in R2.
Especially AdaBoost and PSO-SVR, the predicted accuracy of the former is highest among
these four AI models in training set, and the latter is in test set. It is noted that although the
forecasting performance of ANN for the test set is better than DT and just slightly lower
than PSO-SVR and AdaBoost, the performance for training set is much lower than the other
three models.

Table 3. Result comparison between machine learning algorithms.

Machine Learning
Model

Training Set Test Set

RMSE MAE R2 RMSE MAE R2

ANN 102.68 60.09 0.88 44.80 38.59 0.97
PSO-SVR 54.85 27.92 0.96 33.46 26.27 0.99

DT 59.52 37.89 0.96 66.57 52.93 0.94
AdaBoost 27.29 20.70 0.99 38.40 32.28 0.98

Figures 4–7 depict the scatter distribution of predicted results for each machine learn-
ing model. In Figure 4, it can be found that the fitting condition of ANN is not very
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suitable when the true value is larger than 1400 kN. Maybe this situation is related to
insufficient data of punching shear strength larger than 1400 kN. Therefore, it is noted
that if we want to use this ANN model for predicting the punching shear strength of FRP
reinforced concrete slabs, the value range of the predicted object should be restrained under
1400 kN. In addition, from the figure, it can be seen that ANN focuses more on fitting
samples which are located in the interval with dense sample distribution. Consequently, a
way to improve the overall predicted accuracy of ANN is to ensure that the samples are
evenly distributed. It is demonstrated in Figure 5 that PSO-SVR shows the good predicted
performance. Although there some predicted values have a relatively larger error between
the actual values, the overall predicted accuracy is higher than ANN and DT. Figure 6
depicts the predictions of DT on the dataset; there doubt that the predicted result of DT
for the test set is worse than ANN and PSO-SVR. In training set, the predictions of DT
are almost no error with the punching shear strength is larger than 1200 kN, it is related
to the predicted mechanism of DT [68]. Moreover, the situation also can be seen from
the predicted results of DT on punching shear strength less than 1200 kN, the predicted
value of which is same when the punching strength is in the identical range. Meanwhile,
in test set, DT has a low predicted accuracy for samples with punching shear strength
of around 1200 kN, i.e., the DT model proposed in this paper has the risk of over-fitting
when the punching shear strength larger than 1200 kN. Obviously, no matter ANN or DT,
the predicted accuracy of them is closely related to the number of samples in each value
range. Furthermore, in this paper, it can be concluded that neither ANN nor DT has mined
the true intrinsic connection between the data. Figure 7 shows the predicted results of
AdaBoost for the training set and the test set, it can be seen that all of the dots are closely
distributed around the best fitting line. Since PSO-SVR is chosen as the weak learner of
AdaBoost, some wildly inaccurate predicted values are improved, and some comparatively
accurate predicted values are retained. Moreover, compare Figure 4 to Figure 7, it is no
hard to see that the fitting situation of AdaBoost reveals the best predicting performance.

Figure 4. The predictions of ANN for data set. (a) Training set; (b) Test set.

Figure 5. The predictions of PSO-SVR for data set. (a) Training set; (b) Test set.
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3.6. Comparison with Traditional Empirical Models

In order to reflect the accuracy of the machine learning calculation results, this paper
introduces design specifications and empirical models proposed by researchers. In this
study, 3 punching shear strength models are selected from design codes and reviewed:
GB 50010-2010 (2015) [14], ACI 318-19 [69] and BS 8110-97 [70]. Most design codes adopt
the same function for both FRP slabs and reinforced concrete slabs. The punching shear
strength of slabs as a function of the concrete compressive strength. Some design codes
also take the reinforcement ratio, size effect, depth of the slab and so on into consideration.
Three design specifications and three empirical models are adopted in comparative analysis
between calculations. The formulas of selected traditional empirical model are shown in
Table 4.

Figure 6. The predictions of DT for data set. (a) Training set; (b) Test set.

Figure 7. The predictions of AdaBoost for data set. (a) Training set; (b) Test set.

Table 4. Calculation formulas of traditional empirical model.

Number of
Formula Origin Expression

Formula (1) GB 50010-2010 (2015) [14] V1 = 0.7βh ftηb0,0.5dd; η = min

{
η1 = 0.4 + 1.2

βs

η2 = 0.5 + αsd
4b0,0.5d

Formula (2) ACI 318-19 [62] V2 = min
[

1
3 , 1

6

(
1 + 2

βs

)
, 1

12

(
2 + αsd

b0,0.5d

)]
λs
√

f ′cb0,0.5dd; λs =
√

2
1+0.004d ≤ 1

Formula (3) BS 8110-97 [63] V3 = 0.79(100ρf)
1/3
(

400
d

)1/4( fcu
25

)1/3
b0,1.5dd

Formula (4) El-Ghandour et al. (1999) [16] V4 = 0.33
√

f ′c
(

Ef
Es

)1/3
b0,0.5dd

Formula (5) El-Ghandour et al. (2000) [17] V5 = 0.79
(

100ρf1.8
(

Ef
Es

))1/3( 400
d

)1/4( fcu
25

)1/3
b0,1.5dd

Formula (6) Ospina et al. [7] V6 = 2.77(ρf f ′c)
1/3
√

Ef
Es

b0,1.5dd

βh is the sectional depth influence coefficient; f t is the design value of tensile strength; b0,0.5d is the the perimeter
of the critical section for slabs and footings at a distance of d/2 away from the column face; βs is the ratio of the
long side to the short side of the sectional shape under local load or concentrated reaction force; αs is the influence
coefficient of column type; f cu is the compressive strength of concrete cube; b0,1.5d is the perimeter of the critical
section for slabs and footings at a distance of 1.5d/2 away from the loaded area; Es is the Young’s modulus of
steel bar.
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Table 5 summaries experimental results of machine learning models and traditional
models. Obviously, the predicted performance of AdaBoost is better than other predicted
models reflected in RMSE, MAE and R2. ANN, DT and PSO-SVR, the other three AI models,
although their predicted results are not best, they show a better performance compared
with traditional empirical models. Among these traditional models, Formula (1) (GB
50010-2010 (2015)) has the highest predicted accuracy, the RMSE, MAE and R2 of which are
150.41, 98.48 and 0.73, respectively. Notably, the predictions between Formulas (1) and (2)
only has a little error; perhaps it is related to the fact that they are both derived from the
eccentric shear stress model [14,69]. In addition, the forecasting performance of the model
proposed by El-Ghandour et al. is better than the other traditional models proposed by
other researchers. In brief, the RMSE and MAE of traditional empirical models are generally
greater than 100, and the R2 of them ranged from 0.6 to 0.8. However, the RMSE and MAE
of machine learning models are less than 100, and the R2 of them are generally greater than
0.9 and even close to 1.0. Consequently, it can be said that the difference in the predicted
accuracy between traditional empirical models and machine learning models is obvious.

Table 5. Result comparison between machine learning and traditional empirical models.

Indicator Formula (1) Formula (2) Formula (3) Formula (4) Formula (5) Formula (6) ANN PSO-SVR DT AdaBoost

RMSE 150.41 151.71 176.15 155.01 178.09 174.47 94.08 51.32 60.99 29.83
MAE 98.48 97.10 127.06 113.41 121.75 117.97 55.82 27.59 40.87 23.00

R2 0.73 0.72 0.63 0.71 0.62 0.63 0.89 0.97 0.96 0.99

Figure 8 shows the predicted results of traditional empirical models and machine
learning models for the whole data set. To facilitate comparison between different types of
models in these figures, the red dots are used to represent the predicted result of national
codes. Afterwards, the blue and purple dots are used to represent the predicted results
of traditional models proposed by researchers and machine learning models, respectively.
It can be found that the predicted error of traditional models is relatively large, and the
machine learning models reach the opposite conclusion. The forecasting result of Figure 8a
is similar to Figure 8b, and this conclusion is also reflected in Table 5. In addition, although
the predicted accuracy of Formulas (1) and (2) is better than other traditional empirical
models, their predicted results are still unsafe. On the contrary, the predicted results of
Formula (3) to Formula (6) tend to be conservative even though they do not have the
best predicted performance. From the predicted performance of the machine learning
models for the complete database, it can be found that the predicted results of ANN and
PSO-SVR are likely to be unsafe when the punching shear strength smaller than 200 kN.
On the side, when the punching shear strength larger than 1200 kN, the forecasting result
of ANN is conservative. Furthermore, except formula 4, the predicted accuracy of all the
empirical models are better than ANN when the punching strength larger than 1400 kN.
Consequently, it can be concluded that ANN is very dependent on samples.

Figure 8. Cont.
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Figure 8. The predictions of models for the whole data set. (a) Formula (1); (b) Formula (2);
(c) Formula (3); (d) Formula (4); (e) Formula (5); (f) Formula (6); (g) ANN; (h) PSO-SVR; (i) DT;
(j) AdaBoost.

4. Model Interpretations
4.1. Shapley Additive Explanation

In this study, SHapley Additive exPlanation (SHAP) is applied to explain the predict-
ing results given by the AdaBoost model. SHAP originates from game theory and is an
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additive model, i.e., the output of the model is a linear addition of the input variables [71].
The expression of SHAP can be defined as:

y(i)pred = ybase +
n

∑
j = 1

f
(
xij
)

(29)

where ybase is the baseline value of model; n is the total number of input variables; f (xij) is
the SHAP value of the xij.

According to Equation (29), it can be concluded that the predicted value of each sample
depends on the SHAP value of each feature in the sample. In other words, each feature
is a contributor for final predicted value. The SHAP value can be positive or negative,
depending on the influence trend of each feature to predicted result. SHAP contains several
explainers, in current machine learning papers it often uses the tree explainer to illustrate
its models, which is only suitable for a part of machine learning algorithms. Consequently,
the kernel explainer will be used to illustrate the machine learning model which has the
best predicted performance in this paper.

4.2. Global Interpretations

According to the experimental results obtained above, the predicted results of Ad-
aBoost, which has the best predicted performance, was explained. The predicted results of
AdaBoost can be interpreted by SHAP in different ways. Firstly, the feature importance
analysis of input parameters is shown in Figure 9a. It can be seen that the importance of
each input parameter is non-negligible, that is each input parameter will have a different
degree of influence on the predicted results. This is consistent with the existing experi-
mental conclusions [4,72]. According to the analysis results, it can be understood that the
SHAP value of each parameter are x1 equals 53.45, x2 equals 44.50, x3 equals 126.36, x4
equals 21.57, x5 equals 17.23, x6 equals 52.96, respectively. Obviously, the slab’s effective
depth (x3) has the most critical influence on the punching shear capacity, more than twice
as much as types of column section (x1). Moreover, though the Young’s modulus of FRP
reinforcement (x5) has the least importance on the predicted results, sometimes ignoring
this feature will cause unnecessary errors in the predicted results of model. Consequently,
using these 6 features as the input parameters of machine learning algorithm is reasonable.

Figure 9. Global interpretations of PSO-SVR model by SHAP values. (a) SHAP feature importance;
(b) SHAP summary plot.

Figure 9b is a SHAP summary plot of the features, which displays the distribution
of the SHAP values of each input variable in each sample and demonstrates the overall
influence trends. In the figure, the x-axis is the SHAP value of input parameters, the y-axis
is the input parameters, ranked by importance. The points in the figure represent the
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samples in the dataset and their colors represent the feature value, for which color from
blue to red represents the value from small to large. From the figure, it can be seen that a
few of SHAP values of samples in x3 are very high, which are around 600. It can be said
that in these samples, the value of x3 has decisive effect on the predicted results. In these
input variables, the slab’s effective depth (x3), types of column section (x1), reinforcement
ratio (x6), cross-section area of column (x2), Young’s modulus of FRP reinforcement (x5) all
have the positive influence on the punching shear strength. However, the influence trend of
the compressive strength of concrete (x4) on the predicted results is hard to definite, which
is very complex.

4.3. Individual Interpretations

Except the global interpretations, SHAP also can provides the individual interpretation
for each sample in the dataset. In this study, 2 samples are selected, the predicted process
of which are illustrated as Figure 10. In the figure, the gray line represents the baseline
value, which equals 403.62, and the colorful lines represents the decisive process of each
feature. In Figure 10, it can be seen that from the baseline value, every feature will change
the value to a different degree, and finally predicted values 419.27 and 501.00, respectively,
will be obtained. In the predicted process of the 2 samples, types of column section (x1),
slab’s effective depth (x3), the compressive strength of concrete (x4) have negative influence
on predicted results; whereas, the cross-section area of column (x2), Young’s modulus of
FRP reinforcement (x5), reinforcement ratio (x6) have positive influence on it. Furthermore,
reinforcement ratio (x6) acts as determinant in forecasting process of sample 1, and the
cross-section area of column (x2) plays an essential role in sample 2. In summary, both the
global interpretations and the individual interpretations give a detailed insight into the
process by which each input feature affects the final predicted value.

Figure 10. Individual interpretations for selected samples. (a) Sample 1: Specimen G(1.6)30/20;
(b) Sample 2: Specimen G(1.6)45/20-B.

4.4. Feature Dependency

In addition to explaining the predicted mechanism of model, SHAP can also reveal
the interaction between the specific feature and its most closely related feature, which is
shown in Figure 11. It can be seen from the Figure that with the values increasing of x1,
x2, x3, x6, their SHAP values will also be increasing, but the relationships between x4, x5
and their SHAP values are complicated and nonlinear. As the values of x4, x5 increase, the
SHAP values of them will increase or decrease; thus, it is difficult to describe the concrete
relationships. However, the one that interacts most closely with x1, x2, x5, x6 is x3, the
features most closely related to x3 and x4 are x2 and x6, respectively. According to the results
of feature dependency, further experiments can be carried out to analyze the relationship
between the two variables that interact most closely, and analyze the collaborative impact of
these two variables to output. It might be helpful to improve the punching shear resistance
of FRP reinforced concrete slab-column connections, and the traditional empirical models
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cannot accomplish this because the traditional models, relatively, have the worse predicted
performance.

Figure 11. Feature dependence plots. (a) x1; (b) x2; (c) x3; (d) x4; (e) x5; (f) x6.

5. Conclusions

In this paper, several machine learning algorithms, ANN, SVR, DT and AdaBoost,
are adopted for punching shear strength of FRP reinforced concrete slabs. A total of
121 groups of experimental tests are collected and the test variables are divided into 6 inputs
(types of column section, cross-section area of column, slab’s effective depth, compressive
strength of concrete, Young’s modulus of FRP reinforcement, reinforcement ratio) and
1 output (punching shear strength). Random subsets of 80% and 20% of the data were
used for training and testing, respectively, and 10% of the data in training set were used for
validating. In addition, 3 indicators (RMSE, MAE, R2) are introduced to assist the predicted
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performance. For improving the predicted performance, the empirical method and PSO
are utilized for adjusting the values of hyper-parameters in ANN and SVR, respectively.
After tuning, both ANN and SVR display the good predicted performance. According to
the experimental results, the best performance model is AdaBoost, the RMSE, MAE, R2 of
which are 29.83, 23.00, 0.99, respectively. The predicted performance of ANN, DT and PSO-
SVR are worse than AdaBoost, but they are all better than the 6 traditional empirical models
introduced in this paper. The predicted result of ANN for training set has a relatively large
deviation when the punching shear strength exceeding 1400 kN, but DT has almost no error.
Among these traditional models, GB 50010-2010 (2015) has the least deviation reflected in
RMSE and R2, the values of them are 150.41 and 0.73, respectively. Moreover, the model
proposed by El-Ghandour et al. (1999) has the best forecasting performance among three
traditional models proposed by researchers.

SHAP is used to interpret the predicted process of AdaBoost with the best performance
in this study. On the basis of the result of global interpretations, it can be known that
every input variable has the different degrees of influence on predicted results, which
demonstrates the rationality of input variables selection. Furthermore, the slab’s effective
depth has the highest impact factor on the predicted results, equaling 126.36, more than
twice as much as types of column section, which equals 53.45. In addition, the Young’s
modulus of FRP reinforcement has the lowest impact factor, equaling 17.23. From the
SHAP summary plot, it can be understood that all input variables have positive influence
on predicted results except the compressive strength of concrete, it is because its influence
trend is relatively fuzzy. According to the individual interpretations, the forecasting process
of single sample is shown, which can help researchers to understand the predicted process
of model roundly. In addition, SHAP also provides the results of feature dependency, which
is helpful to researchers in understanding the relationship between the specific feature and
its most closely related feature. According to the analysis results of SHAP, the relationship
between material properties and punching shear strength may really be revealed.
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Appendix A Test Data of FRP Reinforced Concrete Slabs

The sources of the database and the specific material properties are listed in Table A1.
The input variables are the types of column section x1, cross-section area of column x2
(A/cm2), slab’s effective depth x3 (d/mm), compressive strength of concrete x4 (f’c/MPa),
Young’s modulus of FRP reinforcement x5 (Ef/GPa), and reinforcement ratio x6 (ρf/%),
respectively. The output variable is the experimental value of punching shear strength
y (V/kN). The column section has three types: square (x1 = 1), circle (x1 = 2), rectangle
(x1 = 3). In order to use the experimental data for comparative analysis between models,
the concrete compressive strength of columns with different cross-section types (cylinder
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and cube) was unified. Furthermore, to prevent errors caused by different data precision,
retain two significant digits to the decimal point for input parameters except for column
section type x1.

Table A1. Database of punching shear strength for FRP reinforced concrete slabs.

Reference Specimen x1 x2 x3 x4 x5 x6 y

Ahmad et al. [31]
(1994)

SN1 1 56.25 61.00 42.40 113.00 0.95 93.00
SN2 1 56.25 61.00 39.60 113.00 0.95 78.00
SN3 1 100.00 61.00 36.00 113.00 0.95 96.00
SN4 1 100.00 61.00 36.60 113.00 0.95 99.00

Banthia et al. [32]
(1995)

I 2 78.54 55.00 41.00 100.00 0.31 65.00
II 2 78.54 55.00 52.90 100.00 0.31 61.00

Matthys et al. [6]
(2000)

C1 2 176.72 96.00 36.70 91.80 0.27 181.00
C1′ 2 415.48 96.00 37.30 91.80 0.27 189.00
C2 2 176.72 95.00 35.70 95.00 1.05 255.00
C2′ 2 415.48 95.00 36.30 95.00 1.05 273.00
C3 2 176.72 126.00 33.80 92.00 0.52 347.00
C3′ 2 415.48 126.00 34.30 92.00 0.52 343.00
CS 2 176.72 95.00 32.60 147.00 0.19 142.00
CS’ 2 415.48 95.00 33.20 147.00 0.19 150.00
H1 2 176.72 95.00 118.00 37.30 0.62 207.00
H2 2 176.72 89.00 35.80 40.70 3.76 231.00
H2′ 2 50.27 89.00 35.90 40.70 3.76 171.00
H3 2 176.72 122.00 32.10 44.80 1.22 237.00
H3′ 2 50.27 122.00 32.10 44.80 1.22 217.00

Khanna et al. [33]
(2000) 1 3 1250.00 138.00 35.00 42.00 2.40 756.00

El-Ghandour et al. [34]
(2003)

SG1 1 400.00 142.00 32.00 45.00 0.18 170.00
SC1 1 400.00 142.00 32.80 110.00 0.15 229.00
SG2 1 400.00 142.00 46.40 45.00 0.38 271.00
SG3 1 400.00 142.00 30.40 45.00 0.38 237.00
SC2 1 400.00 142.00 29.60 110.00 0.35 317.00

Ospina et al. [7]
(2003)

GFR-1 1 625.00 120.00 29.50 34.00 0.73 217.00
GFR-2 1 625.00 120.00 28.90 34.00 1.46 260.00
NEF-1 1 625.00 120.00 37.50 28.40 0.87 206.00

Hussein et al. [35]
(2004)

G-S1 1 625.00 100.00 40.00 42.00 1.18 249.00
G-S3 1 625.00 100.00 29.00 42.00 1.67 240.00
G-S4 1 625.00 100.00 26.00 42.00 0.95 210.00

El-Gamal et al. [36]
(2005)

G-S1 3 1500.00 163.00 49.60 44.60 1.00 740.00
G-S2 3 1500.00 159.00 44.30 38.50 1.99 712.00
G-S3 3 1500.00 159.00 49.20 46.50 1.21 732.00
C-S1 3 1500.00 156.00 49.60 122.50 0.35 674.00
C-S2 3 1500.00 165.00 44.30 122.50 0.69 799.00

Zhang et al. [37]
(2005)

GS2 1 625.00 100.00 35.00 42.00 1.05 218.00
GSHS 1 625.00 100.00 71.00 42.00 1.18 275.00

Zaghloul [38]
(2007) ZJF5 1 625.00 75.00 44.80 100.00 1.33 234.00

Ramzy et al. [12]
(2008)

F1 1 400.00 82.00 37.40 46.00 1.10 165.00
F2 1 400.00 112.00 33.00 46.00 0.81 170.00
F3 1 400.00 82.00 38.20 46.00 1.29 210.00
F4 1 400.00 82.00 39.70 46.00 1.54 230.00

Lee et al. [8]
(2009)

GFU1 1 506.25 110.00 36.30 48.20 1.18 222.00
GFB2 1 506.25 110.00 36.30 48.20 2.15 246.00
GFB3 1 506.25 110.00 36.30 48.20 3.00 248.00
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Table A1. Cont.

Reference Specimen x1 x2 x3 x4 x5 x6 y

Xiao [39]
(2010)

A 1 225.00 130.00 22.16 45.60 0.42 176.40
B-2 1 225.00 130.00 32.48 45.60 0.42 209.40
B-3 1 225.00 130.00 32.40 45.60 0.55 245.30
B-4 1 225.00 130.00 32.80 45.60 0.29 166.60
B-6 1 225.00 130.00 33.20 45.60 0.42 217.20
B-7 1 225.00 130.00 28.32 45.60 0.42 221.50
C 1 225.00 130.00 46.05 45.60 0.42 252.50

Bouguerra et al. [9]
(2011)

G-200-N 3 1500.00 155.00 49.10 43.00 1.20 732.00
G-175-N 3 1500.00 135.00 35.20 43.00 1.20 484.00
G-150-N 3 1500.00 110.00 35.20 43.00 1.20 362.00
G-175-H 3 1500.00 135.00 64.80 43.00 1.20 704.00

G-175-N-0.7 3 1500.00 135.00 53.10 43.00 0.70 549.00
G-175-N-0.35 3 1500.00 137.00 53.10 43.00 0.35 506.00

C-175-N 3 1500.00 140.00 40.30 122.00 0.40 530.00

Hassan et al. [40]
(2013)

G(0.7)30/20 1 900.00 134.00 34.30 48.20 0.71 329.00
G(1.6)30/20 1 900.00 131.50 38.60 48.10 1.56 431.00
G(0.7)45/20 1 2025.00 134.00 45.40 48.20 0.71 400.00
G(1.6)45/20 1 2025.00 131.50 32.40 48.10 1.56 504.00
G(0.3)30/35 1 900.00 284.00 34.30 48.20 0.34 825.00
G(0.7)30/35 1 900.00 284.00 39.40 48.10 0.73 1071.00
G(0.3)45/35 1 2025.00 284.00 48.60 48.20 0.34 911.00
G(0.7)45/35 1 2025.00 281.50 29.60 48.10 0.73 1248.00

G(1.6)30/20-H 1 900.00 131.00 75.80 57.40 1.56 547.00
G(1.2)30/20 1 900.00 131.00 37.50 64.90 1.21 438.00
G(1.6)30/35 1 900.00 275.00 38.20 56.70 1.61 1492.00

G(1.6)30/35-H 1 900.00 275.00 75.80 56.70 1.61 1600.00
G(0.7)30/20-B 1 900.00 131.00 38.60 48.20 0.73 386.00
G(1.6)45/20-B 1 2025.00 131.00 39.40 48.10 1.56 511.00
G(0.3)30/35-B 1 900.00 284.00 39.40 48.20 0.34 781.00
G(1.6)30/20-B 1 900.00 131.00 32.40 48.10 1.56 451.00
G(0.3)45/35-B 1 2025.00 284.00 32.40 48.20 0.34 1020.00

G(0.7)30/35-B-1 1 900.00 281.00 29.60 48.10 0.73 1027.00
G(0.7)30/35-B-2 1 900.00 281.00 46.70 48.10 0.73 1195.00

G(0.7)37.5/27.5-B-2 1 1406.25 209.00 32.30 48.20 0.72 830.00

Nguyen-Minh et al. [10]
(2013)

GSL-0.4 1 400.00 129.00 39.00 48.00 0.48 180.00
GSL-0.6 1 400.00 129.00 39.00 48.00 0.68 212.00
GSL-0.8 1 400.00 129.00 39.00 48.00 0.92 244.00

Elgabbas et al. [41]
(2016)

S2-B 3 1500.00 167.00 48.81 64.80 0.70 548.30
S3-B 3 1500.00 169.00 42.20 69.30 0.69 664.60
S4-B 3 1500.00 167.00 42.20 64.80 0.70 565.90
S5-B 3 1500.00 167.00 47.90 64.80 0.99 716.40
S6-B 3 1500.00 167.00 47.90 64.80 0.42 575.80
S7-B 3 1500.00 167.00 47.90 64.80 0.42 436.40

Gouda et al. [42,43]
(2016)

GN-0.65 1 900.00 160.00 42.00 68.00 0.65 363.00
GN-0.98 1 900.00 160.00 38.00 68.00 0.98 378.00
GN-1.30 1 900.00 160.00 39.00 68.00 1.13 425.00
GH-0.65 1 900.00 160.00 70.00 68.00 0.65 380.00
G-00-XX 1 900.00 160.00 38.00 68.00 0.65 421.00
G-30-XX 1 900.00 160.00 42.00 68.00 0.65 296.00
R-15-XX 1 900.00 160.00 40.00 63.10 0.65 320.00

Hussein et al. [44]
(2018)

H-1.0-XX 1 900.00 160.00 80.00 65.00 0.98 461.00
H-1.5-XX 1 900.00 160.00 84.00 65.00 1.46 541.00
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Table A1. Cont.

Reference Specimen x1 x2 x3 x4 x5 x6 y

Eladawy et al. [45]
(2019)

G1(1.06) 1 900.00 151.00 52.00 62.60 1.06 140.00
G2(1.51) 1 900.00 151.00 46.00 62.60 1.51 140.00

G3(1.06)-SL 1 900.00 151.00 46.00 62.60 1.06 180.00

Gu [46]
(2020)

A30-1 1 900.00 88.00 27.40 51.10 1.28 191.00
A30-2 1 900.00 108.00 27.30 51.10 1.05 289.00
A30-3 1 900.00 138.00 26.20 51.10 0.82 413.00
A30-4 1 1225.00 86.00 26.80 51.10 1.31 209.00
A40-1 1 1225.00 88.00 28.20 51.10 1.28 232.00
A40-2 1 1225.00 88.00 26.40 54.10 0.89 221.00
A40-3 1 900.00 88.00 28.60 51.10 1.28 236.00
A50-1 1 900.00 88.00 29.20 51.10 1.28 253.00
A50-2 1 900.00 90.00 32.20 54.10 0.87 237.00
A50-3 1 1225.00 88.00 26.70 51.10 1.28 280.00

Zhou [47]
(2020)

S40-1 1 900.00 88.00 32.30 51.10 0.98 187.00
S50-1 1 900.00 86.00 43.20 54.40 0.70 134.00

Eladawy et al. [48]
(2020) G4(1.06)-H 1 900.00 151.00 92.00 62.60 1.06 140.00

Mohammed et al. [49]
(2021)

0F-60S 1 625.00 125.00 38.20 50.60 2.81 463.00
0F-80F 1 625.00 125.00 38.20 50.60 2.11 486.00
0F-110S 1 625.00 125.00 38.20 50.60 1.53 436.00

1.25F-60S 1 625.00 125.00 39.80 50.60 2.81 455.00
1.25F-80S 1 625.00 125.00 39.80 50.60 2.11 506.00

1.25F-110S 1 625.00 125.00 39.80 50.60 1.53 498.00
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Abstract: Reactive powder concrete (RPC) is used in the beam-column joint region in two out of
four frames. Finite element modeling of all specimens is developed by using ABAQUS software.
Displacement controlled analysis is used rather than load control analysis to obtain the actual
response of the structure. The prepared models were verified by using experimental results. The
results showed that using RPC in the joint region increased the overall strength of the structure by
more than 10%. Moreover, it also helped in controlling the crack width. Furthermore, using RPC
in the joint region increased the ductility of the structures. Comparisons were made by varying
the size of the mesh and viscosity parameter values. It was found that by increasing the mesh
size and viscosity parameter value, analysis time and the number of steps during analysis were
reduced. This study provides a new modeling approach using RPC beam-column joint to predict the
behavior and response of structures and to improve the shear strength deformation against different
structural loading.

Keywords: reactive powder concrete; beam-column joint; FE modeling; crack; concrete

1. Introduction

The beam-column joint is a sensitive and crucial part of a structure, where a failure
in it can cause the sudden collapse of a building [1]. It is the most seismically vulnerable
component in a structure that is typically designed for gravity loads [2]. Recently, extensive
research has been on the behavior of reinforced concrete (RC) beam-column joints brought
under monotonic loading [3–5]. It was found that many beam-column joints designed with
the concept of strong column weak beam concept undergo severe shear force during a
seismic event causing joint failure [6].

Shear failures are brittle and more vulnerable causing the catastrophic collapse of
structures. To achieve ductile design, ductile material or appropriate reinforcement should
be used to improve shear capacity. The latter technique is mostly done by providing
stirrups and ties in beams and columns, respectively, with appropriate spacing for good
bonding between concrete and reinforcement [7]. Shear capacity can also be enhanced by
following various techniques. De Corte and Boel [8] examined the use of rectangular spiral
reinforcement (RSR) by testing RC beams under continuous four-point test and results
showed increased shear capacity. Yang, Kim [9] explored the effectiveness of Spiral type
wire rope as a shear reinforcement by testing three two-span reinforced concrete T-beams
in the four-point test under static loading conditions, and results demonstrated increased
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ductility and controlled crack width. Similarly, Al-Nasra and Asha [10] utilized swimmer
bars as transverse reinforcement with three types of connection (weld, bolt, and U-link bolt),
and results depicted that it is a convenient method for improving shear strength, ductility,
and controlling crack width. Another research by Ghobarah and Said [11] suggested differ-
ent retrofitting and reinforcing techniques for improving shear resistance of beam-column
joints by using concrete jacketing, bolted steel plates, and corrugated steel sheets, etc. [12].
Moreover, Gencoglu and Mobasher [13] concentrated on the use of external steel plates
on each side of the column face by bolting it through epoxy bonding and steel angles
welded to the plates and the joint region inflamed with concrete fillet in a two-way beam
column slab system to provide additional strength to structure against different loadings.
As the columns were prefabricated, these approaches were extremely beneficial in terms of
construction time. All these methods were very effective in enhancing the shear strength of
a beam-column joint, but such techniques are neither cost-effective nor time-efficient.

Reactive powder concrete (RPC) exhibiting strain hardening processes can be utilized
to improve beam-column joint strength. During the 1990s, ultra high strength performance
mortar known as reactive powder concrete was developed having the compressive strength
of 200 MPa [14]. The RPC concept was first developed in 1990 by P. Richard and M.
Cheyrezy [15]. It was first utilized in 1997 for the construction of the Sherbrooke bridge in
Canada [16]. RPC provides many advanced and high strength and ductility properties in
comparison to conventional concrete [17]. RPC constituents include cement, sand, silica
fumes, quartz powder, superplasticizers, and steel fibers (optional) [18]. The compressive
strength of the RPC used in high prestressed bridge girders is more than 200 MPa while its
flexural strength is 50 MPa with high workability. Moreover, it possesses strong ductility
and energy absorption characteristics [19]. These properties of RPC make it a significant
material. Therefore, RPC is widely used in the construction industry for the construction
of different structures like prestressed girders, sewer pipes, blast resistance structures,
and high-pressure pipes [20]. Experimental investigation on RPC showed significant
improvement in the strength, ductility, strain capacity, and energy dissipation of structures.
Furthermore, during the uniaxial compression test, RPC sustained a significant amount
of load after initial cracking [21]. The presence of silica fumes and fine particles in the
material provides pozzolanic characteristics, agitating the hydration reaction and increasing
strength [14]. RPC sometimes shows brittle behavior due to its ultra-high strength. This
can be mitigated by adding steel fibers. RPC is gaining momentum and recently has been
used in a number of construction fields including bridge erection, mining engineering and
high-rise buildings [22,23].

RPC can be used for retrofitting structures. Al-Jubory [24] evaluated the bond strength
and durability of RPC using as a repairing material. The addition of silica fume and quartz
powder to RPC improved temperature resistance and rendered the structure impermeable.
Furthermore, employing RPC as a retrofitting material increased the structure’s compres-
sive and flexural strength by more than 12%. It was observed that the abrasion coefficient
of RPC was 7.58% more than ordinary concrete. Results indicated no drastic declination
for RPC which proved it to be more durable than reinforced concrete.

The experimental study was employed on reinforced RPC (having 1% and 2%) with
and without steel fibers. On both of these samples, several strength tests were performed,
including compressive strength, tensile strength, and flexural strength. It was discovered
that the inclusion of steel fibers increases compressive strength, flexural strength, and
split tensile strength by more than 10%. Compressive strength for samples without and
with reinforcement was 50–67 MPa and 74.5 MPa, respectively. Low values indicated the
presence of higher calcium aluminate content. Experimental results showed that RPC has
250 times greater durability and 200% more compressive strength and 150% more flexural
strength than conventional and high strength mortar (HSM). Furthermore, RPC has an
abrasion coefficient that is eight times that of normal and four times that of HSM. Freeze
and thaw cycles have less effect on RPC which makes it more durable. All these factors
lead RPC to be one of the best retrofitting materials [25].
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RPC has improved material usage in the concrete industry by providing economic
benefits and builds considerably strong, efficient, and durable structures. Experimental
research on RPC is conducted by many researchers, however, there is little study on
modeling of RPC beam-column joints. This research focused on the numerical modeling
of RPC beam-column joint besides experimental work. Numerical modeling provided
complete diagnoses about the cause and extent of damage to the structures. Moreover, it is
an efficient technique, and it is gaining momentum as it is not only cost-effective but also
time efficient. The numerical modeling of the beam-column joint was done using ABAQUS
software which is capable of simulating the nonlinear behavior and gives more realistic
results in comparison to other software. The experimental results obtained were validated
against the numerical results.

2. Experimental Investigation

Four triangular frames as shown in Figure 1 were cast and tested under simple
monotonic loading for the determination of tensile strength of beam-column joints. Two
out of four frames consisted of conventional concrete. RPC was used in the beam-column
joint in the remaining two frames.
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Figure 1. Triangular frames of 2′ × 2′.

The cross-section and long section details of specimens are shown in Figures 1 and 2.
Column and beam dimensions are 4′ ′ × 4′ ′ × 24′ ′ and 4′ ′ × 6′ ′ × 24′ ′, respectively, with
a cover of 0.5′ ′ from all sides. All the frames were brought under a monotonic loading
machine for testing. During the application of load, roller support was provided to the
beam and the column was kept fixed. Sensors were installed both at the joints and the
beam ends.
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Constituents of RPC are shown in Table 1. RPC mix requires a higher cement quantity
as compared to conventional concrete. The quality of cement is also of immense significance
in this case [26]. Previous studies have employed high-performance cement with a low
sodium oxide and low calcium aluminate content [27–30]. Reinforcement of grade 60
(60 ksi) was used in the specimens. RPC specimens in this study were made with low
C3A Portland cement Type V complying with ASTM C150-2. Silica fume was utilized as
an auxiliary binder. This was done as RPC requires a pozzolanic substance containing
microparticles to reduce small voids in the paste. It also contributed to enhancing the
strength and durability properties of the mix as a result of improved dense packing.
According to ASTM C 494, a superplasticizer was used to recompense for the decreased
water/cement ratio [31]. In the end, quartz mineral was employed to produce high-
performance RPC. As the attributes of RPCs not only depend mainly on the order in which
the components are inserted into the combination, but also on the speed and length of
the process of mixing [32–34]. Approximately 7 min of gradual mixing of dry materials
made out of silica fume, Portland cement, and quartz. The superplasticizer was added to
water and the whole combination from the superplasticizer with water was added to the
components immediately. The blend was then mixed up at around 10 min of progressively
escalating speed. Beam column joint for two out of the four frames were left (4 inches for
beam and 6 inches for column) for RPC concrete as shown in Figure 3. Joints were cast
using RPC concrete monolithically with the conventional concrete as shown in Figure 4.
The burlap curing method was adopted. In this method, the triangular specimens were
kept under a burlap that was kept wet. Both controlled conventional concrete and RPC
specimens were brought under a monotonic loading machine having a capacity of 200 tons
as depicted in Figures 5 and 6. In monotonic load testing, the load is steadily escalated at a
constant rate, with no reversals from test start to ultimate fracture. Casting and testing of
RPC frames are shown in Figures 3–6.

Table 1. Mix design of RPC.

Ordinary
Portland Cement

Silica
Fume Quartz Fine

Aggregate
W/C
Ratio

Steel
Fibers Superplasticizers

1 0.25 0.4 1.1 0.17 0.03 0.015
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Figure 6. RPC specimens before application of load.

As seen in Figures 7–10, shear cracking was the primary cause of failure in all the
specimens. The distribution of cracks in the RPC sample was distributed uniformly due
to the presence of steel fibers. As no coarse aggregates were involved in the case of RPC
specimens, beam-column joint resulted in decreased stiffness as discussed in the results
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section of the article. RPC resulted in an increase of 10–15 percent of the tensile strength (the
ability of a material to stretch when pulled apart) as compared to controlled conventional
concrete samples.
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Table 2 shows the values of experimental results. Strength (fc’), Elastic modulus (Ec),
maximum load, and displacement for all the specimens were studied. RPC specimens
reached ultimate strength at a later stage and have shown higher Ec. Moreover, the load
taken by RPC specimens was greater in comparison to controlled concrete specimens.
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Table 2. Experimental results.

Specimens fc’ (MPa) Ec (MPa) Max Load in Experimental
(N)

Max Displacement
Experimental (mm)

CC_S1 21.03 27,497.88 15,500 35.98

CC_S2 21.03 27,497.88 13,330 46.28

RPC_S1 45.24 37,433.67 18,000 40.15

RPC_S2 45.24 37,433.67 16,020 43.33

3. Modelling

Recently, numerical modeling has been increasingly adopted to simulate the damaging
effect of structures. These numerical models can predict the failure events by analysis
of nonlinear behavior such as buckling, large displacements, cracking, and inter-surface
contacts. Finite element analysis (FEA) model-based software ABAQUS was used to
model and to simulate and determine the response of RPC in improving the shear strength
deformation of vulnerable beam-column joint. Different parameters for linear and nonlinear
analysis were taken from experimental work of shear strength-deformation improvement
of vulnerable beam-column connection using RPC.

3.1. Finite Element Modeling of Nonlinear Behavior of Beam-Column Joint
3.1.1. Finite Element Method

The finite element method (FEM) is the most widely used in numerical simulation
of structures [35]. Finite element models have the potential to solve a wide range of
complex problems from elastic linear models for linear elements to highly plastic models
for nonlinear and solid elements. FEM is one of the leading methods to simulate all types
of structures (timber, steel, concrete, masonry) [36].

3.1.2. Abaqus Software

To perform numerical simulation of beam-column joint using RPC a FEM-based
software ABAQUS/CAE was selected, which is general-purpose analysis software having
the capability of solving the elastic and inelastic problems of the static and dynamic
response of components [37].

ABAQUS/CAE 6.14-1 VERSION was used for modeling and analysis of beam-column
joint using RPC.

3.1.3. Concrete Damage Plasticity Model

The concrete damage plasticity (CDP) model was selected as it has the capability and
potential for modeling reinforced concrete and other quasi-brittle material for different
types of structure. CDP model can define the nonlinear behavior of the RPC beam-column
joint. Additionally, it takes into account the isotropic damage elasticity concepts with
isotropic tensile and compressive plasticity. It also considers the degradation of elastic
stiffness produced by plastic straining both in compression and tension [38]. The CDP
model can show damage characteristics of a material. The main failure mechanism that
this model assumes is the tensile cracking and the compressive crushing [39].

Different parameters required in the CDP model were studied and selected based on
available literature both for conventional as well RPC specimens. The dilation angle for
the model was taken as 36◦. It is the angle obtained due to a change in volumetric strain
produced due to plastic shearing. It depends on the angle of internal friction. Dilation angle
controls the amount of plastic volumetric strain produced due to plastic shearing. Normally
dilation angle is taken between 30◦ and 40◦ for concrete to avoid large variation between
experimental work and numerical modeling. For the seismic design of reinforced concrete,
the value of dilation angle is normally between 35◦ to 38◦ [40]. Moreover, eccentricity is the
deviation from the center. The default value for eccentricity was taken, i.e., 0.1. If the value
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is increased by 0.1 the curvature of flow potential is increased. If the value is decreased
from the default value, the convergence problem may occur if confinement pressure is
not high enough. Furthermore, the ratio of biaxial loading (fb) to uniaxial loading (fc0) is
normally taken as 1 or greater than 1. In this case default value was taken i.e., fb/fco = 1.16.
K is the shape factor and default value for K = 0.667 [41]. The viscosity parameter shows
the amount of flow potential in a material. A lower viscosity parameter value is better as
higher values result in a high force of reaction. Therefore, the viscosity parameter, in this
case, was taken as 0.001 [42].

3.2. Compressive and Tensile Behavior Determination by Using Eurocode

Compressive behavior and tensile behavior of both normal concrete and RPC were
determined by using EN 1992 Eurocode 2: Design of concrete structures part 1–1 [43]. It
describes different principles and requirements for the safety, serviceability, and durability
of concrete structures with specific provisions of buildings. Eurocode 2 applies to the
design of civil engineering works such as buildings, roads, bridges, etc. It is applied
to plain, reinforced, and prestressed concretes. It complies with the specifications and
requirements given in EN 1992-1-1 about safety, serviceability of the structures, the basis of
their design, and verification of structures given in EN 1990; basis of structural design [38].
Compressive and tensile stress-strain curves are shown in Figures 11 and 12, respectively.
The limitation of the Eurocode 2 for concrete structures is that it is concerned only with
the requirements for resistance, safety, serviceability, durability, and fire resistance of the
structures. Moreover, it does not consider the other requirements like thermal or sound
insulation, etc. [38].
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3.2.1. Compressive Behavior

The compressive behavior of concrete was calculated by using the relations of Eu-
rocode [43] given in Equation (1).

Ecm = 22(0.1 f cm)0.3 (1)

where:
fcm (MPa) is the compressive strength
Ecm (GPa) is the modulus of elasticity
Other values showing the position of characteristics points are strain εc1 at average

compressive strength and ultimate strain εcu at 0.

εc1 = 0.7( f cm)0.31 (2)

εcu = 0.35% (3)

where:
εc1 is the strain at peak stress
εcu is the ultimate strain at which concrete fails
Equations (2) and (3) are only pertinent to concrete having a cylindrical compressive

strength of 50 MPa and cube compressive strength of 60 MPa at the most. On the basis of a
list of the experimental results, Kmiecik and Kamiński [44] proposed the quite accurate
approximating Equations (4) and (5):

εc1 = 0.0014 [2− exp(−0.024 f cm)− exp(0.140 f cm) (4)

εcu = 0.004− 0.0011[1− exp(−0.0215 f cm)] (5)

Knowing the values of the output in Equations (4) and (5) one can determine the
points at which the graphs intersect. Compressive stress values can be determined at any
point using these relations [43].

According to Eurocode EN 1992-1-1

σc = f cm(kη − η2)/(1 + (k− 2)η (6)

where:

k = 1.05 ∗ Ecm
(

εc1
f cm

)
(7)

and:
η =

εc
εcl

(8)

3.2.2. Tensile Behaviors

The tensile behavior of concrete was calculated by using the Equations (9)–(12).
If εt ≤ εcr

σt = Ec ∗ εt (9)

and if εt > εcr

σt = f cm(
εcr
εt

)0.4 (10)

f t = 0.33 ∗ f c0.5 (11)

f tr = 0.30 f ck2/3 (12)

For the determination of the complete stress-strain curve for compressive behavior and
the tensile behavior of normal concrete and RPC, Eurocode has been used which is capable
of determining the actual response of structures closer to the experimental setup. As RPC
is a composite material and there is no official code for RPC developed yet, therefore small
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modifications based on literature have been made in normal concrete formulas for the
determination of stress-strain curves of RPC.

Simple modifications were incorporated into the Equations (1), (3), and (12). These
equations were utilized in assigning material properties during numerical modeling in
ABAQUS to obtain more realistic results of RPC concrete. Modified equations are shown in
Equations (13)–(15).

Ecm = 22(0.13 f cm)0.3 (13)

εcu = 0.40% (14)

f t = 0.40 ∗ f c0.5 (15)

3.3. Steps and Boundary Conditions

After the completion of assembly, a step was formed. In steps, a time period was
provided for which the load is applied to the assembly. The load was then applied to the
designated location according to the magnitude of the sample and boundary conditions
were applied according to experimental work in which two specimens (CC_S1 and RPC_S1)
have hinge boundary condition, i.e., (U1 = U2 = UR3 = 0) while the other two specimens
have fixed boundary condition (U1 = U2 = U3 = UR1 = UR2 = UR3 = 0) at column end
while roller support (U1 = UR2 = UR3 = 0) at the beam end in all specimens. “U” refers
to translatory motion while “UR” refers to rotation of the support. Both the boundary
conditions for the column were studied and their effect on the strength and load values
were observed.

3.4. Meshing

Meshing is the process of dividing the whole finite element model into a smaller
number of chunks by the formation of different nodes at different points. Meshing is an
important process as it allows us to apply load and find displacement or any other desired
result at any point in the model. The greater the size of the mesh, the smaller will be the
number of iterations taken to analyze the whole model and vice versa. In a greater size
mesh, a lesser number of nodes are formed, hence the number of iterations and time of
analysis is reduced. In our case, the size of the mesh taken was 25 mm, 40 mm, and 50 mm.
Independent types of meshing for concrete and steel are selected in Figures 13–15 [42].
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3.5. Load

A series of analysis was performed on conventional concrete controlled specimens
and RPC specimens to simulate and predict the actual response of linear and nonlinear
behavior on beam-column joint and to show the behavior of RPC in improving the shear
strength deformation against different structural loading. A monotonic load of 0 to 20 kN
was applied at the top of the exterior joint for all specimens till the specimens reached the
ultimate value. After the application of load, step was created for static analysis. Time
period and increment values were given to all specimens. Figures 16 and 17 show the
analysis of RPC samples with fixed and hinge boundary conditions, respectively. As seen in
Figure 16, a small amount of buckling was observed when the column boundary condition
was kept fixed, whereas no buckling was observed in the case of hinge column conditions
as seen in Figure 17.
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4. Results and Discussion

Experimental results of shear strength-deformation improvement for vulnerable beam-
column connection using RPC were used to validate the developed FEM approach. Differ-
ent parameters from experimental work were used in numerical modeling. This approach
provided a more realistic response simulation of the actual beam-column joint. The numer-
ical results were compared with experimental results for the verification of the model as
shown in Table 3. There was a negligible deviation of numerical results from experimental
results for controlled concrete samples in case of maximum loads. It was 1.13% and 0.63%
for CC_S1 and CC_S2, respectively. For RPC samples, the divergence was comparatively
higher. It was 6.05% for RPC_S1 and 6.73% for RPC_S2. Maximum displacement variation
was 7.06%, 4.18%, 3.12%, and 6.54% for CC_S1, CC_S2, RPC_S1, and RPC_S2, respectively.
The maximum variation observed was 7.06% for CC_S1 for displacement. This shows that
numerical results were in strong agreement with the experimental results.

Table 3. Comparison of load and displacement between experimental and modeling.

Specimens fc’
(MPa)

Ec
(MPa)

Max Load in
Experimental

(N)

Max Load in
Modeling

(N)

Max
Displacement

Experimental (mm)

Max
Displacement

Modeling (mm)

Difference b/w Modeling
and Experimental

Displacement Max Values
(mm)

CC_S1 21.03 27,497.88 15,500 15,675.21 35.98 33.44 2.54

CC_S2 21.03 27,497.88 13,330 13,413.50 46.28 48.21 1.93

RPC_S1 45.24 37,433.67 18,000 19,090.02 40.15 38.89 1.25

RPC_S2 45.24 37,433.67 16,020 17,097.80 43.33 40.50 2.83
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4.1. Load Displacement Curve
4.1.1. Conventional Concrete Controlled Specimens

The comparison of the load-displacement curve obtained from experimental and
ABAQUS simulations are shown in Figures 18–21. The shape of the ABAQUS simulations
curves is quite close to the experimental curves. The maximum average discrepancy
between modeling and experimental results of conventional concrete was 3–7%. Almost
linear behavior was obtained using ABAQUS modeling for CC_S1 whereas in experimental
work the pattern of the graph showed nonlinearity which might be due to non-uniform
increment of load in the experimental setup.
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Figure 18. Displacement at beam end (roller support) with a hinge boundary condition at column
end for CC_S1 (mesh size 25 mm).

4.1.2. RPC Specimens

The maximum discrepancy between modeling and experimental results of RPC in the
case of RPC_S1 was 6.05% while that of RPC_S2 was 6.7%. The deviation of experimental
results from modeling in RPC_S1 was due to non-uniform increment of load and time
period in the experimental setup while RPC_S2 showed quite accurate results. Mesh
size effect was studied for RPC specimens and compared with the experimental results
Figures 22 and 23. Mesh size 25 was considered for RPC_S1 and mesh size 40 for RPC_S2
for comparison with the experimental values.
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Figure 19. Displacement at beam end (roller support) with a fixed boundary condition at column
end for CC_S2 (mesh size 25 mm).
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4.2. Comparison between Conventional Concrete and RPC Specimens

Comparison between conventional concrete and RPC specimen is shown in
Figures 22 and 23. RPC specimens took 10–15% more load as compared to conventional
concrete-controlled specimens. Delayed peaks were obtained for RPC specimens which
shows delayed damaging effect in the samples.
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Figure 22. Comparison between concrete and RPC specimens for S1 (column hinge condition).

4.3. Stiffness of Concrete and RPC Specimens

For the validation of the model, the stiffness of all specimens was calculated. It can be
seen from Tables 4 and 5 that the initial stiffness in the RPC specimens is low in comparison
to conventional concrete. Moreover, it can be observed that as the load increased the
structure lost its rigidity and stiffness (the ability of a structure to resist deformation when
subjected to the applied force). However, after 20% of loading RPC was still taking more
load in comparison to conventional concrete as shown in Tables 4 and 5. It can also be
observed from Figures 24–26 that the initial stiffness of RPC specimens is low compared to
controlled concrete specimens. Figures 25 and 26 depict that as the load was increased to
25% and 50% of the ultimate load, RPC showed to have high stiffness comparatively.
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Figure 23. Comparison between concrete and RPC specimens for S2 (column fixed condition).
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Table 4. Stiffness of all specimens from experimental work.

Specimens

(% of Ultimate
Load)

CC_S1 CC_S2 RPC_S1 RPC_S2

Stiffness
(kN/mm)

Stiffness
(kN/mm)

Stiffness
(kN/mm)

Stiffness
(kN/mm)

5% 21.36 19.18 14.66 14.19

25% 2.24 3.23 4.59 4.38

50% 1.48 1.96 2.53 2.43

Table 5. Stiffness of all specimens at different loading rates (numerically).

(% of Ultimate
Load)

Specimens

CC_S1 CC_S2 RPC_S1 RPC_S2

Stiffness
(kN/mm)

Stiffness
(kN/mm)

Stiffness
(kN/mm)

Stiffness
(kN/mm)

5% 18.561 20.82 15.76 15.98

10% 12.67 17.49 12.23 12.76

15% 5.42 7.18 8.88 8.48

20% 3.45 4.31 5.44 5.73

25% 2.50 3.06 4.11 4.03

30% 1.99 2.38 3.10 2.88

40% 1.42 1.34 1.98 1.56

50% 1.09 0.97 1.03 1.29

60% 0.88 0.76 0.85 0.81
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Figure 25. Stiffness of all specimens at 25% of ultimate loading.

4.4. Ductility of Concrete and RPC Specimens

The ductility displacement factor (R), as depicted in Figure 27, according to the
Committee Euro International Du Beton, 1996, is defined as the ratio between failure
displacement and yield displacement. The yield displacement is the lateral displacement
at 80% of the ultimate load at ascending part of the curve while the failure displace-
ment is the lateral displacement at 80% of the ultimate load at descending part of the
curve [26]. Ductility factor R and ductility displacement (DD) can be obtained from
Equations (16) and (17), respectively.

R =
∆ f
∆y

(16)

where ∆f = failure displacement ∆y = yield displacement

DD =
∆i
∆y

(17)

where ∆i = maximum displacement in any cycle I ∆y = yield displacement

Crystals 2021, 11, x FOR PEER REVIEW 19 of 22 
 

 

 
Figure 25. Stiffness of all specimens at 25% of ultimate loading. 

 
Figure 26. Stiffness of all specimens at 50% of ultimate loading. 

4.4. Ductility of Concrete and RPC Specimens 
The ductility displacement factor (R), as depicted in Figure 27, according to the Com-

mittee Euro International Du Beton, 1996, is defined as the ratio between failure displace-
ment and yield displacement. The yield displacement is the lateral displacement at 80% 
of the ultimate load at ascending part of the curve while the failure displacement is the 
lateral displacement at 80% of the ultimate load at descending part of the curve [26]. Duc-
tility factor R and ductility displacement (DD) can be obtained from Equations (16) and 
(17), respectively. 𝑅 = ∆𝑓∆𝑦  (16)

where ∆f = failure displacement ∆y = yield displacement 

2.24
2.49

3.23 3.06

4.59
4.11

4.38
4.04

0

1

2

3

4

5

1
Stiffness (KN/mm)

CC_S1_EXP CC_S1_MOD CC_S2_EXP CC_S2_MOD

RPC_S1_EXP RPC_S1_MOD RPC_S2_EXP RPC_S2_MOD

1.48
1.28

1.96

1.47

2.53

1.83

2.43

1.94

0

1

2

3

1
Stiffness (KN/mm)

CC_S1_EXP CC_S1_MOD CC_S2_EXP CC_S2_MOD

RPC_S1_EXP RPC_S1_MOD RPC_S2_EXP RPC_S2_MOD

Figure 26. Stiffness of all specimens at 50% of ultimate loading.
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Table 6 displays ductility factor R and displacement ductility (DD) for all the specimens
both for experimental and numerical modeling. Experimental results showed an increase
of 27% and 11% in R for S1 and S2, respectively. Similarly, DD for RPC was enhanced
by 29% and 12% for S1 and S2, respectively. The same trend was shown by numerical
modeling results.

Table 6. Ductility factor and ductility displacement.

Sample Experimental Modeling

Ductility
Factor (R)

Displacement
Ductility (DD)

Ductility
Factor (R)

Displacement
Ductility (DD)

CC_S1 4.91 4.78 4.671 4.699

CC_S2 5.56 5.71 5.18 5.33

RPC_S1 6.257 6.19 6.03 6.153

RPC_S2 6.2 6.39 5.98 6.13

5. Conclusions

A series of analysis were performed on conventional concrete and RPC beam-column
joint specimens. Following conclusions were made based on experimental and
numerical testing.

1. The use of RPC only in the joint region increased the overall strength of the structure
by 10–15% and also delayed the crack propagations.

2. The maximum average discrepancy between modeling and experimental results of
conventional concrete and RPC was 3–7%. This discrepancy was due to the non-
uniform increment of load and time period in the experimental setup.

3. It was observed that with an increment in the mesh size, a reduction in the number
of analysis increments occurred. This caused variation of modeling results from
experimental results. Therefore, finer mesh size is recommended.

4. Increasing the value of viscosity reduced the analysis time but produced more errors
in results. The lower value of the viscosity parameter is better as higher values cause
a high peak of reaction force. Therefore, smaller values are preferable i.e., 0.001, 0.002,
0.003, or 0.005 etc.

5. Fixed column end conditions caused an increase in column stresses which resulted
in buckling of column. No buckling was observed for hinged column conditions.
Maximum deformation was observed at the beam end irrespective of the column
end conditions.
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6. To obtain actual results, displacement control analysis should be used rather than
load control analysis. With displacement control analysis it is easier to obtain the
converged solutions in ABAQUS in case of highly nonlinear problems.

6. Recommendations

Based on this research following recommendations can be used for future
research work.

In the case of RPC, a decrease in the initial stiffness of the specimen was observed in
the joint region as coarse aggregates were not used. Therefore, the use of suitable size of
coarse aggregate will not only increase the initial stiffness but also increase the strength of
the structure.

Steel fibers of a longer length should be used so that they can help in controlling
the crack from widening. In the case of RPC, shear cracking was observed in the joint
region. Combining the RPC technique with some other technique will convert the failure
mechanism from the joint to the beam through their combined effect.

Besides the CDP model smeared crack modeling and brittle concrete modeling of the
RPC can be used to determine the complex behavior of RPC in structure.

As there is no official Eurocode for RPC. Therefore, the development of Eurocode for
RPC with and without steel fibers will enable us to clearly understand the complicated
behavior of the material.

Author Contributions: Supervision, review, and editing, A.N.; data curation and methodology, M.A.;
investigation and review, M.F.J.; conceptualization, data analysis, writing original draft preparation,
M.F.J.; formal analysis and modeling, F.A.; validation, proofreading, review, M.A.M. and N.I.V. All
authors have read and agreed to the published version of the manuscript.

Funding: The research is partially funded by the Ministry of Science and Higher Education of the
Russian Federation under the strategic academic leadership program ‘Priority 2030’ (Agreement
075-15-2021-1333 dated 30 September 2021).

Data Availability Statement: The data used in this research was collected from published literature.

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

References
1. Al-Salloum, Y.A.; Alrubaidi, M.A.; Elsanadedy, H.M.; Almusallam, T.H.; Iqbal, R.A. Strengthening of precast RC beam-column

connections for progressive collapse mitigation using bolted steel plates. Eng. Struct. 2018, 161, 146–160. [CrossRef]
2. Shannag, M.J.; Abu-Dyya, N.; Abu-Farsakh, G. Lateral load response of high performance fiber reinforced concrete beam–column

joints. Constr. Build. Mater. 2005, 19, 500–508. [CrossRef]
3. Chiu, C.-K.; Lays, D.P.; Ricky; Krasna, W.A. Anchorage strength development of headed bars in HSRC external beam-column

joints considering side-face blowout failure under monotonic loading. Eng. Struct. 2021, 239, 112218. [CrossRef]
4. Yuan, H.; Hu, S.; Du, X.; Yang, L.; Cheng, X.; Theofanous, M. Experimental behaviour of stainless steel bolted T-stub connections

under monotonic loading. J. Constr. Steel Res. 2019, 152, 213–224. [CrossRef]
5. Allam, S.M.; Elbakry, H.M.; Arab, I.S. Exterior reinforced concrete beam column joint subjected to monotonic loading. Alex. Eng.

J. 2018, 57, 4133–4144. [CrossRef]
6. Ganesan, N.; Indira, P.; Abraham, R. Steel fibre reinforced high performance concrete beam-column joints subjected to cyclic

loading. ISET J. Earthq. Technol. 2007, 44, 445–456.
7. Uma, S.; Jain, S.K. Seismic design of beam-column joints in RC moment resisting frames—Review of codes. Struct. Eng. Mech.

2006, 23, 579–597. [CrossRef]
8. De Corte, W.; Boel, V. Effectiveness of spirally shaped stirrups in reinforced concrete beams. Eng. Struct. 2013, 52, 667–675.

[CrossRef]
9. Yang, K.-H.; Kim, G.-H.; Yang, H.-S. Shear behavior of continuous reinforced concrete T-beams using wire rope as internal shear

reinforcement. Constr. Build. Mater. 2011, 25, 911–918. [CrossRef]
10. Al-Nasra, M.; Asha, N. Shear reinforcements in the reinforced concrete beams. Am. J. Eng. Res. (AJER) 2013, 2, 191–199.
11. Ghobarah, A.; Said, A. Shear strengthening of beam-column joints. Eng. Struct. 2002, 24, 881–888. [CrossRef]
12. Engindeniz, M.; Kahn, L.F.; Abdul-Hamid, Z. Repair and strengthening of reinforced concrete beam-column joints: State of the

art. ACI Struct. J. 2005, 102, 1.

226



Crystals 2021, 11, 1372

13. Gencoglu, M.; Mobasher, B. The strengthening of the deficient RC exterior beam-column joints using CFRP for seismic excitation.
In Proceedings of the 3rd International Conference on Structural Engineering, Mechanics and Computation, Cape Town, South
Africa, 10–12 September 2007.

14. Richard, P.; Cheyrezy, M. Reactive powder concrete. Cem. Concr. Res. 1995, 25, 1501–1511. [CrossRef]
15. Sadrekarimi, A. Development of a Light Weight Reactive Powder Concrete. J. Adv. Concr. Technol. 2004, 2, 409–417. [CrossRef]
16. Aïtcin, P.-C.; Lachemi, M.; Adeline, R.; Richard, P. The Sherbrooke Reactive Powder Concrete Footbridge. Struct. Eng. Int. 1998,

8, 140–144. [CrossRef]
17. Yi, N.-H.; Kim, J.-H.J.; Han, T.-S.; Cho, Y.-G.; Lee, J.H. Blast-resistant characteristics of ultra-high strength concrete and reactive

powder concrete. Constr. Build. Mater. 2012, 28, 694–707. [CrossRef]
18. Shi, C.; Long, M.; Cao, C.; Long, G.; Lei, M. Mechanical property test and analytical method for Reactive Powder Concrete

columns under eccentric compression. KSCE J. Civ. Eng. 2017, 21, 1307–1318. [CrossRef]
19. Schmidt, M.; Fehling, E. Ultra-high-performance concrete: Research, development and application in Europe. ACI Spec. Publ.

2005, 228, 51–78.
20. Blais, P.Y.; Couture, M. PRECAST, PRESTRESSED PEDESTRIAN BRIDGE-WORLD’S FIRST REACTIVE POWDER CONCRETE

BRIDGE. PCI J. 1999, 44. [CrossRef]
21. Jungwirth, J.; Muttoni, A. Underspanned bridge structures in reactive powder concrete (RPC). In Proceedings of the 4th

International PhD Symposium in Civil Engineering, Munich, Germany, 19–21 September 2002.
22. Shao, X.; Pan, R.; Zhan, H.; Fan, W.; Yang, Z.; Lei, W. Experimental Verification of the Feasibility of a Novel Prestressed Reactive

Powder Concrete Box-Girder Bridge Structure. J. Bridg. Eng. 2017, 22, 04017015. [CrossRef]
23. Abdulraheem, M.S.; Kadhum, M.M. Experimental investigation of fire effects on ductility and stiffness of reinforced reactive

powder concrete columns under axial compression. J. Build. Eng. 2018, 20, 750–761. [CrossRef]
24. Al-Jubory, N.H. Mechanical Properties of Reactive Powder Concrete (RPC) with Mineral Admixture-ENG. AL Rafdain Eng. J.

(AREJ) 2013, 21, 92–101. [CrossRef]
25. Lee, M.-G.; Wang, Y.-C.; Chiu, C.-T. A preliminary study of reactive powder concrete as a new repair material. Constr. Build.

Mater. 2007, 21, 182–189. [CrossRef]
26. Cwirzen, A.; Penttala, V.; Vornanen, C. Reactive powder based concretes: Mechanical properties, durability and hybrid use with

OPC. Cem. Concr. Res. 2008, 38, 1217–1226. [CrossRef]
27. Tai, Y.-S.; Pan, H.-H.; Kung, Y.-N. Mechanical properties of steel fiber reinforced reactive powder concrete following exposure to

high temperature reaching 800 ◦C. Nucl. Eng. Des. 2011, 241, 2416–2424. [CrossRef]
28. Tai, Y. Flat ended projectile penetrating ultra-high strength concrete plate target. Theor. Appl. Fract. Mech. 2009, 51, 117–128.

[CrossRef]
29. Zdeb, T. Influence of the Physicochemical Properties of Portland Cement on the Strength of Reactive Powder Concrete. Procedia

Eng. 2015, 108, 419–427. [CrossRef]
30. Singh, S.; Munjal, P.; Thammishetti, N. Role of water/cement ratio on strength development of cement mortar. J. Build. Eng. 2015,

4, 94–100. [CrossRef]
31. Mailvaganam, N.P.; Rixom, M.R.; Manson, D.P.; Gonzales, C. Chemical Admixtures for Concrete; CRC Press: Abingdon, UK, 1999.
32. Ipek, M.; Yilmaz, K.; Sümer, M.; Saribiyik, M. Effect of pre-setting pressure applied to mechanical behaviours of reactive powder

concrete during setting phase. Constr. Build. Mater. 2011, 25, 61–68. [CrossRef]
33. Tam, C.M.; Tam, V.W.; Ng, K. Assessing drying shrinkage and water permeability of reactive powder concrete produced in Hong

Kong. Constr. Build. Mater. 2012, 26, 79–89. [CrossRef]
34. Yunsheng, Z.; Wei, S.; Sifeng, L.; Chujie, J.; Jianzhong, L. Preparation of C200 green reactive powder concrete and its static–

dynamic behaviors. Cem. Concr. Compos. 2008, 30, 831–838. [CrossRef]
35. Adam, J.M. Special Issue on Analysis of Structural Failures Using Numerical Modeling; American Society of Civil Engineers: Reston,

VA, USA, 2013.
36. LLourenço, P.; Krakowiak, K.; Fernandes, F.; Ramos, L. Failure analysis of Monastery of Jerónimos, Lisbon: How to learn from

sophisticated numerical models. Eng. Fail. Anal. 2007, 14, 280–300. [CrossRef]
37. Gardner, J.D.; Vijayaraghavan, A.; Dornfeld, D.A. Comparative Study of Finite Element Simulation Software; Laboratory for

Manufacturing and Sustainability: Lafayette, CA, USA, 2005.
38. Narayanan, R.; Beeby, A. Designers’ Guide to EN 1992-1-1 and EN 1992-1-2. Eurocode 2: Design of Concrete Structures: General Rules

and Rules for Buildings and Structural Fire Design; Thomas Telford: Telford, UK, 2005; Volume 17.
39. Lubliner, J.; Oliver, J.; Oller, S.; Onate, E. A plastic-damage model for concrete. Int. J. Solids Struct. 1989, 25, 299–326. [CrossRef]
40. Abaqus, F. Analysis User’s Manual 6.14; Dassault Systemes Simulia Corp.: Providence, RI, USA, 2011.
41. Elchalakani, M.; Karrech, A.; Dong, M.; Ali, M.M.; Yang, B. Experiments and Finite Element Analysis of GFRP Reinforced

Geopolymer Concrete Rectangular Columns Subjected to Concentric and Eccentric Axial Loading. Structures 2018, 14, 273–289.
[CrossRef]

42. Chaudhari, S.; Mukane, K.; Chakrabarti, M. Comparative study on exterior RCC beam column joint subjected to monotonic
loading. Int. J. Comput. Appl. 2014, 102, 35–40.

227



Crystals 2021, 11, 1372

43. Institution, B.S. Eurocode 2: Design of Concrete Structures; BSI: London, UK, 1992.
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Abstract: In order to study the energy evolution characteristics and damage constitutive relationship
of siltstone, the conventional triaxial compression tests of siltstone under different confining pressures
are performed, and the evolution laws of input energy, elastic strain energy and dissipative energy
of siltstone with axial strain and confining pressure are analyzed. According to the test results, the
judgment criterion of the rock damage threshold is improved, and an improved three-shear energy
yield criterion is proposed., The damage constitutive equation of siltstone is established based on the
damage mechanics theory through the principle of minimum energy consumption and by considering
the residual strength of rock, and lastly, the rationality of the model is verified by experimental data.
The results reveal that (1) both the input energy and dissipative energy gradually increase with
the increase of axial strain, and the elastic strain energy first increases and then decreases with the
increase of axial strain, and reaches its maximum at the peak. (2) The input energy and dissipation
energy increase exponentially with the increase of the confining pressure, and the elastic strain energy
increases linearly with the increase of confining pressure. (3) According to the linear relationship
between the sum of shear strain energy and hydrostatic pressure, an improved three-shear energy
yield criterion is established. (4) The model curve can better describe the strain softening stage and
the residual strength characteristics of siltstone. The relative standard deviation between the model
results and the test results is only 4.35%, which verifies the rationality and feasibility of the statistical
damage constitutive model that is established in this paper.

Keywords: energy evolution; minimum energy dissipation principle; three-shear energy yield
criterion; damage variable; constitutive model

1. Introduction

During the excavation of coal mine shafts and roadways, the stress of the surrounding
rock is redistributed, and the surrounding rock is repeatedly disturbed by construction.
Therefore, there are a large number of micro defects such as cracks and cavities in the rock
mass, resulting in the nonlinear mechanical characteristics of the rock mass under various
stress states [1,2]. The mechanical properties of rocks are particularly important for the
stability analysis of surrounding rocks [3,4], so it is necessary to analyze the mechanical
properties of rock under different stress states. Establishing the constitutive model of rock,
using statistical damage theory, has become one of the important methods to study the
nonlinear mechanical properties of rock [5–9].

Experts at home and abroad have produced much research on the statistical damage
constitutive model of rock materials. The key to statistical damage theory is the reasonable
measurement of rock micro element strength [10]. Tang Chunan [11] proposed to measure
the rock micro-element strength through axial strain, which has achieved satisfactory
results, but has ignored the influence of the stress state of the rock micro-element on its
strength, therefore, this method has some shortcomings. Cao Wengui et al. [12] first pro-
posed a new rock micro element strength measurement method based on Mohr-Coulomb
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criterion. Mohr-Coulomb criterion can accurately reflect the bearing capacity of rock, but it
ignores the influence of intermediate principal stress, so the constitutive model established
also has some limitations. Xu Weiya et al. [13] assumed that rock micro-element failure
conforms to the Drucker–Plager criterion and established a statistical damage constitutive
model of rock based on Weibull distribution. However, the Drucker–Plager criterion is rela-
tively conservative, which limits the rationality of the rock micro-element strength that is
determined based on this criterion. In view of the shortcomings of the above yield criterion,
the Hoek–Brown criterion proposed by Hoek et al. [14,15] can better reflect the nonlin-
ear failure characteristics of rock and the confining pressure effect of rock strength; Cao
Ruilang et al. [16] established a three-dimensional statistical damage constitutive model
under the condition that the micro-element failure of rock conforms to the Hoek–Brown
criterion, which can reflect the post peak softening characteristics of rock by using the
post-peak residual strength of rock to modify the damage variable. Most of the above
studies use the mechanical parameters of rock as the basis for establishing the statistical
damage constitutive equation, whereas only a few studies introduce the energy evolution
characteristics of rock into the constitutive relationship [17]. Gao Wei et al. [18] established
the damage constitutive model of granite under uniaxial compression by using the princi-
ple of minimum energy consumption. Sun Mengcheng et al. [19] established a new damage
constitutive model by introducing the rock unified energy yield criterion as the energy
consumption constraint condition, which is based on the principle of minimum energy
consumption and continuous damage theory, but did not consider the influence of the
post-peak softening stage on the damage constitutive model. It can be seen that, when
studying the nonlinear constitutive relationship of rock under complex stress conditions,
the minimum energy consumption principle is rarely applied to the establishment of rock
damage evolution equation, and the influence of post-peak strain softening stage on the
constitutive model is rarely considered in the existing damage constitutive model based on
the energy principle.

In summary, much progress has been made in the research on rock damage mechanics,
but there are still some problems, specifically the following: (1) there are weaknesses in the
definition of the damage variable. Some scholars establish damage variables according to
the statistical distribution theory, but the statistical distribution function cannot accurately
describe the crack development and deformation in rock materials. Therefore, the rock
damage constitutive model based on the statistical distribution theory is not in accordance
with the actual situation of rock damage and deformation. (2) There are weaknesses in the
establishment of the damage model. Hooke’s law can only describe the elastic stress–strain
relationship of rock in the pre-peak stage, but cannot describe the stress–strain relationship
in the post-peak strain softening stage. Some studies do not consider the strain softening
stage, and therefore there are weaknesses in the damage constitutive model.

In order to avoid the above problems, a constitutive model that can accurately describe
the characteristics of rock damage deformation and residual strength is constructed. Based
on the principle of minimum energy consumption, this paper introduces the improved
three-shear energy yield criterion as the energy consumption constraint, considers the in-
fluence of the post-peak strain softening stage and deduces the damage evolution equation
of rock. According to the principle of effective stress, the damage constitutive model of
rock under a conventional triaxial compression is established. In addition, the conventional
triaxial compression tests of siltstone under different confining pressures are carried out,
and the model parameters are identified according to the test data. The rationality and
feasibility of the model in this paper are verified by comparing the model results with the
test results.

2. Conventional Triaxial Compression Test of Siltstone
2.1. Test Process

The test material used is Permian upper Shihezi Formation siltstone, which is taken
from matoumen—at a 425 m depth of an east air shaft in Yuandian No. 2 mine, Huaibei
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City, Anhui Province. According to the standards for test methods of engineering rock
mass (GBT50266-2013), the sample size is a cylinder with a diameter of 50 mm, a length of
100 mm and a length diameter ratio of 2. 2S-200 using a vertical coring machine, DQ-4 rock
cutter and SHM-200 double face grinder to drill, cut and grind the siltstone rock sample.
The disparity between the sample is less than 0.05 mm and the diameter error of the sample
is no more than 0.3 mm.

The conventional triaxial compression test of siltstone samples is performed using a
ZTCR-2000 low temperature rock triaxial system (Figure 1). During the test, the siltstone
samples are preloaded to 0.5 MPa, and then the confining pressure is applied to the
predetermined value at a loading speed of 50 N/s according to the load control mode.
The test confining pressure is set to 0, 5, 10, 15 and 20 MPa. After the confining pressure
reaches the predetermined value, it is stabilized for 30 s, and finally the press applies an
axial pressure at the loading speed of 0.06 mm/min in the way of displacement control
until the siltstone sample is damaged.
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Figure 1. Rock mechanics test system.

2.2. Analysis of Test Results

The siltstone samples were divided into three groups with five samples in each group.
The tests were repeated three times under the same loading type, and the representative
test data were selected for analysis. Figure 2a shows the stress–strain curve of siltstone
samples under different confining pressures. It can be seen from Figure 2a that when the
confining pressure is at 0 MPa in the pre-peak stage, due to the lack of confining pressure
constraints when the loading exceeds the elastic limit of the sample the siltstone sample
quickly reaches the failure state, and the pre-peak curve of the sample has no obvious
yield stage. After reaching the peak strength, the stress decreases rapidly, and the post-
peak curve is steep, displaying an obvious strain softening. When the confining pressure
is at 20 MPa, because the confining pressure effectively limits the propagation speed of
microcracks in the sample and slows down the damage degree of the sample, the yield
stage is obvious in the pre-peak curve. The post-peak curve and stress drop trend tend to
be gentle, and the strain softening phenomenon decreases in the post-peak stage. With
the increase of the confining pressure, the peak stress and peak strain increase gradually,
indicating that the bearing capacity of the siltstone sample increases gradually, and it
becomes more difficult for the sample to enter the failure state. The failure characteristics
of siltstone samples under different confining pressures are shown in Figure 2b.

The basic mechanical parameters of siltstone are obtained according to the total stress–
strain curve. See Table 1.

231



Crystals 2021, 11, 1271Crystals 2021, 11, 1271 4 of 18 
 

 

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
0

20

40

60

80

100

120

σ
3
=10MPa

Axial Strain（%）

σ
3
=20MPa

σ
3
=15MPa

σ
3
=5MPa

D
ev

ia
to

ri
c 

S
tr

es
s（

M
P

a）

Radial Strain（%）

σ
3
=0MPa

 

 

(a) (b) 

Figure 2. Conventional triaxial test results of siltstone samples: (a) Full stress–strain curves of siltstone under different 

confining pressures; (b) Failure characteristics of siltstone samples. 
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Figure 2. Conventional triaxial test results of siltstone samples: (a) Full stress–strain curves of siltstone under different
confining pressures; (b) Failure characteristics of siltstone samples.

Table 1. Mechanical parameters of siltstone under conventional triaxial test.

σ3/MPa σsc/MPa εsc/10−3 σr
1/MPa εr/10−3 E/GPa µ

0 49.40 4.01 12.69 5.24 17.4 0.27
5 75.57 4.32 34.86 5.93 17.6 0.26

10 95.45 4.72 61.29 6.37 20.0 0.26
15 115.09 5.26 64.54 8.17 21.0 0.25
20 134.38 5.81 86.40 9.80 21.5 0.25

Notes: σ3 is the confining pressure, σsc is the peak stress, εsc is the peak strain, σr
1 is the residual stress, εr is the

strain corresponding to the residual stress, E is the elastic modulus and µ is the Poisson’s ratio.

3. Energy Analysis of Triaxial Compression Process of Siltstone
3.1. Theoretical Analysis of Energy Evolution

Assuming that heat exchange does not occur between the rock system and the external
environment, according to the first law of thermodynamics, during the process of rock
deformation and failure, the input energy WF is equal to the elastic strain energy WE plus
the dissipative energy WD [20,21].

The above-mentioned energy relationship is shown in Formula (1):

WF = WE + WD (1)

The work performed by the axial force and confining pressure during the test is [22]:

WF =
π

4
D2H

(∫ ε1

0
σ1dε1+2

∫ ε3

0
σ3dε3

)
= VUF (2)

where σ1, σ3 are the axial pressure and confining pressure, respectively, ε1, ε3 are the axial
and radial strain, respectively, D, H are the diameter and height of the siltstone specimen,
respectively, V is the volume of the siltstone sample and UF is the input energy density.

In the same way, the elastic strain energy and dissipative energy are as follows:
{

WE = π
4 D2HUE = VUE

WD = π
4 D2HUD = VUD

(3)

where UE, UD are the elastic strain energy density and dissipative energy density, respectively.
According to the elastic theory [22], the elastic strain energy density is:

UE =
1
2
(σ1εe

1 + σ2εe
2 + σ3εe

3) (4)
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The three-dimensional constitutive relationship of siltstone is:

εe
ij =

1 + µ

Eij
σij −

µ

Eij
σkkδij (5)

where εe
ij(i, j = 1, 2, 3) is the elastic strain in the direction of the main stress, σij(i, j = 1, 2, 3)

is the main stress, σkk = σ1 + σ2 + σ3, δij is the Kronecker tensor, Eij(i, j = 1, 2, 3) is replaced
by the initial elastic modulus and E [22], µ is the Poisson’s ratio.

Equations (4) and (5) can be substituted into Equation (3) to obtain the elastic strain
energy WE:

WE =
1

2E

(
σ2

1 + σ2
2 + σ2

3 − 2µσ1σ2 − 2µσ1σ3 − 2µσ2σ3

)
V (6)

In the conventional triaxial compression test where σ2 = σ3, Formula (6) can be
simplified to:

WE =
1

2E

[
σ2

1 + 2(1− µ)σ2
3 − 4µσ1σ3

]
V (7)

Substituting Formula (7) into Formula (1) and combining this with Formula (2) to
obtain the dissipative energy results in the following:

WD =

{∫ ε1

0
σ1dε1+2

∫ ε3

0
σ3dε3 −

1
2E

[
σ2

1 + 2(1− µ)σ2
3 − 4µσ1σ3

]}
V (8)

3.2. Principle of Minimum Energy Consumption

For dissipative materials such as geotechnical materials, the stress comes from internal
variables such as strain and temperature. Therefore, the internal variables reflecting the
internal changes of materials need to be considered to truly establish the constitutive
relationship of dissipative materials [23].

According to the internal variable theory, for any infinitesimal dissipative micro
element, the volume dissipation rate is:

ϕρ0 = σi :
•

εN + Y :

•

D +
k

∑
i=1

Ri
•
γi − q

g
T

(9)

where, ρ0 is the unit weight of rock, ϕ is the energy consumption rate of rock, D is the
damage variable of material, Y is the dual variable corresponding to the damage variable,
Ri is the corresponding dual variable of γi.

Without considering heat dissipation, the above formula is simplified as:

ϕρ0 = σi :
•

εN + Y :

•

D +
k

∑
i=1

Ri
•
γi (10)

It is generally assumed that dissipative materials meet the following energy dissipation
constraints in the process of energy dissipation:

{
F1(σ, Y, R1, . . . Rk) = 0
Fm(σ, Y, R1, . . . Rk) = 0

(11)

According to the principle of minimum energy consumption, Formula (10) takes
the stationary value under the condition of Formula (11) and introduces the Lagrange
multiplier λ to obtain:

∂(ϕ + λiFi)

∂ξi
= 0 (i = 1, . . . , m) (12)

where, ξi takes σ, Y, R1, . . . Rk respectively.
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The Lagrange multiplier λi(i = 1, . . . , m) is introduced into Equation (10) to obtain:





•
εN + σ : ∂

•
εN

∂σ +
m
∑

i=1
λi

∂Fi
∂σ = 0

•
D + Y : ∂

•
D

∂Y +
m
∑

i=1
λi

∂Fi
∂Y = 0

•
γ1 + R1 : ∂

•
εN

∂R1
+

m
∑

i=1
λi

∂Fi
∂R1

= 0

.

.

.
•

γk + Rk : ∂
•

εN

∂Rk
+

m
∑

i=1
λi

∂Fi
∂Rk

= 0

(13)

Assuming ρ0 ϕ is a potential function, we get:





•
εN +

m
∑

i=1
λi

∂Fi
∂σ = 0

•
D +

m
∑

i=1
λi

∂Fi
∂Y = 0

•
γ1 +

m
∑

i=1
λi

∂Fi
∂R1

= 0

.

.

.
•

γk +
m
∑

i=1
λi

∂Fi
∂Rk

= 0

(14)

The above formula is the internal variable evolution equation of energy dissipation of
dissipative materials derived based on the principle of minimum energy dissipation.

3.3. Relationship between Energy Evolution and Axial Strain

The triaxial compression test results are substituted into Equations (2), (7) and (8) to
obtain the evolution curves of the input energy, elastic energy and dissipative energy of
siltstone with an axial strain under different confining pressures, as shown in Figure 3.

It can be seen from Figure 3 that under different confining pressures, the input energy
and dissipative energy increase with the increase of axial strain, and the elastic strain
energy increases at first and then decreases. At the initial stage of sample loading, the
initial pores in the rock are gradually closed as a result of the action of the external load,
most of the work performed by the external load is transformed into elastic energy and
stored in the sample and the elastic strain energy gradually increases with axial strain, the
dissipative energy at this stage is very small, and the evolution curves of input energy,
elastic energy and dissipative energy concave upward. Alongside the increase of the
external load, the siltstone sample enters the linear elastic deformation stage, and the
external work is essentially transformed into elastic strain energy, and the slope of the
three energy evolution curves reaches the maximum. This stage is the main stage of energy
storage in the overall process of rock failure. When the external load reaches the yield
limit of rock, new cracks will appear in the sample, and part of the energy is required to be
dissipated for its initiation and diffusion. Therefore, the slope of the elastic strain energy
curve decreases gradually at this stage. When the external load reaches the peak strength,
the elastic strain energy reaches the maximum value, and as a result the siltstone sample
is damaged, and the elastic strain energy stored in the pre peak stage is released rapidly.
Therefore, the elastic strain energy after the peak decreases gradually with the axial strain,
and most of the input energy is dissipated in the process of the mutual penetration of
cracks to form a macro-fracture surface. When the sample reaches its peak strength, the

234



Crystals 2021, 11, 1271

elastic strain energy decreases gradually until the sample failure reaches the minimum
value, and the dissipative energy increases gradually until the sample failure reaches the
maximum value.
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Figure 3. Energy evolution curve of siltstone under different confining pressures: (a) 0 MPa; (b) 5 MPa; (c) 10 MPa; (d) 15 

MPa; (e) 20 MPa. 
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3.4. Relationship between Energy Evolution and Confining Pressure

Based on the triaxial compression test data of siltstone under different confining
pressures, the characteristic energy results of siltstone are calculated by substituting
Equations (2), (7) and (8), as shown in Table 2. It can be seen from Table 2 that when
the confining pressure is at 0 MPa, the input energy WF(pre), elastic energy WE(pre) and
dissipative energy WD(pre), corresponding to the peak stress of the siltstone sample, are
13.97 J, 11.97 J and 2.00 J, respectively. Most of the input energy before the peak of the
sample is transformed into storable elastic energy, and only a small amount of the energy
is dissipated in the process of damage deformation and of crack propagation of the sample,
indicating that the energy storage capacity of the sample is strong, Therefore, the elastic
property is the source power of the specimen failure. When the confining pressure is at
20 MPa, the input energy WF(pre), elastic energy WE(pre) and dissipative energy WD(pre),
corresponding to the peak stress of the siltstone sample, are 91.46 J, 52.01 J and 39.45 J
respectively. The elastic energy that was stored before the peak accounts for 56.8% of
the input energy. The energy dissipated via the damage and deformation of the sample
accounts for 43.2% of the input energy, indicating that the energy storage capacity of the
sample is weakened at this time. The energy required for specimen failure is involved in
the work provided by the external testing machine, and the self-sustaining fracture ability
of the specimen is weak.
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Table 2. Calculation results of characteristic energy of siltstone sample at peak stress.

σ3/MPa WF(pre) WE(pre) WD(pre)

0 13.97 11.97 2.00
5 34.87 26.00 8.87
10 43.95 32.37 11.58
15 67.82 41.38 26.44
20 91.46 52.01 39.45

The evolution law of input energy, elastic strain energy and dissipative energy of
the siltstone sample with confining pressure is shown in Figure 4. It can be seen from
Figure 4, that with the increase of confining pressure, the three energies increase at different
rates, the input energy and dissipative energy are in an exponential function proportional
relationship with the confining pressure, the elastic energy is in a linear function propor-
tional relationship with the confining pressure, and the storage rate of elastic strain energy
gradually increases, indicating that the confining pressure has an obvious restrictive effect
on crack propagation, thus limiting the siltstone sample to the failure state.
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4. Criterion for Determining Rock Damage Threshold

The yield criterion of rock materials generally included the following three categories:
the yield criterion established from the angle of stress, strain and energy [24]. There are
abundant yield criterion that are established from the angle of stress, mainly the Mises
criterion, the Drucker-Plager criterion, the Mohr–Coulomb criterion, the Hoek–Brown
criterion and the double shear strength criterion. Among them, the Mohr–Coulomb
criterion is the most widely used, is applicable to both plastic and brittle rocks, and can
reflect the characteristic that the tensile strength of rock is less than the compressive strength.
However, the criterion does not consider the influence of the intermediate principal stress
on rock yield, and the envelope line of the criterion on the meridional plane is a straight
line, indicating that the internal friction angle does not change with hydrostatic pressure;
this is inconsistent with the test results of rock mechanics [25,26]. The Drucker–Plager
criterion considers the influence of intermediate principal stress on rock yield, but it cannot
distinguish the difference between the tensile meridian and compressive meridian of rock,
which is inconsistent with the triaxial test results of rock [27]. Double shear strength
criterion is only applicable to materials for which the shear, tensile and compressive
strength meet a certain relationship [28]. The accuracy of establishing yield criterion from
the point of view of stress depends on the description of yield stress, and the expression
does not include material parameters, so its application range is limited. The establishment
of a yield criterion from the perspective of energy can accurately express the yield state of
rock with the assistance of the description of energy evolution. Therefore, the establishment
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of an energy yield criterion across a wide range of applications is a fundamental method to
analyze the yield deformation of rock.

The yield criterion is established from the perspective of energy, mainly by determin-
ing the functional relationship between the strain energy during material yield [29]. The
mises energy criterion defines the maximum shape change of specific energy as a constant,
but this criterion cannot reflect the characteristics of the different tensile and compressive
strengths of rock materials. Gao Hong et al. [30] proposed the three-shear energy yield
criterion of rock materials based on the maximum strain specific energy, and introduced the
expression of shear strain energy by considering the internal friction angle. The criterion is
simple and is a generalization of many common yield criteria. However, the three-shear
energy yield criterion assumes that the sum of the shear strain energy of a composite sliding
surface at the time of the material yield is a constant, and does not consider the influence
of hydrostatic pressure on the material yield, which leads to a considerable difference
between and the test results of rock materials.

In conclusion, it is highly necessary to establish a yield criterion that can reflect the
internal friction characteristics and hydrostatic pressure effects of rock materials. Based
on the test results, this paper explores the functional relationship between the sum of the
shear strain energy of the three composite sliding surfaces and the hydrostatic pressure
during rock yield, and establishes an improved three-shear energy yield criterion.

4.1. Three-Shear Energy Yield Criterion

The three-shear energy yield criterion assumes that the sum of the shear strain energy
ws of the three composite sliding surfaces is constant when the rock material yields. For
the rock material with internal friction characteristics, ws plays a vital role in the rock yield.
The following is a simple derivation of ws. It agrees that the compressive stress is positive
in the derivation process.

The limit value of the shear strain energy of the three yield sliding surfaces of rock
mass is:

w12 =
1

2G

[
σ1 − σ2

2 cos ϕ12
− σ1 + σ2

2
tan ϕ12

]2
(15)

w23 =
1

2G

[
σ2 − σ3

2 cos ϕ23
− σ2 + σ3

2
tan ϕ23

]2
(16)

w13 =
1

2G

[
σ1 − σ3

2 cos ϕ13
− σ1 + σ3

2
tan ϕ13

]2
(17)

where, G is the shear modulus.
The three-shear energy yield criterion considers that the rock material begins to yield

when the sum of the shear strain energy of the three maximum friction angle action surfaces
reaches a certain value, as follows:

ws = w12 + w23 + w13 = k0 (18)

In the case of uniaxial compression, σ2 = σ3 = 0, the value of k0 is obtained:

k0 =
c2

0
G

(19)

where, c0 is the cohesion of rock at yield.

4.2. Improved Three-Shear Energy Yield Criterion

The research results of Hao Tiesheng et al. [31] reveals that the sum of shear strain
energy of three composite sliding surfaces during rock yield is not constant, and rock
yield has an obvious hydrostatic pressure effect. Therefore, the functional relationship
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between the sum of the shear strain energy during rock yield and the hydrostatic pressure
is established as follows:

F(ws, p) = 0 (20)

where, p is the hydrostatic pressure and Ws is the shear strain energy of rock.
In order to establish the functional relationship between the sum of shear strain

energy and hydrostatic pressure, by considering the sum of shear strain energy Ws as the
ordinate and hydrostatic pressure p as the abscissa, the variation law of the sum of shear
strain energy of the three composite sliding surfaces with hydrostatic pressure during rock
yield can be obtained. The two approximate accordance with the first-order functional
relationship, so the energy yield criterion of siltstone is as follows [31]:

F(σ1, σ3) =
1

4G

[
σ1 − σ3

cos ϕs
− (σ1 + σ3) tan ϕs

]2
+ a(σ1 + 2σ3) + b (21)

where, a and b are material parameters, representing the numerical relationship between
shear strain energy and hydrostatic pressure and the rock yield, ϕs is the internal friction
angle when rock yield and G is the shear modulus of rock.

5. Establishment of Damage Constitutive Model of Siltstone
5.1. Damage Constitutive Relationship

Assuming that the rock is an isotropic material, according to J. Lemaitre’s [32] strain
equivalence hypothesis, the constitutive relationship of the rock is established as follows:

σi = σ′i (1− D) + σ′′i D (i = 1, 2, 3) (22)

where, σi is the nominal stress of the rock micro-element, σ′i is the effective stress of the
rock micro-element, σ′′i is the stress on the damaged part of the rock micro-element, and D
is the damage variable.

Since the damaged part of the rock is closely associated with the undamaged part of
the rock, according to the deformation coordination principle, εi = ε′i = ε′′i , the undamaged
part of the rock obeys Hooke’s law, and its stress is:

σ′i = Eεi + µ(σ′j + σ′k) (23)

Equation (23) can be written as:




σ′1 = Eε1 + µ(σ′2 + σ′3)
σ′2 = Eε2 + µ(σ′1 + σ′3)
σ′3 = Eε3 + µ(σ′1 + σ′2)

(24)

The damage of the rock micro-element can be defined as the result of the reduction of
stiffness caused by the change of physical properties of undamaged micro-element. The
stress of damaged micro-element and undamaged the micro-element under the external
load is related to the stiffness, and γ is defined as the damage correction coefficient [33].
Based on the rock damage mechanism, the damage models of rock micro-elements in
different states can be established.

(1) When the rock is not damaged:

σ′i = σ , σ′′i = 0 (25)

(2) When random damage occurs to rock:

σ = σ′i (1− D) + σ′′i D (26)
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From the stress distribution relationship between damaged micro-elements and un-
damaged micro-elements, it can be concluded that:

σ′′i = γ · σ′i (27)

Substituting to formula (26) to obtain:

σi = σ′i (1− D + γD) (28)

(3) When the rock is completely damaged:

σ′′i = σ, σ′i = 0 (29)

Substituting Equation (23) into Equation (28) yields:

σ1 = Eε1(1− D + γD) + µ(σ2 + σ3) (30)

Equation (30) is the damage constitutive equation of rock. To establish the damage
constitutive model of rock, the damage variable must first be determined.

5.2. Damage Evolution Equation of Siltstone

In each stage of rock damage and failure, the thermodynamic change of the system is
regarded as a process in which the equilibrium is broken and then reconstructed. When
the rock is damaged and deformed, the equilibrium state of the system is broken. When
the energy dissipation tends to be stable, the system reaches a new equilibrium state. The
energy dissipation process of rock damage and deformation conforms to the minimum
energy dissipation principle. According to the minimum energy dissipation principle, all
energy dissipation processes occur along the minimum energy dissipation path under
corresponding constraints. It illustrates that the instantaneous energy dissipation rate
is at the minimum at any time in the energy dissipation process. In the elastic damage
model, it is assumed that the irreversible strain caused by damage is the only energy
dissipation mechanism in the rock failure process [23]. The energy consumption rate of
rock is defined as:

ϕ = σi
•
εi (31)

where, ϕ is the rock energy consumption rate, σi is the nominal stress of rock micro element,
and

•
εi is the irreversible strain rate caused by damage.
The three-dimensional constitutive relationship of rock can be obtained from Equation (30)

as follows: 



ε1 = σ1−µ(σ2+σ3)
[1−D(t)+γD(t)]E

ε2 = σ2−µ(σ1+σ3)
[1−D(t)+γD(t)]E

ε3 = σ3−µ(σ1+σ2)
[1−D(t)+γD(t)]E

(32)

where, D(t) is the damage variable at t time.
The irreversible strain rate caused by the damage variable is:





•
ε1 = (1−γ)D′(t)[σ1−µ(σ2+σ3)]

[1−D(t)+γD(t)]2E
•
ε2 = (1−γ)D′(t)[σ2−µ(σ1+σ3)]

[1−D(t)+γD(t)]2E
•
ε3 = (1−γ)D′(t)[σ3−µ(σ1+σ2)]

[1−D(t)+γD(t)]2E

(33)

By substituting Equation (33) into Equation (31), the energy consumption rate of rock
is found as follows:

ϕ =
(1− γ)D′(t)

[1− D(t) + γD(t)]2E

[
σ2

1 + σ2
2 + σ2

3 − 2µ(σ1σ2 + σ2σ3 + σ1σ3)
]

(34)

239



Crystals 2021, 11, 1271

For a conventional triaxial compression test, σ1 > σ2 = σ3, Equation (34) can be
written as:

ϕ =
(1− γ)D′(t)

[1− D(t) + γD(t)]2E

[
σ2

1 + 2(1− µ)σ2
3 − 4µσ1σ3

]
(35)

5.3. Establishment of Damage Constitutive Model

Substitute Equation (21) into Equation (12) to obtain [23]:

∂(ϕ + λF(σ1, σ3))

∂σi
= 0 (i = 1, 3) (36)

{
∂(ϕ+λF(σ1,σ3))

∂σ1
= 0

∂(ϕ+λF(σ1,σ3))
∂σ3

= 0
(37)

where, ∂ϕ
∂σ1

= (1−γ)D′
1−D+γD · 2ε1, ∂ϕ

∂σ3
= (1−γ)D′

1−D+γD · 4ε3, ∂F
∂σ1

= (1−sin ϕ)2

2G cos2 ϕ
σ1 +

(
− 1

2G

)
σ3 + a,

∂F
∂σ3

=
(
− 1

2G

)
σ1 +

(1+sin ϕ)2

2G cos2 ϕ
σ3 + 2a.

The damage evolution equation is derived as follows:

D(t) =
1

1− γ
− 1

1− γ
exp

(
λ · H

R
t + C0

)
(38)

where, A = (1−sin ϕ)2

2G cos2 ϕ
, B = − 1

2G , C = (1+sin ϕ)2

2G cos2 ϕ
, H =

(
B2 − AC

)
σ3 + (B− 2A)a,

R = 2Bε1 − 4Aε3, λ and C0 are parameters related to material properties.
Under a constant loading rate and loading path, the axial strain of the rock sample is

directly proportional to time. Assuming that λ · t = λ∗ · ε1, the damage evolution equation
is simplified as:

D(t) =
1

1− γ
− 1

1− γ
exp

(
λ∗ · H

R
ε1 + C0

)
(39)

5.4. Parameter Identification of Constitutive Model

According to the triaxial compressive stress–strain curve of rock, when the rock is
completely damaged (D = 1), Formula (30) is written as:

σr
1 = Eεr

1γ + µ(σ2 + σ3) (40)

γ =
σr

1 − µ(σ2 + σ3)

Eεr
1

(41)

Two boundary conditions can be determined from the extreme value characteristics of
the rock total stress–strain curve. The peak stress of the rock is σsc and the corresponding
strain is εsc. The two boundary conditions are as follows:

where ε1 = εsc, σ1 = σsc, dσ1/dε1 = 0.
Substitute conditions into Formula (30) to obtain:

σsc = Eεsc exp
(

λ∗ · H
R

εsc + C0

)
+ 2µσ3 (42)

In the triaxial compression test, the peak stress σsc and peak strain εsc of rock are not
the peak strength σ′sc and corresponding strain ε′sc of the rock deviatoric stress–strain curve,
because the starting point of the test curve provides that the rock is subjected to deviatoric
stress, ignoring the initial strain of the rock under hydrostatic pressure, therefore, the
relationship between the theoretical peak value and the test peak value of rock stress–strain
curve is as follows:

σsc = σ′sc + σ3 (43)
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εsc = ε′sc + εc (44)

The initial strain can be obtained from the first equation in formula (24):

εc =
σ3(1− 2µ)

E
(45)

The values of λ∗ and C0 are as follows:

λ∗ =

(
2Bε1(sc) − 4Aε3(sc)

)2

4AHε1(sc)ε3(sc)
=

R2

4AHε1(sc)ε3(sc)
(46)

C0 = ln

[
σ1(sc) − 2µσ3

Eε1(sc)

]
−

Bε1(sc) − 2Aε3(sc)

2Aε3(sc)
= ln

[
σ1(sc) − 2µσ3

Eε1(sc)

]
− R

4Aε3(sc)
(47)

5.5. Verification of Damage Constitutive Model

In order to verify the applicability and rationality of the damage constitutive model
that considers the rock residual strength proposed in this paper, the conventional triaxial
compression tests of siltstone under different confining pressure conditions (5 MPa, 10 MPa,
15 MPa and 20 MPa) are carried out. The mechanical parameters of the rock samples are
as follows: average uniaxial compressive strength σc = 49.4 MPa, cohesion c = 12.94 MPa,
internal friction angle ϕ = 22◦ and Poisson’s ratio µ = 0.25. The parameters of the
improved three-shear energy criterion are obtained by linear regression, a = 1.42× 10−4,
b = −0.035. The calculated parameters of the constitutive model are shown in Table 3.
The parameters of the damage statistical model are substituted into the formula, and the
theoretical curve is created, which is compared with the test curve of the conventional
triaxial compression under four confining pressures, as showed in Figure 5.

Table 3. Parameter values of constitutive model under different confining pressures.

σ3/MPa A B C H λ C0

5 3.28 × 10−5 −7.10 × 10−5 1.54 × 10−4 −1.94 × 10−8 11,250 −2.28
10 2.89 × 10−5 −6.25 × 10−5 1.35 × 10−4 −1.71 × 10−8 20,533 −3.65
15 2.75 × 10−5 −5.95 × 10−5 1.29 × 10−4 −1.63 × 10−8 10,435 −2.19
20 2.68 × 10−5 −5.81 × 10−5 1.26 × 10−4 −1.59 × 10−8 7784 −1.76

Figure 5 presents the comparison results of the theoretical curves and the test curves
under different confining pressures. It can be seen from Figure 5 that the damage constitu-
tive equation of siltstone proposed in this paper can better reflect the actual mechanical
behavior of rock, and its initial deformation modulus and peak strength are approximately
the same as the test results. The consistency between the constitutive model curve and the
test curve is high, which overcomes the defect in some constitutive models that cannot
describe the residual strength in the post peak stage, improves the accuracy of the model,
and illustrates that the constitutive model based on the energy principle is more reasonable
than the traditional constitutive model.

In order to further verify the rationality of the damage constitutive model of siltstone
that has been established in this paper, the deviation between the conventional triaxial
stress–strain curve and the model curve of siltstone under four different confining pressures
is analyzed, and the calculation formula is shown in Formula (48).





η =

√
n
∑

i=1
(σs−σl)

2

n−1
f = η

σ0

(48)
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where, η is the standard deviation, f is the relative standard deviation, σs, σl are the test
value and theoretical value respectively, σ0 is the mean value of the test value and n is the
number of samples.
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(d) 20 MPa.

The calculation results show that when the confining pressure is at 5, 10, 15 and
20 MPa, the relative standard deviations between the constitutive model results and the test
results are 3.75%, 4.77%, 4.05% and 4.83% respectively, and the average relative standard
deviation is 4.35%, indicating that the difference between the constitutive model results
and the test results is minute, which further proves the rationality of the constitutive model
that has been established in this paper.

The change curve of the damage variable with axial strain is obtained by substituting
the model parameters into Equation (39), as shown in Figure 6. It can be seen from
Figure 6 that the damage evolution curve is approximately an “S” curve. There is no
obvious damage accumulation in the initial stage of the curve, then there is a rapid rise
stage, indicating that alongside the gradual axial loading, the internal microcracks rub and
squeeze each other, and the damage accumulates and converges continuously. Finally, the
curve gradually flattens, indicating that the internal structure of the rock is completely
destroyed. Along with the increase of the confining pressure, the development trend of
cumulative damage slows, because the confining pressure inhibits the development of
damage and improves the stress state of rock.
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6. Conclusions

According to the stress–strain curves of siltstone under different confining pressures,
the energy evolution characteristics of siltstone samples under conventional triaxial loading
are analyzed, the damage constitutive model of siltstone is established, and the rationality
of the model established in this paper is verified by using the conventional triaxial test data
of siltstone under different confining pressures. The following conclusions are drawn:

Under different confining pressures, the input energy and dissipative energy of silt-
stone samples increase with the increase of axial strain, and the elastic strain energy
increases at first and then decreases. When the specimen reaches the peak strength, the elas-
tic strain energy gradually decreases and the dissipative energy gradually increases until
the specimen is damaged and reaches the maximum and minimum values respectively.

Considering the internal friction characteristics and hydrostatic pressure effect of
rock materials, based on the test results of siltstone samples, the three-shear energy yield
criterion is improved, the functional relationship between the sum of shear strain energy
and hydrostatic pressure is established, and the improved three-shear energy yield criterion
is obtained.

Based on the continuous damage theory, the damage evolution equation of rock is
derived using the minimum energy consumption principle and the improved three-shear
energy yield criterion, and the damage constitutive model of siltstone under complex stress
state is established. The model overcomes the defect of some existing damage constitutive
models that cannot simulate the residual strength. By comparing the model curve with
the test curve, it has been found that the margin of error is small, and the relative standard
deviation is 4.35%, which verifies the rationality of the model established in this paper.
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Abstract: Fiber-reinforced concrete (FRC) is widely used in the field of civil engineering. However,
the research on the damage mechanism of FRC under uniaxial tension is still insufficient, and
most of the constitutive relations are macroscopic phenomenological. The aim is to provide a new
method for the investigation of mesoscopic damage mechanism of FRC under uniaxial tension.
Based on statistical damage theory, the damage constitutive model for FRC under uniaxial tension is
established. Two kinds of mesoscopic damage mechanisms, fracture and yield, are considered, which
ultimately determines the macroscopic nonlinear stress–strain behavior of concrete. The yield damage
mode reflects the potential bearing capacity of materials and plays a key role in the whole process.
Evolutionary factor is introduced to reflect the degree of optimization and adjustment of the stressed
skeleton in microstructure. The whole deformation-to-failure is divided into uniform damage phase
and local failure phase. It is assumed that the two kinds of damage evolution follow the independent
triangular probability distributions, which could be represented by four characteristic parameters.
The validity of the proposed model is verified by two sets of test data of steel fiber-reinforced
concrete. Through the analysis of the variation law of the above parameters, the influence of fiber
content on the initiation and propagation of micro-cracks and the damage evolution of concrete
could be evaluated. The relations among physical mechanism, mesoscopic damage mechanism, and
macroscopic nonlinear mechanical behavior of FRC are discussed.

Keywords: fiber-reinforced concrete; damage mechanism; uniaxial tension

1. Introduction

Fiber-reinforced concrete (FRC) has been widely used in the field of civil engineering
for its excellent physical and mechanical properties. FRC is a kind of cement-based compos-
ite material composed of metal fiber, inorganic non-metallic fiber, synthetic fiber, or natural
organic fiber as a reinforcing material. The most widely used are steel fiber-reinforced
concrete (SFRC) and polypropylene fiber-reinforced concrete (PFRC). A large number of
experimental studies have shown that these randomly distributed fibers can effectively
hinder the expansion of micro-cracks in the concrete and the formation of macro-cracks,
significantly improving the compressive, tensile, bending, impact resistance, and fatigue
resistance of concrete [1–12]. Fiber materials are further used in the research of new types
of concrete, such as coral concrete, geopolymer concrete, self-compacting concrete, etc.
Liu et al. [7] carried out uniaxial compression tests of carbon fiber-reinforced coral concrete
and established empirical piecewise constitutive model. At present, the representative
theories on the mechanism of fiber reinforcement mainly include the fiber spacing theory
proposed by Romualdi and Batson [13], and the reinforcement rules for composite materials
proposed by Swamy [14].

The constitutive relation of concrete material is one of the key problems in the non-
linear analysis of concrete structure. Much effort has been devoted in the last decade to
model the FRC by considering it as a composite material composed of concrete matrix
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and fibers [15–19]. Uniaxial stress–strain behavior is the most fundamental constitutive
relationship of the concrete material. Due to the limitation of experimental technology
and the deficiency of relevant theories, the research achievements on uniaxial compres-
sion are abundant, while the research on tension is relatively few. The research on the
constitutive relation of FRC is based primarily on the relevant theoretical results of ordi-
nary concrete, mainly focusing on the influence of fiber characteristic parameters on the
constitutive relation. In recent years, based on the direct tensile test carried out on the
universal test machine, the uniaxial tensile stress–strain curves for different types of FRC
were obtained, and the corresponding macroscopic phenomenological constitutive models
were proposed [3,8,20–22].

As a typical quasi-brittle material, the nonlinear macroscopic stress–strain behavior
of concrete are closely related to the heterogeneity in microstructure. The essential nature
lies not only in the initiation and propagation of individual micro-cracks, but also in the
interaction and coalescence of crack populations [23,24]. Most of the existing concrete
constitutive relations are macroscopic phenomenological models established by polynomial
and other mathematical formulas, focusing on the fitting of test data, but lacking the clear
physical meaning for the parameters. Therefore, it is difficult to reveal the meso-damage
evolution law of concrete in essence by those phenomenological models.

Damage Mechanics (DM) [25–27] is a relatively new field studying the response and
reliability of materials with countless randomly distributed irregular microcracks. The
fundamental aspect of damage mechanics is the selection of damage parameters. The
essential feature of the original Kachanov’s model [28] resides in the introduction of a
special internal variable defined by the state of local damage and its accumulation. Many
macroscopic continuum damage models and micromechanics damage models [25,29] were
proposed after Kachanov’s work. Li et al. [21] suggested a continuum damage mechanics-
based model for FRC in tension, in which the quasi-brittleness of the matrix and the fiber–
matrix interfacial properties were taken into consideration. Considering the stochastic
characteristics of the distribution of disfigurements in the microstructure, a physically
motivated damage model (i.e., the bundle parallel bar system (PBS)) was proposed by
Krajcinovic and Silva [30], based on the continuous damage theory and statistical strength
theory. After this work, Statistical Damage Mechanics (SDM) was gradually formed,
constitutive relations of quasi-brittle material (rock and concrete) have been extensively
studied, and some inspiring results were obtained [31–34]. This kind of model abstracts
quasi-brittle material into a complex system composed of mesoscopic physical elements.
The heterogeneity in the microstructure is introduced by assuming that the characteristic
parameters of the mesoscopic unit follow Weibull or other statistical distribution forms. The
progressive damage accumulation process of concrete is described by means of probability
and statistics. It ignores the complicated physical details of the damage process and
avoids the complicated calculation of statistical mechanics. The relationship between
meso-damage mechanism and macroscopic mechanical behavior of material is effectively
established. Considering there are two fundamental damage modes (fracture and yield) in
the microstructure of concrete, the statistical damage models of concrete under uniaxial and
multiaxial loading were proposed by Chen et al. [35] and Bai et al. [36–38], which could be
used to predict the constitutive behavior of concrete under a complex loading environment
and explore the damage mechanism of the concrete material.

In this paper, a statistical damage constitutive model for the FRC is presented based
on the macroscopic test phenomenon and the statistical damage theory. Firstly, a deep
analysis of the mesoscopic damage mechanism for concrete material under uniaxial tension
is elaborated. It indicated that the macroscopic nonlinear stress–strain behavior is deter-
mined by the evolution of fracture and yield damage on a meso scale. The yield damage
mode, reflecting load redistribution and adjustment of stress skeleton in the microstructure,
is emphasized as the key role in the whole deformation and failure process. Evolutionary
factor is introduced to reflect the development of the potential mechanical capacity of mate-
rials. Subsequently, the triangular probability distributions with four parameters are used
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to simulate the cumulative evolution of fracture and yield damage. By defining the above
parameters as a function of fiber content, the impact of fiber content on the nucleation and
growth of microcracks and the mesoscopic damage evolution of the FRC is reflected. The
determination method for the model’s characteristic parameters is proposed. The validity
of the proposed model is demonstrated by comparing the theoretical and experimental
results. The influence rule of fiber content on the mesoscopic damage evolution of the FRC
is analyzed.

2. Deformation and Failure of Concrete under Uniaxial Tension

Since the failure of concrete is essentially caused by the nucleation and growth of
microcracks produced by local tensile strain, the uniaxial tension could be regarded as the
most fundamental failure form for concrete.

According to the macroscopic experimental phenomena, the deformation and failure
of the concrete specimen under uniaxial tension seems to be divided into two stages, the
uniform damage stage (US) and the local fracture stage (LS), as shown in Figure 1a. In
the uniform damage stage, the whole specimen remains uniformly loaded and deformed,
with the damage evolving mainly by the nucleation and growth of micro-defects, which
randomly distribute in the whole specimen. In the local fracture stage, a macroscopic
main-crack perpendicular to the tensile direction forms in the fracture process zone (FPZ).
The macroscopic response of the specimen strongly depends on the size of the largest crack
with a preferential orientation in the FPZ. Local further damage and fracture occurs in the
FPZ, while the rest of the region of the specimen shows the unloading behavior.

Figure 1. Two-stage feature of macroscopic mechanical behavior of concrete under uniaxial tension: (a) deformation-failure
process; (b) typical nominal stress–strain curve.

As shown in Figure 1b, a typical master stress–strain curve of concrete specimen
under uniaxial tension is presented. The signs A and B denote, respectively, the two
characteristic states, i.e., (1) the peak nominal stress state and (2) the critical state at which
macro-crack starts to develop in the FPZ and the damage process switches into the local
failure stage. From the shape of the curve, the stress–strain curve seems to be divided into
a stress-strengthening phase and a strain-softening phase bounded by state A. Before A,
the tensile stress increases gradually with the growth of tensile strain. After A, the tensile
stress decreases gradually with the increase of tensile strain, until to zero. The stress value
corresponding to state A, known as the so-called tensile strength, is considered to be one of
the most important mechanical indexes for concrete. The descending segment of the tensile
stress–strain curve for concrete was firstly measured by Rusch and Hilsdorf [39]. Hughes
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and Chapman [40] confirmed that the concrete did not break at the maximum load, but the
softening phenomenon occurred.

From the deformation and failure features, and also the process of microcracks propa-
gation, the stress–strain behavior seems more suitable to be divided into an even damage
phase and a local fracture phase bounded by state B, corresponding to the two-stage fea-
tures in Figure 1a. During the whole process, the nucleation and growth of the random
distributed microcracks typically ranges from 0.01 to 1.0 mm in width, leading to a con-
centration of these microcracks into a narrow zone and producing a visible macroscopic
fissure wider than 1.0 mm [41,42]. Before B, the material response could be considered as
statistical homogeneous. The density of micro-defects is modest, retaining a dilute degree.
After this threshold, the macroscopic response of the specimen strongly depends on the
macroscopic main-crack in the FPZ. Local softening and fracture (decrease of the nominal
stress with increase of the strain) occurs in the FPZ, while the rest of the region of the
specimen enters the unloading process. This portion of the stress–strain curve becomes
heavily dependent on the measure gauge length, which could not be treated as a pure
material mechanical behavior. Based on the catastrophe theory, the process from damage
to fracture for quasi-brittle materials is divided into two phases, globally stable (GS) mode
(relevant to the distributed damage accumulation) and evolution induced catastrophic
(EIC) mode [43]. The critical state transforming from GS to EIC plays a key role during the
whole process, and exhibits the critical sensitivity, with many physics showing abnormal
behavior. Experiments on rocks have also shown that there exists a critical value for the
fracture of the quasi-brittle material [24,44].

For the location of the critical state B, many experiments [45,46] showed that it lies in
the softening region behind the peak state A in a tensile stress–strain curve. However, the
accurate location of B is still uncertain, and almost all the theoretical analysis in literatures
ignored the identification of the critical state, treating A and B simply as the same one.

3. Materials and Methods
3.1. Basis of Statistical Damage Theory

It is well known that statistic physics is a ligament that communicates continuum
mechanics, damage mechanics, and material mechanics. Statistical damage theory ignores
the microscopic details of damage, and the representative volume element (RVE) is ab-
stracted as a complex system composed of N (N→∞) mesoscopic units (micro-spring,
micro-bar, etc., with the same sectional area dA and stiffness dk). The heterogeneity of
the material is introduced by endowing each unit with different mechanical parameters
(strength, characteristic strain, etc.). The macroscopic mechanical properties of concrete
depend on the statistical mechanical properties of individual mesoscopic elements. The
macroscopic mechanical properties could be described by using a phenomenological model
with statistical method.

According to the number of mesoscopic mechanical parameters adopted, statistical
damage models could be classified into two types, i.e., the single-parameter model and
the double-parameter model, which are represented by the bundle parallel bar system
(PBS) [30] and the improved parallel bar system (IPBS) [35,36], respectively.

3.1.1. The Series-Parallel Spring Stochastic Damage Model

Based on the PBS, Li and Zhang [47] presented the series-parallel spring stochastic
damage model for concrete under uniaxial tensile test. The core idea is to extend the single-
layer parallel element model to multiple layers, which can better simulate the mechanical
phenomenon such as localized failure and stress drop. The tensile specimen is abstracted
as a complex system composed of n typical units (a unit is composed of numerous micro-
springs in parallel with equal spacing) in series. F is the tensile force. H = nh0 is the
height of the model, where h0 is the material characteristic height and three times the
maximum particle size of aggregate presented by Bažant and Oh [48]. In this model, each
micro-spring has the same elastic modulus and cross-sectional area. εRi is the fracture
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strain for micro-spring i, as a random variable obeying the same probability distribution
for each layer unit, where Weibull distribution and Lognormal distribution are often used.

Since the prominent feature of concrete failure is local failure, the failure of the series-
parallel spring model is caused by the fracture of a unit body, called the main crack unit
body (corresponding to the FPZ), and the others as the non-main crack unit bodies. Define a
characteristic strain, namely, the critical strain. Before the critical strain, all unit bodies have
the same deformation. After the critical strain, the deformation of the main crack unit body
continues to increase, while in the non-main crack unit bodies will occur the unloading
behavior with the tensile strain no longer increased. Therefore, the average stress–strain
curve after the critical state for the concrete tensile specimen shows the obvious size effect,
and stress drop will occur when the specimen size is long enough.

3.1.2. The Improved Parallel Bar System (IPBS)

Based on the PBS, the IPBS was proposed by Chen et al. [35] to simulate the damage
evolution in the FPZ of quasi-brittle material. The fundamental assumptions for the damage
mechanism are as follows: (1) the essence of damage and fracture for a quasi-brittle material
is the nucleation, growth, and coalescence of micro-cracks, the stress redistribution and
adjustment of the force skeleton in the microstructure. (2) The influence of these irreversible
micro-changes on macroscopic mechanical properties of material could be addressed by
two dominant aspects: decrease of the effective cross-section area and degradation of
the elastic modulus corresponding to the effective bearing position. (3) The two damage
modes can be simulated, respectively, by rupture and yield of the micro-bar; and the
essence of failure can be interpreted as a continuum accumulation and evolution of the two
damage modes.

In this model, each micro-bar is composed of spring, cementation bar, and sliding
block. The micro-bar i has two feature strains, i.e., the fracture strain εRi and the yield
strain εyi, and it may have two kinds of failure modes (elastic-fracture and yield-fracture)
according to the values between εRi and εyi (as shown in Figure 2a). By introducing some
simplifying assumptions, the two kinds of damage evolution process in the meso-scale are
decoupled (further detailed discussion can be referred to from Chen et al. [35]). As shown
in Figure 2b, q(ε) and p(ε) are the independent probability density functions to εRi and εyi,
respectively; where εymin = εRmin denote the minimums of εyi and εRi; εymax < εRmax are
the corresponding maximums. In the course of damage evolution, the cross-sectional area
A0 in the initial state will gradually transform into three parts, i.e., A1, A2, A3, denoting
the cross-sectional areas corresponding to the fractured bars, the yielded bars, and the bars
in elastic state, respectively. AE is the effective cross-section area bearing load. It satisfies
A0 = A1 + A2 + A3 and AE = A2 + A3.

The macroscopic stress–strain curves described by IPBS are drawn in Figure 2c. σN is
the nominal stress corresponding to A0; σE is the effective stress corresponding to AE; σ is
the elastic stress corresponding to A3. εcr = εymax; εu = εRmax.

By εymax, the whole process predicted by the IPBS can be divided into two phases,
i.e., partial yield phase (0 ≤ ε < εymax) and full yield phase (εymax ≤ ε ≤ εRmax). When
ε = εymax, all the micro-bars in IPBS will yield, and σE will reach its maximum. After this
state, σE will keep the maximum constant with the further increase of ε. Therefore, we
could use the IPBS to simulate the two-stage deformation and failure characteristics of
quasi-brittle materials in the FPZ, by assuming that εymax corresponds to the critical state B
in Figure 1b.

249



Crystals 2021, 11, 689

(l 

c伈

Elastic-fracn1re 
Sprmg 

Cementation bru· 

c

E:y; 知

Yield-fracll1re 

c

(a) (b) 

Elastic sti·ess u 

Peak nominal 

Effective st:J.·ess rJE 

8cr 

I-- us I LS 

S
u 

I 

8
 

(c)

Figure 2. Mechanical behavior of concrete under uniaxial tension described by the Improved Parallel Bar System (IPBS):
(a) micro bar and failure mode; (b) damage evolution process on meso-scale; (c) stress–strain curves on macro-scale.

The constitutive relation can be expressed as follows:

(1) Partial yield phase (0 < ε < εymax)

σN = E0(1− Dy)(1− DR)ε (1)

σE = E0(1− Dy)ε (2)

Dy =
∫ ε

0
p(ε)dε−

∫ ε
0 p(ε)εdε

ε
(3)

DR =
∫ ε

0
q(ε)dε (4)

where Dy and DR denote the accumulated damage variables of elastic modulus of IPBS due
to the yield and fracture of the micro-bars; DR also represents the cumulative distribution
function of q(ε).

(2) Full yield phase (εymax ≤ ε < εRmax)

σN = E0(1− Dymax)(1− DR)εymax (5)

σE = E0(1− Dymax)εymax (6)
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Dymax = 1−
∫ εymax

0 p(ε)εdε

εymax
= constant (7)

DR =
∫ εymax

0
q(ε)dε +

∫ ε

εymax
q(ε)dε (8)

where Dymax is the value of Dy corresponding to εymax.

IPBS also could simulate the unloading process of the rest of the region of the specimen
in the local fracture phase. σN and σE can be expressed by Equations (1) and (2). Dy and
DR can be expressed by Equations (9) and (10).

Dy =

∫ εymax−ε

2
0 p(ε)εdε

ε
+
∫ εymax−ε

2

0
p(ε)dε +

εymax
∫ εymax

εymax−ε

2

p(ε)dε

ε
−

∫ εymax
εymax−ε

2

p(ε)εdε

ε
(9)

DR = DR(εymax) =
∫ εymax

0
q(ε)dε = constant (10)

If the length of specimen (H) and the length of the FPZ(h0) are given, the average
stress–strain curve of the specimen during the local fracture phase could be determined by
Equations (5) to (10), which would show the obvious size effect [35].

3.1.3. Description of the Damage Evolution Process by IPBS

A typical nominal stress–strain curve and a predicted effective stress–strain curve
under uniaxial tension are shown in Figure 3a,b. Signs D and E denote the peak nominal
stress state and the critical state, respectively. A denotes the limit elastic state, B and C
denote two states in strengthen segment, F and F′ denote two states in soften segment. The
uniaxial tensile damage evolution process of concrete is simulated by using the microscopic
spring beam model and the cylinder model, respectively.

In Figure 3c, the micro-bar has two kinds of failure modes, brittle-fracture and yield-
fracture. A corresponds to the limit elastic state, where all the micro-bars remain in the
elastic state. B, C, D correspond to the two states in strengthen segment and the peak
nominal stress state, where some micro-bars are out of work due to fracture, some are
yield, and the others still in the elastic state. E corresponds to the critical state, where all
the residual bars are yield. F corresponds to the local breach phase in the FPZ, where the
yielded bars continue to fracture, exhibiting the softening phenomenon. F′ corresponds to
the local breach phase in the other region, exhibiting the unloading phenomenon.

In Figure 3d, the tensile specimen is divided into three regions, the elastic region, the
yield-damage region, and the rupture-damage region, during the whole damage process.
With the growth of damage, the elastic region will gradually transform into the other two
kinds of regions. When it reaches the critical state E, the elastic region will disappear, the
tensile traction will be fully borne by the yield-damage region, and then the damage of
specimen will change into the local breach phase.

In Figure 2c, it shows the stress–strain curves predicted by the IPBS, where σ is the ideal
elastic stress corresponding to the elastic region, σE is the effective stress corresponding to
AE (the cross-sectional area relevant to the elastic region and the yield-damage region), σN
is the nominal stress corresponding to AN (the initial total cross-sectional area).
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Figure 3. Uniaxial tensile damage evolution process: (a) nominal stress–strain curve; (b) effective stress–strain curve;
(c) microscopic spring beam model; (d) cylinder model.

3.1.4. Dialectical Unification between Degeneration and Evolution

Natural dialectics [49] holds that, the process of evolution in nature is the unity of
opposites between evolution and degeneration, which exist and occur simultaneously.
Evolution-oriented processes often inherently involve degradation, and vice versa. Evolu-
tion and degradation are two opposite trends in nature. They are closely combined and
inseparable. Each side is the condition for the other side to occur. The combination of the
two forms a circular spiral propulsion mode for the evolution of nature, which makes the
evolution process of nature appear periodic.

A novel fundamental assumption of mesoscopic damage for concrete material was
proposed by Chen et al. [35]. As shown in Figure 4a, it indicated that the damage evolution
of concrete materials could be summarized as two kinds of mechanisms on a mesoscopic
scale. On the one hand, with the increase of deformation, the initiation, propagation,
and coalescence of micro-cracks and micro-defects, as well as the acoustic emission phe-
nomenon, will occur randomly in the microstructure, which is the so-called degradation
effect. On the other hand, due to the initiation and propagation of microcracks, stress
redistribution and adjustment of force skeleton will take place in the microstructure. We
may be able to understand the second mechanism as the active adjustment of the material
system itself. In this way, the force skeleton of the microstructure is further adjusted and
optimized, and the potential mechanical ability of the material is further developed to
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bear more external loads (effective stress). Therefore, the second type of mechanism is
called the strengthening effect here. Berthier et al. [24] indicated the quasi-brittle failure
emerges from the interaction between the elements constituting the material. They also
highlighted the central role played by the mechanism of load redistribution to control the
failure behavior of quasi-brittle solids.

Figure 4. Two types of mesoscopic mechanism of quasi-brittle material: (a) damage evolution mechanism on a mesoscopic
scale; (b) degradation factor; (c) evolutionary factor.

According to the assumption, the deformation and failure of concrete material is not
only the process of “deterioration” of macroscopic and microscopic mechanical proper-
ties, but also the process of “evolution” in which the material goes through their own
active-adjustment to adapt to the external load environment. When the inner adjustment
capabilities of the material exert to its limit, the damage evolution of the material will
switch from the statistical uniform damage to the local breach. This local failure process
generally takes place in the weakest region (such as the fracture process zone in concrete).

The above viewpoints are consistent with the catastrophe theory [43], which holds
that the failure process of solid materials could be divided into two phases, GS and EIC.
The critical state transforming from GS to EIC plays a key role during the whole process,
and exhibits the critical sensitivity. The two-stages embody the process from quantitative
change to qualitative change.

Figure 4b,c shows the two mechanisms of the deformation and failure of concrete on a
mesoscopic scale, i.e., the “degradation” and “strengthening”, respectively.

As shown in Figure 4c, Ev is introduced as the evolutionary factor to describe the
“strengthening” process, corresponding to the yield damage mode. The expression is
as follows:

Ev =
∫ ε

0
p(ε)dε

(
0 ≤ ε ≤ εymax

)
(11)
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Ev could be used to assess the extent to which the potential mechanical capabilities
(adjustment capabilities of force skeleton in microstructure) of materials are developed,
ranging from 0 to 1. When Ev = 0, it corresponds to the initial undamaged state. When
Ev = 1, it corresponds to the critical state, at which the potential adjustment capabilities of
materials reach their limits, σE reaches its maximum value, and then the materials enter into
the local catastrophic stage. The whole process embodies the characteristics of “quantum”
to “qualitative”, in which the yield damage mode plays a key role.

As shown in Figure 4b, DR is as the fracture damage variable, and could be used to
describe the “degradation” processes. It has the similar physical meanings with D defined
by Dougill [50], which characterizes the initiation and propagation of microcracks and
leads to the reduction of the effective stress area. At the uniform damage stage, it ranges
from 0 to H (a certain smaller value), and it seems not to be playing a key role in the
whole process.

3.2. Statistical Damage Model for FRC in Uniaxial Tension
3.2.1. Influence Mechanism of Fiber

A large number of experimental studies [1–9,12] have shown that, the influencing
factors mainly include: the strength of the matrix concrete, the type of fiber, the length
diameter ratio and the volume ratio of fiber, the bonding strength between fiber and matrix,
and the distribution and orientation of the fiber in the matrix. The existing theories mainly
focus on fiber and matrix, and study the interaction between single fiber and matrix.

(1) Fiber spacing theory

Romualdi and Batson [13] analyzed the limitation and restraint mechanism of steel
fiber to concrete crack, and put forward the theory of fiber spacing to explain the mechanism
of fracture enhancement of the SFRC. This theory holds that the existence of fiber could
significantly reduce the size and quantity of micro-cracks, reduce the stress concentration
degree of the crack tip, and restrain the occurrence and expansion of micro-cracks. The
key to fiber reinforcement is the average spacing of the fibers. With the increase of average
spacing, the fiber’s ability to restrain the crack initiation and expansion will be greater,
and the strength of the SFRC will be higher. The size of the average spacing of the fibers
depends on the number of active fibers in the volume of the unit matrix.

(2) Reinforcement rules for composite materials

Swamy [14] proposed the reinforcement rules for composite materials based on the
mechanics principle of composite materials. The SFRC is simplified as fiber and concrete
two-phase composite materials, and the properties of the composite material are cumulative
for each phase. Due to the non-homogeneity of ordinary concrete structure, irregular stress
concentration would occur within the matrix when the structure is pulled. When the
ultimate tensile strength of ordinary concrete is less than the tensile stress of the stress
concentration point, the stress concentration point will create cracks. Since the tensile
strength of the steel fibers is much higher than the tensile strength of the concrete matrix,
the incorporation of steel fiber can effectively inhibit and delay the initiation and expansion
of micro-cracks in ordinary concrete.

In other words, these randomly distributed fibers can effectively prevent the expan-
sion of micro-cracks in concrete and delay the formation of macro-cracks. Hence, it can
significantly improve the macroscopic mechanical properties of concrete, such as tensile,
bending, impact, fatigue resistance, and so on. The main factors that influence fiber be-
havior include: the species, geometric features, and content of the fibers, the bonding
properties of the fibers to the concrete matrix, distribution and orientation of the fibers in
matrix. Most of the existing constitutive models for FRC are adopted from the macroscopic
phenomenological mathematical expressions (as shown in Table 1), of which parameters
lack a clear physical meaning. Therefore, it is difficult for them to reflect the influence of
fiber content on the mesoscopic damage evolution of the concrete.
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Table 1. Theoretical stress–strain models of SFRC under tension in literature.

Origin of Data Tensile
Strength/MPa Fiber Types Main Formula

Gao [20] 2~3 Melt-extracted
{

y = A + (3− 2A)x + (A− 2)x2 (x ≤ 1)
y = x

a(x−1)1.7+x
(x > 1)

Han et al. [22] 3~5 Large steel fiber
{

y = 1.2x− 0.2x6 (x ≤ 1)
y = x

a f t (x−1)1.7+x
(x > 1)

3.2.2. Practical Expressions of the IPBS

According to the statistical damage theory mentioned above, the macroscopic mechan-
ical behavior (nominal/effective stress–strain curve) of concrete under uniaxial tension, is
determined by the cumulative evolution process of the fracture and yield damage modes in
a meso-scale, as shown in Figure 5. The whole process includes the homogeneous damage
accumulation stage and local failure stage. Two characteristic states are distinguished,
namely peak nominal stress state and critical state. εcr and εu denote the strains of critical
state and ultimate state in the nominal stress–strain curve.

Figure 5. Relationship between constitutive behavior on macro-scale and damage evolution process
on meso-scale.

As the probability density functions corresponding to fracture and yield damage in
the meso-scale respectively, q(ε) and p(ε), may be subject to complex statistical distribution
laws in the true case, such as Weibull, Normal, and other distributions. Considering the
complexity of the problem, q(ε) and p(ε) are both assumed to obey the independent triangle
distribution form in a specific calculation, as shown in Figure 5. Analyses [35–38] show
that the true stress–strain test curves could be well fitted and the evolution mechanism
of non-homogeneous damage on the meso-scale could be well revealed, when q(ε) and
p(ε) are adopted by the simplified triangular distributions. εa is the initial damage strain.
εh is the strain corresponding to the peak value of p(ε). εb is the strain corresponding
to the maximum yield damage state, and also to the peak value of q(ε). εc is the strain
corresponding to the maximum fracture damage state. It satisfies εb = εcr and εc = εu in
uniaxial tension.

Due to the softening segment of the nominal stress–strain curve corresponding to the
local failure stage having obvious size effect, the critical state is suggested as the final failure
point of the constitutive model in this paper. Hence, the following content in the paper
only discusses the constitutive behavior of concrete in the homogeneous damage stage.
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At the homogeneous damage stage, σN and σE can be obtained by Equations (1)–(4),
where q(ε) and p(ε) can be expressed as the following:

q(ε) =

{
0 (ε ≤ εa)

2H(ε−εa)

(εb−εa)
2 (εa < ε ≤ εb)

(12)

p(ε) =





0 (ε ≤ εa)
2(ε−εa)

(εh−εa)(εb−εa)
(εa < ε ≤ εh)

2(εb−ε)
(εb−εh)(εb−εa)

(εh < ε ≤ εb)

(13)

where H = DR(εb) is the fracture damage value relevant to εb.
Define S as the energy absorbing capability, which represents the energy absorbed by

concrete in the process of stress and deformation. The expression is as follows:

S =
∫ ε

0
σNdε (14)

Sp =
∫ εp

0
σNdε (15)

Scr =
∫ εcr

0
σNdε (16)

where Sp and Scr are the energy absorption capacity corresponding to peak nominal stress
state and critical state, respectively.

3.2.3. Influence of the Fibers on Mesoscopic Damage Mechanism

Statistical damage theory suggests that the change on the macroscopic nonlinear
stress–strain behavior of concrete under a complex environment is essentially caused by
the microscopic damage mechanism. The fiber reinforcement effect changes the compo-
sition and characteristics of the concrete microstructures, the nucleation and growth of
microcracks, and the cumulative evolution process of damage, which finally lead to the
change on the macro-nonlinear stress–strain behavior of concrete. The above effects can be
summarized into two aspects: (1) changes on the composition and mechanical properties
of microstructure, measured by E0; (2) changes on the pattern and law of the initiation and
propagation of microcracks; in other words, changes on the cumulative evolution process
of the two meso-damage modes (yield and fracture), measured by εa, εh, εb, and H, which
determine the shape of the triangle probability distribution of q(ε) and p(ε).

As shown in Figure 6, it is assumed that the microstructure characteristics and meso-
damage evolution process of concrete under different fiber contents obey a certain regular-
ity, and the above changes at the meso-level lead to the strengthening of the macroscopic
constitutive behavior of concrete. Make E0, εa, εh, εb, and H as a function of fiber volume
fraction ρ (%) (here, does not consider the influence of other factors, such as fiber type and
geometric features), the expression is as follows:





E0 = f1 (ρ)
εa = f2 (ρ)
εh = f3 (ρ)
εb = f4 (ρ)
H = f5 (ρ)

(17)
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Figure 6. The influence of the fiber volume fraction on the damage mechanism of concrete.

As mentioned above, according to these five parameters, we can determine the uniaxial
tensile stress–strain behaviors of concrete with different fiber content, and also the laws of
the evolution of the mesoscopic damage mechanism.

3.2.4. Determination of Model Parameters

Five parameters need to be determined for each nominal stress–strain curve under
uniaxial tension, they are E0, εa, εh, εb, and H. E0 can be obtained directly from the test
curve, taken as the secant modulus from 0.2–0.4 times of peak stress point in the ascending
part of the curve to the original point. εa, εh, εb, and H can be obtained by the multivariate
regression analysis of the genetic algorithm module in the Matlab toolbox. The solution
procedure is summarized as follows:

(1) Create a fitness function including εa, εh, εb, and H, and take the sum of the squares
of the difference between predicted value and measured value of nominal stress as
the optimization criterion.

(2) Initially, set the search interval for the values of the four parameters.
(3) To perform the genetic algorithm, and obtain the optimal solution of the 4 parameters

calculated by this iteration. Adjust or narrow the search interval of parameters
according to the results.

(4) Repeat step (3), until the optimal solution is obtained.

4. Results and Discussion

The presented model is validated by using two sets of uniaxial tensile tests for steel
fiber-reinforced concrete with different fiber contents reported by Han et al. [22] and
Gao [20]. The relevant experimental information are summarized in Table 2. The rationality
and applicability of the presented model are verified, and the damage evolution mechanism
of steel fiber concrete in uniaxial tension is discussed.

257



Crystals 2021, 11, 689

Table 2. Summary of uniaxial tensile test information.

Gao [20]

Fiber
Types Length to

diameter ratio
Volume fraction

/%
Equivalent

diameter /mm
Average length

/mm

Melt-drawn 50 0.5, 1.0, 1.5, 2.0 0.5 25

Mixture/kg/m3 Cement Water Sand Stone Water reducer

450 225 887.5 887.5 0

Han et al. [22]
Fiber

Types Length to
diameter ratio

Volume fraction
/%

Equivalent
diameter /mm

Average length
/mm

Large-end 44.34 0, 0.5, 1.0, 1.5,
2.0, 2.5 0.698 30.96

Mixture/kg/m3 Cement Water Sand Stone Water reducer

450 158 737 1105 4.5

4.1. Comparison with the Test by Han et al., 2006

Han et al. [22] conducted a uniaxial tensile test for a steel fiber-reinforced concrete
specimen. The specimen is of dumbbell shape with a total length of 450 mm. The length of
the middle tensile region is 170 mm, with a cross section of 100 mm × 100 mm. A large-end
steel fiber with a length-to-diameter ratio of 44.34 is adopted. The volume fractions of the
steel fiber ρ are 0%, 0.5%, 1.0%, 1.5%, 2.0%, and 2.5%. The theoretical nominal stress–strain
curves of steel fiber concrete with different fiber contents calculated by the presented model,
corresponding to the homogeneous damage phase, are shown in Figure 7a (the curve with
a fiber volume fraction of 1.5% is removed due to the dispersion of the experimental data.).
The curves include the ascending and partial descending segments of the stress–strain
behavior of the fiber-reinforced concrete. They show a good fitting effect compared to the
test data. The predicted effective stress–strain curves are shown in Figure 7b. The relevant
calculation parameters are listed in Table 3, where R2 is the correlation coefficient. For this
proposed model, the entire process of deformation and failure of concrete under uniaxial
tension is understood from the viewpoint of effective stress. In the uniform damage stage,
the nominal stress σN first increases and then decreases, involving with a peak nominal
stress state (so-called strength state). The effective stress σE increases monotonously and
reaches its maximum at the critical state. After the critical state, the specimen enters the
local failure stage characterized by macroscopic crack propagation. The 3D envelopes of
σN-ε and σE-ε curves predicted by the presented model are shown in Figure 7c,d. They
clearly show the variation trend of the curves of concrete with different fiber contents, and
the shape of the curves show a good similarity rule, especially the connection part between
the ascending and descending segments. With the increase of steel fiber volume ratio ρ
from 0% to 2.5%, the values of σN and ε corresponding to the peak nominal stress state and
the values of σE and ε corresponding to the critical state increase significantly.

The relationship curves of ρ-εa, εh, εb are shown in Figure 8a, which represent the
evolution law of the yield damage mode on a mesoscale. The curve of H-ρ is shown in
Figure 8b, which depicts the evolution law of the fracture damage mode on a mesoscale.
The relationship curve of E0-ρ is shown in Figure 8c. The aforementioned five parameters
show an obvious regularity with the increase in steel fiber content, in which εh, εb, and H
increase linearly, whereas E0 decreases linearly. The fitting curves and fitting expressions
are also shown in the figures.

Figure 9a shows the curves of the evolution process of fracture damage variable DR
with different steel fiber contents, respectively. DR is closely related to microcrack density,
and its evolution process under uniaxial tension is significantly delayed with the increase
in fiber content from 0% to 2.5%, which is consistent with the physical background in
the microstructure.
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Figure 7. Stress–strain curves under uniaxial tension: (a) nominal stress–strain curve (Plan view); (b) effective stress–strain
curve (Plan view); (c) envelope of the nominal stress–strain curve (3D view); (d) envelope of the effective stress–strain curve
(3D view).

Table 3. Results for calculation parameter.

ρ (%) E0/×10 GPa εa/×10−4 εh/×10−4 εb/×10−4 H R2

0 3.481 0.771 0.993 1.311 0.260 0.9995
0.5 3.413 0.909 1.134 1.427 0.307 0.9997
1.0 3.107 1.032 1.362 1.598 0.327 0.9993
2.0 2.921 1.127 1.771 2.210 0.419 0.9991
2.5 3.046 1.181 2.211 2.441 0.450 0.9994
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In Figure 9b, evolutionary factor Ev represents the exerting degree of the underlying
mechanical capacity of materials, and its evolution process is delayed with the increase in
fiber content. When the critical state, Ev = 1, is reached, all the microbars in IPBS will yield
and cannot endure much effective stress, then the concrete specimen enters the local failure
stage characterized by macroscopic crack growth.

The physical meanings of the above-mentioned characteristic parameters are clear.
The prediction results can be used to explore the internal relations among the physical
background, the mesodamage evolution mechanism, and the macro-nonlinear mechanical
behavior of concrete for adding steel fibers with different contents.

(1) Damage mechanism on a mesoscale

Local stress concentration will occur in the concrete matrix under tensile load due to
the heterogeneity in the microstructure, which will lead to the initiation and expansion
of microcracks. After adding steel fiber to the concrete matrix, the composition and
mechanical properties of the microstructure will change, and the initiation and penetration
of microcracks in the concrete matrix will be significantly inhibited and delayed. The
evolution and accumulation process of the mesodamage modes will consequently change.
For the yield damage mode, with the increase in ρ from 0% to 2.5%, εa increases from
0.771 × 10−4 to 1.181 × 10−4, εh increases linearly from 0.993 × 10−4 to 2.211 × 10−4, and
εb increases linearly from 1.311 × 10−4 to 2.441 × 10−4. For the fracture damage mode, H
increases linearly from 0.260 × 10−4 at 0% to 0.450 × 10−4 at 2.5%. The above-mentioned
four parameters can be used to determine the shape of triangular probability distribution
corresponding to the mesoscopic yield and fracture damage evolution process, which can
demonstrate intuitionistic physical pictures to people to understand the entire process on
a mesoscale.

(2) Mechanical behavior in macroscale

The macroscopic nonlinear stress–strain behavior of concrete is determined by the
mechanical properties of the microstructure and the evolution of mesodamage. After
adding steel fiber to the concrete matrix, with ρ varying from 0% to 2.5%, the composition
and mechanical properties of the microstructure will change, which will lead the initial
elastic modulus E0 to decrease from 3.481 × 10 GPa to 3.046 × 10 GPa. The nominal stress–
strain curves generally show “strengthened” features due to the change in the mesodamage
evolution process characterized by the four parameters (εa, εh, εb, and H) with the increase
in fiber content. The nominal stresses corresponding to the peak nominal stress state and
the critical state, σN,p and σN,cr, increase from 3.134 and 2.612 MPa to 4.713 and 3.251 MPa,
respectively. The tensile strains corresponding to the peak nominal stress state and the
critical state, εN,p and εN,cr, increase from 1.051 × 10−4 and 1.303 × 10−4 to 1.801 × 10−4

and 2.442 × 10−4, respectively. No significant change is observed in the slope of the
descending branch of the nominal stress–strain curve, and the ductility performance is
significantly improved.

Figure 10 shows the change curves of energy absorption capacity S with fiber volume
fraction, where Sp and Scr represent the energy absorption capacities corresponding to
the peak nominal stress state and the critical state, respectively. With the increase in fiber
content ρ from 0% to 2.5%, Sp increases from 0.172 to 0.479 kPa, Scr increases from 0.266 to
0.749 kPa, and the difference between Scr and Sp increases from 0.094 to 0.270 kPa. In
previous studies, Sp was commonly used to characterize the energy absorption capacity
of concrete before failure. In the present study, Scr is suggested to characterize the energy
absorption capacity of concrete before failure. This approach allows full consideration of
the potential mechanical properties of the material.
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4.2. Comparison with the Test by Gao, 1991

Gao [20] also conducted a uniaxial tensile test for steel fiber-reinforced concrete
specimen. The rectangular block with size of 100 mm × 100 mm × 500 mm is used in the
experiment. Deformed steel bars with a diameter of 20 mm are inserted into both ends of
the specimen. Fiber type is the melt-drawn steel fiber with length-to-diameter ratio of 50.
The volume fractions of the steel fiber ρ are 0.5%, 1.0%, 1.5%, and 2.0%.

As shown in Figure 11a, the predicted nominal stress–strain curves relevant to the
homogeneous damage phase agree well with the test curves. The predicted effective
stress–strain curves are shown in Figure 11b. The calculation parameters are listed in
Table 4. The 3-D envelopes of σN-ε and σE-ε curves predicted are shown in Figure 11c,d,
in order to better show the variation trend of the curves. It clearly shows that the shape
of the curves has obvious similarity law with the increase in the volume ratio of steel
fiber. With the increase of ρ from 0.5% to 2.0%, the stresses and strains relevant to the peak
nominal stress state and the critical state increase significantly. The change of the slope of
the descending section of the nominal stress–strain curves is not obvious, meanwhile the
ductility is further improved.

Figure 12a shows the relationship curves of ρ-εa, εh, εb. With ρ ranging from 0.5%
to 2.0%, εa decreases linearly from 0.394 × 10−4 to 0.194 × 10−4, εh decreases linearly
from 0.164 × 10−4 to 0.030 × 10−4, meanwhile εb increases linearly from 1.601 × 10−4 to
2.411 × 10−4. Figure 12b shows the relationship curves of H-ρ, H decreases linearly from
0.202 at 0.5% to 0.162 at 2.0%. Figure 12c shows the change curve of E0 with ρ, which has
no obvious changes. The fitting curves and fitting functions of the above five parameters
are also shown in the figures.

Figure 13a shows the evolution curves of DR, which characterize the cumulative evolu-
tion process of the fracture damage mode of concrete on a mesoscale, respectively. With the
increase of ρ from 0.5% to 2.0%, the evolution process of DR has been significantly delayed.

Figure 13b shows the evolution curves of Ev, which characterizes the release process
of potential mechanical capacity of concrete. Its evolution process has accelerated in early
and then obviously delayed in later, with the increase of steel fiber content. When it reaches
the critical state, Ev = 1. It indicates that the potential mechanical capacity of the material
to be fully released, and then the concrete specimen enters into the local failure stage. The
whole process embodies the conversion from quantitative change to qualitative change.
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Figure 11. Stress–strain curves under uniaxial tension: (a) nominal stress–strain curve (Plan view); (b) effective stress–strain
curve (Plan view); (c) envelope of the nominal stress–strain curve (3D view); (d) envelope of the effective stress–strain curve
(3D view).

Table 4. Results for calculation parameter.

ρ (%) E0/×10 GPa εa/×10−4 εh/×10−4 εb/×10−4 H R2

0.5 3.427 0.164 0.394 1.601 0.202 0.9773
1.0 3.512 0.088 0.357 1.905 0.186 0.9692
1.5 3.649 0.033 0.261 2.209 0.172 0.9846
2.0 3.712 0.030 0.194 2.411 0.162 0.9721
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(a) (b) 

(c)

Figure 12. Influence of fiber volume fraction on the characteristic parameters: (a) ρ-εa, εh, εb curves; (b) H-ρ curve; (c) E0-ρ curve.
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Figure 14 shows the change curves of Sp and Scr with ρ. With the increase in the fiber
content ρ from 0.5% to 2.5%, Sp increases from 0.161 to 0.345 kPa, Scr increases from 0.266 to
0.548 kPa; and the difference between Scr and Sp increases from 0.105 to 0.203 kPa. The
results show that the potential mechanical properties of materials could be fully considered
if the energy absorption capacity corresponding to the critical state is adopted.
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The nonlinear stress–strain behavior of fiber concrete is determined by many factors,
which include water/cement contents, fiber type and content, aggregate source, additive
type, specimen type, loading method and so on. Therefore, although the aforementioned
two sets of tests are both for steel fiber concrete specimens, there are great differences both in
macroscopic stress–strain behavior and in mesoscopic damage evolution. The experimental
results and theoretical analysis show that, in the same group of tests, when only the content
of steel fiber is changed, the macroscopic constitutive behavior and mesoscopic damage
evolution process of fiber concrete show good regularity with the change of fiber content.

5. Conclusions

1. The macroscopic stress–strain behavior (including hardening and softening curves) of
concrete under uniaxial tension is a continuous process with deformation and damage
evolution. For the traditional segmented constitutive models, two independent
expressions are used to describe the pre-peak ascending phase and the post-peak
descending phase (taking the peak nominal stress state as the boundary), respectively.
Therefore, the link of the mesoscopic damage evolution between the two stages has
been isolated artificially. This paper discusses the mesoscopic damage evolution
mechanism reflected by the IPBS in detail. The fracture and yield damage modes on
meso-scale are considered, and the peak nominal stress state and critical state are
distinguished. The uniaxial tensile process is divided into uniform damage phase
and local failure phase by the critical state. The uniform damage phase, including the
pre-peak ascending segment and a portion of the post-peak descending segment, is
the main stage for deformation and damage accumulation and reflects the process
from quantitative change to qualitative change. The yield damage mode reflects the
development of potential mechanical properties of materials and plays a key role
during the whole deformation-to-failure process. Due to the size effect on the local
failure phase, the critical state is regarded as the ultimate failure point in the suggested
constitutive model.

2. A statistical damage model of fiber concrete under uniaxial tension is established,
which considers the fiber enhancement effect. In essence, the addition of fiber changes
the composition of the microstructure, restricts the initiation and expansion of mi-
crocracks, and also changes the evolution and accumulation process of two damage
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modes on a meso-scale. This model contains two kinds of feature parameters (E and
εa, εh, εb, H) with clear physical meanings, and has the ability to effectively reflect the
above changes on meso-scale. Calculations were conducted to simulate the two sets
of steel fiber concrete tensile tests in the literature. The experimental and theoretical
analysis results show that, when only the fiber content is changed, the shape of the
macroscopic nominal stress–strain curve will show a good law of similarity. With the
increase of the fiber content, the values of stress and strain corresponding to the peak
nominal stress state and the critical state linearly increase, and the curvature of the
connecting part of the ascending and descending branch of the nominal stess–strain
curve has the changing trend of gradual and orderly. Meanwhile, the characteristic
parameters εa, εh, εb, H, representing the two types of damage evolution of yield
and fracture on a meso-scale, have obvious linear variation law with the change
of fiber content. Through this model, the link among the physical mechanism, the
mesoscopic damage mechanism and the macroscopic nonlinear constitutive behavior
are effectively established.

3. The macroscopic constitutive behavior of FRC is a complex process of multiple factors.
The influence factors include water/cement contents, source of aggregate, fiber type
and content, type of additive, specimen size, loading mode, etc. Due to the limitation
of the length of articles and test data, only two groups of steel fiber concrete test
data are adopted in the validation analysis. Whether this constitutive model could
be applicable to the analysis of the influence of other factors on the macroscopic
mechanical behavior of fiber concrete, remains to be further researched later.
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Abstract: This paper studies the behavior of lattice girder composite slabs with monolithic joint
under bending. A full-scale experiment is performed to investigate the overall bending resistance, de-
flection and the final crack distribution of latticed girder composite slab under uniformly distributed
load. A finite element model is given for the analysis of the latticed girder composite slabs. The
effectiveness and correctness of the numerical simulations are verified against experimental results.
The experimental and numerical studies conclude that the lattice girder composite slabs conform to
the requirement of existing design codes. A parametric study is provided to investigate the effects of
lattice girder with following conclusions: (a) the lattice girder significantly increases the stiffness of
the slab when comparing with the precast slab without reinforcement crossing the interface; (b) the
additional reinforcement near the joint slightly increases the stiffness and resistance, while it prevents
damage near the joint.

Keywords: precast concrete structure; lattice girder semi-precast slabs; bending resistance; FE
modelling; concrete damage

1. Introduction

Among various types of components in the precast concrete structures, slabs are
particularly suitable and achievable for precasting since the loads on slabs are usually
uniform and their shapes are regular. As a result, precast and composite slabs have been
used for concrete structures for more than 200 million m2 in China, 2018. It is also predicted
that in the coming 5 years, the usage of precast slabs will expand to 2 billion m2 in China,
which will bring about CNY 600 billion to the construction market. According to the
construction demands and economic considerations, it is of great interest in studying the
experiments and numerical simulations of the precast concrete slabs.

One of the most widely used precast floors is the latticed girder composite slab (LGCS)
system. As depicted in Figure 1, it consists of steel lattice girders which are cast with the
precast plank, and cast-in-place concrete is poured after the installation of precast plank. It
combines the cast-in-place and precast slab to utilize the advantages of both forms which
increases construction efficiency, quality control and construction savings. In addition,
since the precast and cast-in-place planks are fully continuous and tied together without
the need for shuttering on site, they show better connecting behaviors when comparing
with total precast concrete slabs.

In order to investigate the mechanical behavior of composite slabs, a number of exper-
imental studies [1–5] have been provided for the flexural bearing capacity, shear strength,
bonding assessment and interface behaviors of precast planks without reinforcement cross-
ing the interface. Meanwhile, the existence of latticed girder resists the interface shear force
and avoids slippage, delamination and debonding at the interface. Some experimental
studies have been conducted on the mechanical behavior of LGCS. Du et al. [6] provided
an experimental work on the flexural bearing capacity of lattice girder composite slabs.
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Newell and Goggins [7] carried out experiments of the lattice girder composite slabs at
construction stage and examined the key parameters which influence their behavior at
both serviceability and ultimate bearing limit states.
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Figure 1. Latticed girder composite slabs (LGCS).

As for the numerical modeling of the precast concrete structures, two kinds of numeri-
cal models are developed, namely the macro level element models and three-dimensional
(3D) solid finite element (FE) models. In the first kind models, the fiber elements are
adopted to simulate the beams and columns [8–10], and layered shell are utilized to simu-
late the precast slabs [11,12]. It is obvious that the macro level element models is simple and
computationally efficient. Nevertheless, the macro level element models cannot precisely
simulate the latticed girder and the contact between precast and cast-in-place concrete.
Models of the second kind are 3D solid finite element models, which can provide sim-
ulations of the local region and detailed set up of RC structures [13–15]. Thanks to the
development of computational speed, 3D finite element modelling provides the promising
results in the numerical analysis of precast concrete structures, due to its ability to describe
the complex connection behavior in an elaborate manner.

Based on the aforementioned background, the aim of this paper is to experimentally
and numerically investigate mechanical properties of LGCS under bending. Full-scale
experiment of LGCS with monolithic joint under uniformly distributed load is carried out
to obtain the load–deflection curve, strain distribution of concrete and reinforcement and
the crack distribution of the bottom surface of the slab. It is shown in the experimental
results, the mechanical properties of latticed girder composite slab completely satisfy the
design criterion under bearing capacity limit state. Furthermore, the safety of the slab
can also be achieved under the load of 2.5 times of bearing capacity limit states. In order
to thoroughly analysis the mechanical behavior of latticed girder composite slabs, a 3D
FE model by ABAQUS is provided, with a particular emphasis on the bending behavior
and damage of the slab. In the FE model, the nonlinear material behavior of the steel and
concrete all both considered, and all components in contact with the concrete are properly
modeled. The proposed FE model is validated by the experimental results of several
indexes, such as load–deflection curve, reinforcement strain, final crack width, etc. Then, a
parametric study is performed to quantify the influence of the lattice girder and additional
reinforcement. It is concluded that: (a) the lattice girder provides stiffness and the bonding
between precast plank and cast-in-place concrete; (b) the additional reinforcement has no
evident influence on the stiffness of the slab, but it helps preventing the damage of concrete
near the joint.

2. Experimental Study
2.1. Test Specimen

A full-scale experiment is undertaken on LGSC with monolithic joint in the Engineer-
ing Research Center of Precast Concrete of Zhejiang Province, Hanzhou, China. According
to the layout of the frame structure in the engineering applications, the whole slab is
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supported by reinforced beams on 4 sides (Figure 2). Four columns are settled at the corner
of the beams and the bottom of the columns are rigidly connected to the ground. In the
experiment, x direction is used to represent the direction along the slab, namely parallel
to the monolithic joint direction, and y direction is used to represent the direction vertical
to the monolithic joint direction. In this experiment, the size of specimen is 5.0 m × 5.0 m
(measured from the axis of beams). Many precast factories require supports at a maximum
of 2.4 m to limit deflection during transportation. The whole slab is composed by 2 precast
planks with the size of 2.31 m × 4.62 m and this is chosen so that the limitation of supports
can be fulfilled. As depicted in Figure 2, the precast bottom plank of the whole slab is
composed by 2 precast concrete lattice girder planks. Therefore, one monolithic joint
(Figure 2) is settled between precast concrete lattice girder planks.
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Figure 2. Layout plan of LGCS.

The thickness of precast bottom plank is chosen as 60 mm, and the thickness of the
cast-in-place top plank is 80 mm [16]. The beams and columns are cast-in-place, where the
strength of precast bottom plank and cast-in-place top plank are both C30 and the steel bars
are all made of HRB400. The reinforcement in these two precast planks is C 8 at 150 mm (C
8@150) spacing in both the longitudinal and transverse directions and the concrete cover
to the reinforcement at the plank bottom surface is 25 mm. Reinforcement is settled near
the support as C 8 at 150 mm (C 8@150). It is shown in Figure 3, four latticed girders are
settled in one precast bottom plank (PCB1). The first lattice girder is placed 140 mm from
the joint, which is equal to thickness of the slab. The second lattice girder placed 280 mm
from the first lattice girder. These two lattice girders are arranged to strengthen the joint.
A lattice girder is settled in the middle region of the precast plank at intervals of 850 mm
from the second lattice girder. The last lattice girder is placed 200 mm from the joint to the
beam to enhance the beam–slab connection.
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The configuration of latticed girder is illustrated in Figure 4. The detailed latticed
girder and monolithic joint are shown in Figure 5. In order to further enhance the resistance
of the slab near monolithic joint, additional reinforcement with C 10@130 is arranged along
the joint. The length of the additional reinforcement is 970 mm (Figure 5). As shown in
Figure 6, reinforcement near the support is installed to strengthen the connection between
slab and beam. The length of the support reinforcement is 120 mm. It is emphasized that
the design parameters, such as size, thickness and reinforcement of the slab, are strictly
followed “Code for Design of Concrete Structures (GB50010-2010) [17]” and “Technical
Specification for Application of Lattice Girder Slab (T/CECS 715-2020) [16]”.
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Figure 6. Beam–slab connection.

2.2. Testing Method

In order to investigate the strain condition of different components in the LGCS,
electrical resistance (ER) strain gauges are bonded to the longitudinal reinforcement and
the concrete surface of the slab. The arrangement of strain measuring point of concrete is
illustrated in Figure 7a. It can be seen in Figure 7a that C1a and C1b are symmetrically
arranged. In the experiment, the strain is calculated as the mean value of C1a and C1b,
the remaining strain measuring points are the same. Since lattice girder and longitudinal
reinforcement are both set in the slab, the strain distribution is much complex than that
of cast-in-place slab. We apply 13 strain measuring point of bottom slab longitudinal
reinforcement depicted in Figure 7b, and the final strain is also calculated as the mean
value of S1a and S1b. With regard to the adopted instrumentation, five linear variable
differential transformers in Figure 7c are applied to measure the vertical displacement at
midspan, in the middle of each precast plank and at edge of the bottom slab. With regard
to the adopted instrumentation, five linear variable differential transformers in Figure 7c
are applied to measure the vertical displacement at midspan, in the middle of each precast
plank and at edge of the bottom slab.
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Figure 7. Arrangement of testing measuring points: (a) Strain measuring points of concrete; (b) Strain measuring points of
steel; (c) Deflection measuring point.

The loading scheme is carried out with reference to the “Chinese Standard for Testing
Methods of Concrete Structures (GB/T 50152-2012) [18]”. A uniformly distributed load is
applied by pile loading of sandbags in Figure 8. The serviceability limit state is calculated as
8.4 kN/m2 and the bearing capacity limit state is calculated as 16.4 kN/m2 [17]. In order to
investigate the ultimate bearing capacity of the composite slab in this study, the maximum
value of the uniformly distributed load is chosen as 40 kN/m2, which is corresponding
to 2.5 times of the value of ultimate bearing capacity of the slab. Before the maximum
distributed load (40 kN/m2), the loading procedure (including the weight of the slab and
pile loading) is applied progressively by steps, and for each step the load is 2.0 kN/m2.
When the sandbags are piled up, they are distributed evenly to avoid arch effect. It should
be noted that for each loading step, sandbags are evenly piled to the slab by forklift. After
each loading step, the load should be kept for 15 min until the measured stress, strain and
deflection are stable.
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2.3. Test Results

During the entire loading process of the slab, the crack development of the slab
is carefully observed and monitored. The crack distribution at different loading stages
is shown in Figure 9. No visible crack is observed under the serviceability limit state
(8.4 kN/m2), which satisfy the crack width limit 0.2 mm of the design code [17]. When
the slab is loaded to 10 kN/m2, the first crack appears in the midspan of the precast
bottom plank at 45◦, which width is recorded as 0.06 mm. After loaded to 10 kN/m2, the
existing cracks in the midspan of the precast bottom plank gradually extend and pass
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through the monolithic joint. With further increase of load, the cracks in the precast bottom
plank continue to increase, and gradually develop towards the direction of 45◦. It is also
observed that some paralleled cracks developed near the main crack. Finally, when the
load reaches 40 kN/m2, the maximum width of the crack at the precast bottom plank is
0.76 mm, located at the joint, and the maximum width of the crack at the joint is 0.10 mm.
Under the maximum loading value of this test is 40 kN/m2, which is about 2.5 times of
the design value of bearing capacity, the crack width of the LGCS does not reach the crack
width limit of 1.50 mm corresponding to the bearing capacity limit, and no shear failure is
observed near the joint.

Crystals 2021, 11, x FOR PEER REVIEW  7 of 16 
 

 

     
(a)  (b)  (c) 

     
(d)  (e)  (f) 

Figure 9. Cracking distribution of bottom plank at different loading stages: (a) Crack distribution at load q = 10 kN/m2; (b) 

Crack distribution at load q = 16 kN/m2; (c) Crack distribution at load q = 22 kN/m2; (d) Crack distribution at load q = 28 

kN/m2; (e) Crack distribution at load q = 34 kN/m2; (f) Crack distribution at load q = 40 kN/m2. 

 

Figure 10. Load–deflection curve. 

It can be concluded from both the crack distribution and the load–deflection curve 

that the design of LGCS meets the requirement of existing design provisions. Admittedly, 

the safety and serviceability of LGCS under uniformly distributed load can be achieved. 

However, the crack width and deflection of LGCS is relatively small, even under 2.5 times 

design value of bearing capacity, which reflect conservative design of LGCS. 

According to the ER strain gauges at the bottom plank of concrete, the strain distri‐

bution of the concrete can be recorded. It can be seen from Figure 11 that the tensile strain 

x   of concrete which parallels to the joint is greater than that  y   in the vertical direction 

after reaches 7.5 kN/m2, which indicates that the slab presents a certain mechanical char‐

acteristic of orthogonal anisotropic due to the existence of monolithic joint. 

0 5 10 15 20 25

0

10

20

30

40

L
oa

d(
kN

/m
2 )

Deflection(mm)

 W3
 W2
 W1

Figure 9. Cracking distribution of bottom plank at different loading stages: (a) Crack distribution at load q = 10 kN/m2;
(b) Crack distribution at load q = 16 kN/m2; (c) Crack distribution at load q = 22 kN/m2; (d) Crack distribution at load
q = 28 kN/m2; (e) Crack distribution at load q = 34 kN/m2; (f) Crack distribution at load q = 40 kN/m2.

Before the distributed load of composite plate reaches 10 kN/m2, the deflection
increases linearly with the load. The lattice girder slab is a hybrid system and, therefore,
its initial stiffness is due to the composite action between the lattice girders, concrete and
reinforcement. When cracking in the concrete plank progressively occurs, there is a load
redistribution and stiffness degradation. At this stage, the strength of concrete decreases
and the stiffness of the slab is primarily provided by the lattice girder and the reinforcement.
When loaded to the ultimate state at 40 kN/m2, the midspan deflection of the bottom slab
reaches 24.07 mm, which is about 1/208 of the span of the slab. However, the deflection
is far below the limit of the maximum deflection (1/50 of the span of the slab) according
to the Code for Design of Concrete Structures (GB50010-2010) [17]. The load–deflection
curve of the latticed girder composite slab is depicted in Figure 10. In this figure, W1 curve
represents the load–deflection curve of the midspan from measuring point W1 in Figure 7.
W2 and W3 curves represent the mean load–deflection curves of W2a and W2b, W3a and
W3b, respectively. In this test, the deflections of x direction and y direction are basically the
same in the whole process, indicating that the LGCS has compatible deformation capability.
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Under the uniformly distributed load, the vertical deformation of the slab is similar to that
of the traditional concrete two-way slab.
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Figure 10. Load–deflection curve.

It can be concluded from both the crack distribution and the load–deflection curve
that the design of LGCS meets the requirement of existing design provisions. Admittedly,
the safety and serviceability of LGCS under uniformly distributed load can be achieved.
However, the crack width and deflection of LGCS is relatively small, even under 2.5 times
design value of bearing capacity, which reflect conservative design of LGCS.

According to the ER strain gauges at the bottom plank of concrete, the strain dis-
tribution of the concrete can be recorded. It can be seen from Figure 11 that the tensile
strain εx of concrete which parallels to the joint is greater than that εy in the vertical direc-
tion after reaches 7.5 kN/m2, which indicates that the slab presents a certain mechanical
characteristic of orthogonal anisotropic due to the existence of monolithic joint.
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Figure 11. Load–strain curves of concrete at bottom plank.

Figure 12a,b show the load–strain curves of bottom longitudinal reinforcement which
are parallel and vertical to monolithic joint, respectively. As for the reinforcement parallel
to the joint, it can be seen from that the reinforcement strain is small before loading
to 16 kN/m2. After being loaded to 16 kN/m2, the strains from all measuring points
paralleled to joint increases progressively, and their value exceed that of vertical to joint.
The maximum strain value appears in the midspan. As for the reinforcement vertical to the
joint, similar strain distribution can also be observed. The load–strain curves of the vertical
longitudinal reinforcement are more irregular when comparing with that of paralleled
longitudinal reinforcement, probably due to the existence of the joint which cuts off the
steel bars and brings the discontinuities.
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Figure 12. Load–strain curves of reinforcement: (a) Load–strain curves paralleled to the joint; (b) Load–strain curves vertical
to the joint.

3. Numerical Simulation
3.1. Numerical Model

In this study, a finite element (FE) model based on ABAQUS [19] is established to
investigate the behavior of the latticed girder composite slab. The main components
affecting the behavior of latticed girder composite slab are the thickness of the precast and
cast-in-place slab, the set-up of latticed girder, and the material properties. In addition,
to obtain accurate results from the FE analysis, the contact between precast slab and cast-
in-place slab must be properly modelled. Therefore, the nonlinearities, such as contacts
between slabs and material properties are considered in the FE models.

As for the steel material modeling, the von Mises criterion is adopted, where the
option (*PLASTIC) in ABAQUS used in association with the plastic flow rule. In the plastic
model of ABAQUS, the steel material behavior is initially elastic with Young’s modulus
Es followed by strain hardening and then by the yielding criterion. In the modeling,
the Young’s modulus of steel is chosen as Es = 2× 105MPa and the Poisson’s ratio is
ν = 0.3. The yield strength of steel is chosen as fy,r = 400Mpa and the ultimate strength is
fst,r = 540MPa. In the FE analysis of ABAQUS [19], the uniaxial behavior of the steel in
can be automatically transformed into a multiaxial stress state.

When comparing with the steel, concrete exhibits complex nonlinear properties, such
as stiffness degradation, lateral effect and strain softening. In this study, concrete damage
plastic (CDP) [20] model is used to represent the mechanical property of concrete. In
CDP model, the stiffness degradation which is represented by damage variables and
constitutive relations, can be decoupled from the plastic evolution equations. Two damage
variables, namely tensile damage and compressive damage, account for the different
stiffness degradation states. The constitutive equations for elastoplastic responses are
established from the degradation damage response. To control the evolution of the yield
surface, the effective stress function is applied, so that the material parameters can be
conveniently calibrated. In the application of CDP model, the stress–strain law and damage
law are thoroughly studied and discussed [21,22].

Under the framework of the plastic damage model, the total strain can be divided as

ε = εe + εp (1)

εe = E−1 : σ (2)

where E is the elastic stiffness tensor; εe is the elastic strain and εp is the inelastic strain.
The constitutive relationship can be attributed as

σ = E0 : (ε− εp) (3)
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ε. p = λ.∇σ Φ(σ) (4)

κ. = λ.H(σ , κ) (5)

where σ is the effective stress; E0 is the initial elastic stiffness tensor with E = (1− D)E0;
λ. is a nonnegative function referred to as the plastic consistency parameter; Φ is a scalar
plastic potential function; κ is the damage variable tensor which can be the compressive
damage variable dc and tensile damage variable dt in the scalar damage model; H is the
damage evolution function.

For uniaxial tension and compression, the following stress-strain law can be defined as

σt = (1− dt)E0ε (6)

σc = (1− dc)E0ε (7)

In this study, we adopt the suggested damage law of concrete by Code for Design of
Concrete Structures (GB50010-2010/2015) [17]. Under uniaxial compression, the damage
law is given as

dc =

{
1− ρcn

n−1+xn
c

xc ≤ 1
1− ρc

αc(xc−1)2+xc
xc > 1 (8)

ρc =
fcr

E0εcr
(9)

n =
E0εcr

E0εcr − fcr
(10)

xc =
ε

εcr
(11)

where E0 is the Young’s modulus of concrete; αc is the concrete compressive damage curve
shape parameter; fcr is the ultimate compressive strength of concrete; εcr is the strain
corresponding to the ultimate compressive strength fcr.

Under uniaxial tension, the tensile damage law is given as

dt =

{
1− ρt

(
1.2− 0.2x5

t
)

xt ≤ 1
1− ρt

αt(xt−1)1.7+xt
xt > 1 (12)

xt =
ε

εtr
(13)

ρt =
ftr

E0εtr
(14)

where αt is the concrete tensile damage curve shape parameter; ftr is the ultimate tensile
strength of concrete; εtr is the strain corresponding to the ultimate compressive strength ftr.

In this modeling, we choose the concrete material value as: E0 = 2.55× 104MPa;
fcr = 26.8MPa; εcr = 1.64× 10−3; αc = 1.36; ftr = 2.15MPa; εtr = 1.02× 10−4; αt = 1.51.
In the application of ABAQUS [19], the following parameters should be determined for the
CDP model given Table 1.

Table 1. Parameter value of CDP.

Dilation Angle Eccentricity fb0
/fc0

k Viscosity Parameter

30 0.1 1.16 0.667 0.0005

The concrete is the modelled by eight-node solid FE (C3D8R) in ABAQUS. Ad-
ditionally, the reinforcement is modelled by Truss Element in ABAQUS. To avoid nu-
merical inaccuracies, the shape of the C3D8R satisfies the limits and aspect ratio as
recommended by ABAQUS [19]. The mesh size of the composite plate is selected as
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100 mm × 100 mm × 20 mm (length × width × depth). To model the loading process
of the slab, the distributed load is applied on the top surface of the slab. The boundary
condition of the composite plate is set as four side fixed support.

To obtain accurate results from the FE analyses, all components in contact with the
concrete must be properly modelled. There are two surfaces of interaction: (a) the pre-
cast concrete plank and cast-in-place concrete interface; (b) the contacts between concrete
and reinforcement, including the latticed girder and longitudinal reinforcement. As for
interaction (a), a surface-to-surface contact is chosen, where normal behavior and tan-
gential behavior were considered. Therefore, the default contact option in ABAQUS [19]
is utilized. This default contact option consists of a hard contact pressure-over closure
relationship. Regarding the tangential direction, the penalty frictional formulation with a
friction coefficient equal to 0.3 is employed. When it comes to the interaction (b), the fully
coupled contact between reinforcement and concrete is adopted and the embedded region
in ABAQUS is used in the simulation.

3.2. Simulation Results

Figure 13a,b depict the maximum principal stress of the concrete and reinforcement
stress at the bottom of the slab, respectively. It can be seen that the overall stress distribution
of slab shows the strong characteristics of two-way slab, and the reinforcement stress near
the support and mid-span of the slab is relatively large. It is found that a region of
additional reinforcement near the joint has smaller stress value when comparing with the
neighboring region. This is probably due to the arrangement of additional reinforcement
near the joint.
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Figure 13. (a) Maximum principal stress of slab bottom concrete; (b) Reinforcement Stress of slab.

Figure 14 demonstrates the simulation results of load–strain curves concrete at bottom
plank. As shown, the numerical curves are compared to the experimental results, where
numerical results show satisfactory accuracy within the band corresponding to the exper-
imental results, verifying the reliability of the proposed numerical model. The detailed
comparison between numerical and experimental results are given in Table 2. As proposed
in Table 2, the maximum error is 7.6%, which further indicates accurate simulation results.
The midspan load–deflection curve of the composite slab shows the deformation devel-
opment under the load. Figure 15 demonstrates the comparison between the simulation
results and the test results of the load–deflection curve of the mid-span of the composite
slab. The simulated maximum deflection of the midspan is 25.13 mm, and the experimental
maximum deflection is 24.07 mm. The result is in agreement with the experimental result,
which testify correctness and effectiveness of the proposed numerical model.
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Figure 14. Simulation of concrete strain.

Table 2. Comparison of simulation and experimental value of concrete strain

Strain/(10−6) C1 C2 C3 C4 C5 C6

Experiment 112 81 287 432 656 603
Simulation 118 80 265 438 653 569

Error 5.4% −1.2% −7.6% 1.4% −0.4% −5.6%
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Figure 15. Load–deflection of the test and simulation.

Apart from the bearing capacity and deformation of the concrete structure, the investi-
gations of concrete cracking, including crack spacing and crack width, is also important in
the numerical simulation of concrete structure. To estimate the crack spacing and the crack
width of simple concrete components, empirical equations had been proposed in some
design codes such as Code for Design of Concrete Structures (GB50010-2010) [17]. When it
comes to the RC structure with complex reinforcement and loading status, the estimations
of crack spacing and crack should rely on numerical methods. In the past decades, several
advanced numerical models had been put forward to simulate the cracking process of
concrete, ranging from cohesive elements [23,24], element-free methods [25–27] to extended
finite element method (XFEM) [28,29]. Admittedly, these numerical methods provided
relatively accurate ways to simulate and evaluate the cracks of concrete. However, for the
finite element modelling of real structure, which usually contains huge amount elements,
the aforementioned numerical methods might bring undesirable computational costs. In
the continuum damage models of concrete, the damage variables, the tensile and com-
pressive damage variables, are adopted to represent the tensile and compressive damage
mechanisms which brought by the development of cracks. Therefore, the damage vari-
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ables could partially represent the cracking status without the introduction of additional
numerical costs.

The interface between precast and cast-in-place concrete is the weak zone of the
composite slab. The bonding in this interface is mainly provided by the chemical adhesive
force, interfacial friction, mechanical interaction and the resistance brought by lattice girder,
which contains complex mechanisms. Observing the concrete damage at this interface is
conducive to determining whether full composite action up to the ultimate loading capacity
without interface failure can be achieved. The bottom surface of the precast plank is also
intriguing in the simulation that the cracks at bottom surface might induce the leaks and the
reinforcement corrosion. Since the cracks in the concrete is usually brought by the tension,
the tensile damage of the interface and bottom surface are shown in Figures 16 and 17b.
As demonstrated in Figures 16 and 17b, the tensile damage distribution reveals a typical
crack pattern of the two-way slab. However, it can be seen from Figure 16 that the damage
value is relatively small in the region where additional reinforcement is settled near the
joint. This numerical result in Figure 17b is correspondent to the experimental crack pattern
depicted in Figure 9 (Figure 17a).
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4. Parametric Study

Once the FE model is testified by the experimental tests, a parametric study can be
performed by using the aforementioned numerical model of the slab. The parametric
simulation analyzes (1) the influence of the lattice girder to the mechanical behavior of slab;
(2) the influence of the additional reinforcement near the joint (Figure 5) to the stiffness
and load–deflection curve of slab. Three FE models are generated in this parametric study
that M1 is the original FE model, M2 is the FE model without additional longitudinal
reinforcement and M3 is the FE model without lattice girder. It is emphasized that the
material properties, sizes, boundary conditions and the surface contacts are the same in
these FE models.

The comparison of load–deflection curves is given in Figure 18. It can be seen in this
figure that M1 and M2 curves are similar. As for M2, the maximum deflection is 26.41 mm,
which increases 5.1% compared to the deflection of M1. It is implied that the existence of
the additional reinforcement has only slight influence on the resistance and stiffness of
the slab. However, the additional reinforcement plays a part in preventing the cracks near
joint. Tensile damage distribution of M2 is shown in Figure 19 that the maximum value
is bigger than M1 given in Figure 17b. Furthermore, the damage of M2 near the joint is
severer than M1 (Figure 17b) with the absence of additional reinforcement.
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Figure 18. Comparison of load–deflection curves from FE modeling.
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Figure 19. Tensile damage contour of concrete bottom plank from M2 simulation result.

As for M3, the shape of load–deflection curve and maximum deflection in Figure 18
are significantly different from M1 and M2, which indicate a much lower stiffness of
the slab without the lattice girder. The maximum deflection of M3 reaches 134.90 mm
(1/37 of the span of the slab), almost 5 times that of M1, which exceeds the limit of the
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maximum deflection (1/50 of the span of the slab) according to the Code for Design of
Concrete Structures (GB50010-2010) [17]. Therefore, the existence of the lattice girder plays
an essential role in the mechanical behavior of the slab.

5. Conclusions

A comprehensive experimental and numerical modelling has been conducted to
investigate the structural performance of LGCS. A full-scale experiment is performed to
investigate the bending resistance, deflection and the final crack distribution of LGCS
under uniformly distributed load. The experimental results are used for the validation of
FE models, which were then employed to conduct a series of parametric studies to extend
the current test data over a broader range of the influences of lattice girder and additional
reinforcement. The main conclusions are summarized below:

(1) Before the distributed load reaches 10 kN/m2, the deflection increases linearly
with the load. When cracking in the concrete plank progressively occurs, there is a load
redistribution and stiffness degradation. The final midspan deflection LGCS of the bottom
slab is 24.07 mm (about 1/208 of the span) which is far below the limit of the maximum
deflection (1/50 of the span of the slab) according to the Code for Design of Concrete
Structures (GB50010-2010), under 2.5 times of the bearing capacity limits (40 kN/m2). It
also can be observed by the load–deflection curve that the LGCS has sufficient stiffness
and bending resistance. Therefore, the LGCS meets the requirement of existing design
code [16,17]. Experimental test data in the presenting paper can be used to determine
the load–deflection of the LGCS that can result in significant efficiencies for propping
arrangements on site.

(2) No visible crack is observed under serviceability limit state, which is below the
limit of maximum crack width (0.2 mm) under the design code. The GLCS satisfies the
criterion of the serviceability. The final cracks reach to the 4 corners of the slabs along
the direction of 45◦, which illustrate typical cracking pattern of the two-way slab. Under
2.5 times of the bearing capacity limits (40 kN/m2), the final maximum crack appears at
the monolithic joint with the value of 0.76 mm which is much bigger than the other areas.

(3) An elaborate FE model to simulate the LGCS is presented in this study. From
the numerical analyses, it has been demonstrated that the numerical model successfully
predict the composite slab’s resistance capacity, the load–deflection behavior and the final
cracking pattern of the on-site test. The proposed FE model can be applied in the numerical
modelling of LGCS in the further precast structural nonlinear analysis.

(4) A parametric study is performed to observe the following conclusions: (a) the
existence of lattice girder provides significant stiffness to the slab and helps the precast
plank and cast-in-place layer working together; (b) the additional reinforcement to the joint
has slight effect on increasing the stiffness of slab, but it prevents the cracks near joint.
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Abstract: In this paper, the damage of a reinforced concrete (RC) column with various levels of
reinforcement corrosion under axial loads is characterized using the acoustic emission (AE) technique.
Based on the AE rate process theory, a modified damage evolution equation of RC associated with the
axial load and different corrosion rates is proposed. The experimental results show that the measured
AE signal parameters during the loading process are closely related to the damage evolution of the
RC column as well as the reinforcement corrosion level. The proposed modified damage evolution
equation enables dynamic analysis for the damage of corrosion on a RC column under axial loading
for a further real-time quantitative evaluation of corrosion damage on reinforced concrete.

Keywords: acoustic emission; AE rate process theory; corrosion rate; damage evolution; axial load

1. Introduction

The safety and durability of reinforced concrete (RC) structures during their service
lifetime are mainly dependent on reinforcement corrosion, which can lead to concrete
cracking [1–3]. Such corrosion-induced cracking will harm the internal concrete structure,
resulting in a decline in the service life of the concrete [4,5]. Hence, developing a convenient
and precise evaluation method for the corrosion of RC structures has become an urgent
problem to be solved [6,7].

Acoustic emission (AE) refers to the phenomenon of elastic waves released during
material fracture [8–10]. The AE method can capture the generation process of microcracks
inside the concrete structure dynamically and in real time [11,12]. It can also detect the
internal damage of a concrete structure and provide early warning. Thus, the AE rate
process theory has been widely used to quantitatively investigate the internal damage
evolution of concrete materials.

Thus far, many efforts have been made to investigate the characteristics of AE parame-
ters during the loading process of concrete [13–15]. Ohtsu et al. [16] proposed the AE rate
theory to evaluate the compressive strength of actual concrete structures and the process of
steel corrosion with the moment tensor theory [17]. Suzuki et al. [18] took samples from
an existing bridge structure and performed AE monitoring in the uniaxial compression
process. They noted that the variation of damage was consistent with that of the compres-
sive strength. Suzuki et al. [19] also studied the uniaxial compression process of concrete
samples, which were taken from a canal wall, by applying the AE monitoring method.
Based on the AE rate process theory and the damage mechanism, they put forward the
implementation steps to determine the relative damage and further evaluate the damage
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to the samples. Zhou et al. [20] nondestructively obtained the elastic modulus and initial
material damage by combining the AE rate process theory and the basic damage mechanics
theory. In order to achieve a real-time quantitative assessment of steel strand damage,
Deng et al. [21] assumed the number of AE events and stress levels of steel strands in
a mathematical model and established the AE probability density function and damage
evolution model for steel strands, enabling the real-time monitoring of the tensile damage
of steel strands by AE technology [22].

This research conducted axial load experiments of RC columns with 0%, 5%, 10% and
15% corrosion rates. The corrosion rate and AE parameters were introduced to the AE rate
process theory as the damage characteristic parameters of reinforced concrete. Then, a
modified damage evolution model of a corroded RC column was proposed. This model
provides real-time monitoring of the damage of corroded RC and quantitatively evaluates
the damage degree from corrosion.

2. Damage Model

The AE phenomenon can reflect the damage and deterioration of a concrete structure
under loading [23]. In the literature [24], the AE rate process theory was introduced into
the mathematical model for concrete under uniaxial compression. When the load level
increases from V to V + dV, the probability density function f (V) of the AE event can be
expressed as follows:

f (V)dV = dN/N (1)

where N is the total number of AE events with the load level V increasing from the
initial state.

In Ohtsu’s model [16], f (V) can be used to represent the AE rate and is approximately
expressed by hyperbolic functions as follows:

f (V) = a/V + b (2)

where a and b are experimental parameters. Substituting Equation (2) into Equation (1)
will give the relationship between the load level V and the total number of AE events N
as follows:

N = cVa exp(bV) (3)

where a, b and c are AE test parameters, and a reflects the number of microcracks in the
material. When a > 0, a higher AE rate can appear at lower stress levels, which indicates
multiple cracks. When a < 0, a low AE rate appears at lower stress levels, which corresponds
to no cracks or a small number of cracks.

In Dai-Labuz’s model [25], the relationship between V and N can be expressed as follows:

V = aN + c ln(1 + qN) (4)

where a, c and q are related parameters for the AE.
After substituting Equation (4) into Equation (2), the probability density function f (V)

can be expressed as follows:

f (V) =
1

N0
(

1 + qN
a + cq + aqN

) (5)

After integrating the probability density function over a range of load level V, the
damage degree of the specimen under this load level can be obtained:

D =
∫ V

0
f (V)dV (6)

During the loading process of reinforced concrete, a large number of cracks will
appear at the internal structure due to steel corrosion. Meanwhile, the corrosion degree
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of reinforcement will have an influence on the number of cracks on the structure during
the entire loading process. However, limited research has been conducted on the damage
evolution of corroded reinforced concrete [26], and there is not enough convincing evidence
to show the diversity in the structural damage evolution of RC under different corrosion
degrees [27]. Thus, it is necessary to fill these gaps. In this research, on the basis of Dai-
Labuz’s model [25], the load level and accumulative AE hit number in the loading process
can be expressed as follows:

N = s(V) (7)

where s(V) is determined by experiments.
After taking the derivative of Equation (7) and substituting it into Equation (2), the

following equation can be obtained:

f (V) =
1

N0

ds(V)

dV
(8)

where N0 is the accumulative AE hit number when the load level reaches the ultimate load.
Finally, according to Equation (6), the damage degree of RC at load level V can be

obtained as follows:

D =
1

N0

∫ V

0
ds(V) (9)

3. Experimental Program
3.1. Specimen Preparation

Type I (ASTM C150) ordinary Portland cement (OPC) was used [28]. The fine aggre-
gate was river sand with a fineness modulus of 2.6, and the coarse aggregate was crushed
limestone with a maximum aggregate size of 20 mm. A commercial high-range water
reducer (HRWR) was added to improve the workability and flowability of the concrete.
The measured 28-day compressive strength of the concrete was 32.0 MPa on 150 mm cubes.
Table 1 presents the mix proportion of the concrete. The longitudinal reinforcements in
the concrete beam was a plain bar made of HPB235, with a nominal diameter of 10 mm,
and the stirrups comprised a plain bar made of HPB235, with a nominal diameter of 6 mm.
Then, eight RC column specimens of 100 mm × 100 mm × 400 mm were cast. A detailed
configuration of the specimens is shown in Figure 1.

Table 1. Mix proportions of concrete.

OPC
(kg/m3)

Fine Aggregate
(kg/m3)

Coarse Aggregate
(kg/m3)

HRWR
(kg/m3)

Water
(kg/m3)

372 698 1116 3.71 175
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3.2. Corrosion Acceleration

The impressed current method was adopted to induce reinforcement corrosion in the
RC specimens to reach the target level of corrosion. The layout of the corrosion acceleration
apparatus is shown in Figure 2. The surfaces of the specimens were wrapped with sponge
and further contained in a stainless-steel cage. In order to keep the RC specimens fully wet
prior to inducing the impressed current, the specimens were soaked in a 3.5% NaCl solution
for 72 h. During accelerated corrosion, the steel embedded in the specimen was connected
to an anode of the direct current (DC)-regulated power supply, and the stainless-steel cage
was connected to the cathode. A 3.5% NaCl solution was sprayed using a sponge every day.
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A total of eight RC column specimens were prepared and divided into four groups
with different levels of reinforcement corrosion, namely, 0% (Z-0), noncorroded as a ref-
erence; 5% (Z-5); 10% (Z-10); and 15% (Z-15). According to Faraday’s law, electrification
duration of 30 days, 60 days and 90 days, respectively, represents the corrosion level of 5%,
10% and 15%.

3.3. Test System

The test system included the AE signal data acquisition system, the loading system
and the load and displacement recording system. The DS2-AE acquisition system produced
by Beijing Science and Technology Company was adopted in the test. Eight RS-35C sensors
with a frequency of 150 kHz and a 40 dB preamplification were used in the AE system.
The sampling frequency was set at 3 MHz. As shown in Figure 3, the eight sensors were
arranged on the two sides of the columns. The characterization of the AE source was
therefore measured and determined by analyzing the features of the waveform [29].
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The load and displacement acquisition system consisted of a load sensor, resistance
strain gauge, displacement sensor, displacement transmitter and recorder. The details are
shown in Figure 4. The loading device was a 100 T high-performance testing machine,
and the static loading was executed in the test. According to the standard of the concrete
structure test method (GB/T50152-2012) [30], loading in the displacement control was
conducted at a rate of 0.5 mm/min.
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4. Results and Discussion
4.1. Accumulative AE Hit Number Analysis

The relationship between the accumulative AE hit number and load levels of the RC
columns is shown in Figure 5. The effect of corrosion rate on this relationship is depicted
in Figure 5a–d.
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It can be seen from Figure 5 that the development of experimental curves in the four
groups is similar. The AE accumulative hit number increases with the increase of the load
level. However, there are also significant differences in the curves at different corrosion
rates. The curve of Z-0 is similar to that of Z-5. Both curves in these groups show slow
growth in the beginning, and a sharp increase occurs when the load level reaches 0.9. This
indicates that, when the corrosion rate is below 5%, the internal damage accumulation
is slower and lasts for a longer time during the loading process. Therefore, these two
groups of specimens show a brittle characteristic, which means internal microcracks are
rare before loading. It should be noted that although there is little variation between the
two specimens for each group, the trends among different corrosion rates are significant.

Compared to the previous two groups’ tests (Z-0, Z-5), the curves of Z-10 and Z-15
are significantly different, showing no obvious turning points. This reveals that the AE
signals of these two groups increase in the whole loading process. The initial growth rate
of the AE signals is stable and increases until specimen failure. It can be found that with
the increase of the corrosion rate, the curve shape changes from steep growth to steady
growth. This is because the corrosion of the steel causes a large number of corrosion cracks
in the columns [31]. The greater the corrosion rate, the more the cracks occur. During the
loading process, with the increase of the load level, the propagation speed of the cracks
increases, which leads to a significant increase in the acoustic emission signal.

4.2. Analysis of AE Energy Distribution

From the data in Figure 5, the AE accumulative energy distribution of the RC column
was calculated on the area under three ranges of the load level (0–0.3, 0.3–0.6 and 0.6–0.9),
as shown in Figure 6. In order to reduce the influence of machine error and environmental
noise on the critical failure, this paper focuses on the analysis of energy release within the
load level of 0–0.9 [32]. The loading process is divided into three phases: preloading (0–0.3),
middle loading (0.3–0.6) and late loading (0.6–0.9). The proportion of the AE accumulative
energy in three phases is calculated accordingly.

As shown in Figure 6, regardless of the degree of corrosion, the proportion of energy
released in the late loading period is the largest but the smallest in the preloading period.
The result shows that the internal damage degree of the RC column increases with the
increase of the load level. Comparing among the four groups, the energy proportion of
Z-0 is 5% and 6%. When the corrosion rate reaches 15% (Z-15), the preloading energy
proportion only increases by 6%, which indicates that the corrosion of the reinforcement
has little impact on internal damage in the preloading period. Although the internal
crack increases with the increment of the corrosion degree on the reinforcement, the crack
propagation is not obvious due to the low load level, which may explain the small increase
in energy [33].

In the middle loading period, the energy proportion of Z-0 is 6% and 8%. As the
corrosion rate increases, the energy proportion in the middle loading period can increase
to 26% and 23% at a growth rate of 20%. This indicates that the load in the middle loading
period can enlarge the original microcracks, resulting in a large AE energy release. The
corrosion in Z-10 and Z-15 is much more than Z-0 and Z-5, which strengthens the release of
AE energy from Z-5 to Z-10. In this case, the AE signals before the middle loading period
can be affected by the corrosion degree of specimens. Hence, the AE signals in the middle
loading period can reflect the initial health condition of the corroded RC column.

291



Crystals 2021, 11, 67

Crystals 2021, 11, x FOR PEER REVIEW 8 of 17 
 

 

of AE energy from Z-5 to Z-10. In this case, the AE signals before the middle loading pe-
riod can be affected by the corrosion degree of specimens. Hence, the AE signals in the 
middle loading period can reflect the initial health condition of the corroded RC column. 

 
 
 

 

(a) Z-0 

  
(b) Z-5 

 
 

(c) Z-10 

  
(d) Z-15 

Figure 6. AE accumulative energy distribution of the reinforced concrete column for different cor-
rosion rates (two specimens per corrosion rate). 

5% 6%

89%

0-0.3
0.3-0.6

0.6-0.9

6%
8%

86%

0-0.3

0.3-0.6
0.6-0.9

9% 5%

86%

0-0.3
0.3-0.6

0.6-0.9

10%
8%

82%

0-0.3
0.3-0.6

0.6-0.9

9%

16%

75%

0-0.3

0.3-0.6
0.6-0.9

11%

20%

69%

0-0.3
0.3-0.6

0.6-0.9

11%

23%

66%

0-0.3

0.3-0.6
0.6-0.9

12%

26%

62%

0-0.3

0.3-0.6

0.6-0.9

Specimen: Z-0-1 Specimen: Z-0-2 

Specimen: Z-5-1 Specimen: Z-5-2 

Specimen: Z-10-2 
Specimen: Z-10-1 

Specimen: Z-15-2 Specimen: Z-15-1 

Figure 6. AE accumulative energy distribution of the reinforced concrete column for different corrosion rates (two specimens
per corrosion rate).

292



Crystals 2021, 11, 67

4.3. Damage Evolution Model of Corroded RC

After taking the derivative of the curve shown in Figure 7a, the curve of slope change
could be obtained, shown in Figure 7b. It can be seen that as the corrosion rate increases,
at the load level of 0.9, the curve form changes from exponential to linear. As shown in
Figure 7b, the slope of the load over the accumulative hit curve increases linearly with the
increase of the load level. According to the results of the experiment, the corrosion rate
also has an effect on the initial slope. The initial slopes of Z-0, Z-5, Z-10 and Z-15 are 125,
500, 800 and 1700, respectively. It can be found that within a certain corrosion rate range,
the higher the corrosion rate, the greater the initial slope of the AE accumulation signal
can be achieved. Meanwhile, since the initial slope represents AE activity at the initial low
load level, a higher corrosion rate refers to stronger AE activity of the RC columns during
the initial loading period. Although there is little variation between the two specimens for
each corrosion rate, trends among different corrosion rates are apparent.
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Figure 7. Load accumulative hit curve and slope curve for different corrosion rates (two specimens 
per corrosion rate). 

The variation of the parameters with the corrosion rate is shown in Figure 8. As the 
corrosion increases, m decreases from 3500 to 540, and at the same time, n increases from 
–120 to 2000. This indicates that parameters m and n are related to the change of the cor-
rosion rate, and their approximate linear function can be expressed as [34]:  

2931 134m ρ= −  (11)

234 118n ρ= − +  (12)

where ρ is the corrosion rate. By substituting m and n into Equation (10), N’ can be ex-
pressed as ' 2931 234 (134 118)N mV n V Vρ= + = − − −  

By integrating Equation (13), the relationship between load and accumulative hit can 
be expressed as follows:  

2 2 21 1465 234 (67 118 )
2

N mV nV V V V Vρ= + = − − −  (13)

where N is the accumulative AE hit number, V is the load level, ρ is the corrosion rate and 
m and n are the AE accumulative parameters. Combining Equations (14) and (2), the prob-
ability density function of the AE event can be obtained [35]:  

0 0

1 ( ) 2931 234 (134 118)( ) ds V V Vf V
N dV N

ρ− − −= =  (14)

The integral of Equation (15) is the damage evolution model of corroded RC:  

0
0 0

1 ( )
V ND ds V

N N
= =  (15)

The relationship of the load and damage degree under different corrosion rates for 
the RC column is shown in Figure 9. It can be seen that corrosion of reinforcement has a 
great influence on the damage evolution of the RC column. At the beginning, at the lower 
load level, the damage evolution is very slow. As the load level increases, the internal 
damage increases until the late loading period. Compared with the uncorroded specimens 
at the lower load level, with the increase in the corrosion rate, the damage factor of speci-
mens is significantly increased, which leads to great damage accumulation before initial 
loading. 

Figure 7. Load accumulative hit curve and slope curve for different corrosion rates (two specimens per corrosion rate).

Comparing the slope changes of each group, it can be seen that the slope of Z-0
increases from 125 to 2750. The slope of the Z-15 increases little from 1750 to 2800, but
the growth rate remains at a high level. Therefore, it can be inferred that corrosion of the
reinforcement can affect the whole service life of RC columns. When the corrosion rate is
low or zero, the deterioration of internal damage is a dynamic process, from slow to fast.
As a response, the AE signal changes from low to high. With the increase of the corrosion
rate, the internal damage evolution of the RC column is accelerated, and the AE signal
maintains a high level.

After considering the slope change trend, two slope relationship models are selected
to fit the data [31]. The fitting results are shown in Table 2. Comparing these two models,
the R2 value of N′ = pe−V + q is generally lower than that of N′ = mV + n. Therefore,
based on the characteristics of the above relationships, the binomial is adopted to establish
the slope relation curve.

N′ = mV + n (10)

where N’ is the slope of accumulative AE hit number, and m and n are the AE accumulative
parameters, which can be obtained by fitting, as shown in Table 3.

Table 2. Fitting results of the slope.

Group Number Fitting Equation R2

Z-0-1
N′ = mV + n 0.91057

N′ = pe−V + q 0.80362

Z-0-2
N′ = mV + n 0.92083

N′ = pe−V + q 0.84135

Z-5-1
N′ = mV + n 0.88712

N′ = pe−V + q 0.80169

Z-5-2
N′ = mV + n 0.84131

N′ = pe−V + q 0.75148

Z-10-1
N′ = mV + n 0.77161

N′ = pe−V + q 0.71694

Z-10-2
N′ = mV + n 0.63221

N′ = pe−V + q 0.55148

Z-15-1
N′ = mV + n 0.60132

N′ = pe−V + q 0.45985

Z-15-2
N′ = mV + n 0.58443

N′ = pe−V + q 0.40871
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Table 3. AE accumulative parameters.

Parameter Z-0 Z-0 Z-5 Z-5 Z-10 Z-10 Z-15 Z-15

m 2985 3324 1684 1935 1885 1382 683 1256

n −120 24 256 504 832 450 1833 1836

The variation of the parameters with the corrosion rate is shown in Figure 8. As
the corrosion increases, m decreases from 3500 to 540, and at the same time, n increases
from –120 to 2000. This indicates that parameters m and n are related to the change of the
corrosion rate, and their approximate linear function can be expressed as [34]:

m = 2931− 134ρ (11)

n = −234 + 118ρ (12)

where ρ is the corrosion rate. By substituting m and n into Equation (10), N’ can be
expressed as N′ = mV + n = 2931V − 234− ρ(134V − 118).
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By integrating Equation (13), the relationship between load and accumulative hit can
be expressed as follows:

N =
1
2

mV2 + nV = 1465V2 − 234V − ρ(67V2 − 118V) (13)

where N is the accumulative AE hit number, V is the load level, ρ is the corrosion rate
and m and n are the AE accumulative parameters. Combining Equations (14) and (2), the
probability density function of the AE event can be obtained [35]:

f (V) =
1

N0

ds(V)

dV
=

2931V − 234− ρ(134V − 118)
N0

(14)

The integral of Equation (15) is the damage evolution model of corroded RC:

D =
1

N0

∫ V

0
ds(V) =

N
N0

(15)

The relationship of the load and damage degree under different corrosion rates for the
RC column is shown in Figure 9. It can be seen that corrosion of reinforcement has a great
influence on the damage evolution of the RC column. At the beginning, at the lower load
level, the damage evolution is very slow. As the load level increases, the internal damage
increases until the late loading period. Compared with the uncorroded specimens at the
lower load level, with the increase in the corrosion rate, the damage factor of specimens is
significantly increased, which leads to great damage accumulation before initial loading.
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4.4. Initial Damage of Corroded RC

The number of AE events in different corrosion rates is shown in Figure 10. In order
to reduce the effect of system noise and eliminate the instability of the failed concrete, the
AE signal is collected under the load level of 0.1–0.9. Based on Ohtsu’s model, the data at
different corrosion rates are fitted. The fitting parameters a, b and c are shown in Figure 10.

It can be seen that the values of the uncorroded column are −0.15 and −0.86, which
indicates that the AE rate of the specimens is very low at the lower load level. The initial
microcracks of the two uncorroded columns are very few. The values of specimens at
a 5% corrosion rate are −0.06 and 0.88. The AE rate increased with the increase of the
corrosion rate, indicating that the number of microcracks also increased. The values of a
for specimens at a 10% and 15% corrosion rate are both greater than 0, and the microcracks
propagated. Therefore, comparing the results of the AE rate process theory theoretically
proves that the different reinforcement corrosion degrees cause different initial damage
to RC columns before axial compression. As a result, the diversity in the internal damage
evolution of the corroded column obtained by Equation (10) is verified.
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5. Conclusions

Based on the experimental investigation, the following findings can be drawn from
this study:

1. The corrosion degree of reinforcement in RC can be monitored by the AE signal in
the whole loading process. The greater corrosion degree causes a stronger AE signal
in the middle loading period, which means the initial damage of the RC columns is
accelerated in this period.

2. The corrosion rate can be used as a parameter in the V–N model. After regression
comparison, the developed model has a high agreement with the actual data.

3. Based on the AE rate process theory and the influence of the corrosion rate, the
damage evolution model of the corroded RC column with different corrosion rates is
established. It can be used to monitor the internal damage of RC columns at different
corrosion rates and quantitatively evaluate the damage degree of the loading process.
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Abstract: In this work, we aimed to solve the problems that exist in the brittleness evaluation
method of high-strength concrete through a triaxial compression test of C60 and C70 high-strength
concrete. Then, the relationship between the energy evolution of its elastic energy, dissipative energy,
pre-peak total energy and additional energy and its axial strain, confining pressure, and concrete
strength grade was analyzed. Taking the accumulation rate of pre-peak elastic strain energy and
the dissipation rate of dissipative energy, and the release rate of post-peak elastic energy, as the
evaluation indicators to characterize the brittleness of high-strength concrete. A brittleness evaluation
method that reflects the whole failure process of high-strength concrete is proposed and verified by
experiments. The results show that with the increase of the confining pressure, the proportion of
elastic energy in the whole process of high-strength concrete failure gradually decreases. The storage
rate of pre-peak elastic energy and the release rate of post-peak elastic energy are gradually reducing,
the brittleness index gradually decreases, and the confining pressure inhibits the brittleness of
high-strength concrete. Under the same confining pressure, the brittleness index of C70 concrete
is greater than that of C60 concrete, which indicates that, with the increase of the strength grade,
the brittleness level of concrete gradually increases and the ductility decreases. These findings have
a certain theoretical significance for the scientific design of high-strength concrete structures and the
improvement of their safety in the future.

Keywords: high-strength concrete; energy evolution; elastic strain energy; brittleness evaluation index

1. Introduction

In recent years, high-strength concrete has been widely used in civil engineering, transportation,
water conservancy, and municipal engineering. Concrete is a quasi-brittle material, and its failure
mode is not only affected by the strength level of concrete, but is also closely related to its stress
state [1–5]. Studies have shown that, compared with ordinary concrete, high-strength concrete presents
obvious brittle characteristics [6–8].

To date, domestic and foreign scholars have carried out a great deal of research on the
characterization methods of concrete brittleness. Jenq and Shah [9] proposed a critical material
constant Q that was positively related to the brittleness index based on the fracture toughness and
elastic modulus, showing that the larger the value of Q, the greater the brittleness of the material.
Tasdemir et al. [10] used the energy method to evaluate the brittleness of concrete and proposed the
ratio of the recoverable elastic deformation energy to unrecoverable plastic deformation energy as
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the brittleness evaluation index B1 of concrete. Zhang et al. [11] proposed to use the ratio of the
pre-peak recoverable elastic energy to the total energy as the brittleness evaluation index B2 of concrete.
Yan et al. [12] used mechanical parameters and area methods to evaluate the brittleness of concrete and
proposed that the ratio of the fracture energy to nominal stress σN should be taken as the brittleness
index B3; furthermore, they established the brittleness evaluation index B4 based on the roughness
of the fracture surface [13]. Their results showed that these two brittleness indicators were linearly
correlated, and it was considered that the greater the roughness of the fracture surface, the greater
the unrecoverable deformation energy consumed by fracture failure and the lower the brittleness of
concrete. Yao et al. [14] used the strength method to evaluate the brittleness of concrete and proposed
that the tension–compression ratio of concrete specimens should be taken as their brittleness index B5;
furthermore, they considered that the smaller the tension–compression ratio, the greater the brittleness
of concrete. Guo and Huang et al. [15–17] considered the size effect of strength and established
a brittleness index η that was proportional to the size of the plastic zone; furthermore, they considered
that the smaller the value of η, the greater the brittleness of the material. Han et al. [18] proposed
the evaluation of the brittleness of concrete by a morphology method based on the analysis of the
insufficient brittleness of the concrete cross-sectional area ratio and established a new brittleness
evaluation method of concrete based on the area fraction of section stones. In summary, most of the
existing concrete brittleness evaluation indicators are suitable for low-strength concrete, and there are
few studies on the brittleness evaluation of high-strength concrete. The physical meaning of some
concrete brittleness evaluation indicators is not clear, and the evaluation indicators cannot be obtained
through conventional mechanical tests of concrete; thus, their practical application and promotion
have certain limitations. Some concrete brittleness evaluation indicators only consider the pre-peak
or post-peak stage and cannot fully reflect the brittleness characteristics of the entire failure process
of concrete.

Based on the experimental results of C60 and C70 high-strength concrete under different confining
pressures, the evolution of elastic strain energy, dissipative energy, and input energy with axial strain
during the deformation process is analyzed in this paper. Combined with these three kinds of energy,
a brittleness evaluation index which can comprehensively reflect the whole deformation and failure
process of high-strength concrete is established. Furthermore, a brittleness evaluation method for
high-strength concrete is proposed. This has a certain theoretical significance for the scientific design
of high-strength concrete structures and the improvement of their safety in the future.

2. Triaxial Compression Test of C60 and C70 High-Strength Concrete

2.1. Experimental Process

According to the “Specification for Concrete Mix Design” (JGJ55-2011) [19], high-strength concrete
with strength grades of C60 and C70 was prepared. Cement used was ordinary Portland cement
P II52.5 R, and the coarse aggregate used was basalt gravel. The size of the crushed stone was 5–20 mm
and the bulk density was 1455 kg/m3. The fine aggregate adopts medium-coarse sand with a fineness
modulus of 2.73 and a mud content of 1.45%. The admixture was an NF–F compound high-efficiency
admixture, and the proportions of slag and silica fume in C60 and C70 were the same, 73% and
20%, respectively. The mix proportion of C60 and C70 high-strength concrete was determined by an
orthogonal experimental design (see Table 1).

Table 1. Mixture proportions of C60 and C70 high-strength concrete.

Strength
Grade

Cement
(kg/m3)

Admixture
(kg/m3)

Cementitious
Materials (kg/m3)

Sand
(kg/m3)

Gravel
(kg/m3)

Water
(kg/m3)

Sand
Rate

Dosage of
Admixture

C60 415 135 550 620 1105 175 0.36 32.5%
C70 425 145 570 615 1095 170 0.36 32.5%
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The conventional triaxial loading equipment for high-strength concrete specimens was the
ZTCR-2000 low-temperature rock triaxial system (Figure 1). During the test, the concrete specimens
were first preloaded to 0.5 MPa, and then confining pressure was applied to the predetermined value at
the loading speed of 50 N/s according to the “load” control mode. The test confining pressure was set
at 0, 5, 10, 15, and 20 MPa. After the confining pressure reached the predetermined value, the pressure
was stabilized for 30 s, and finally, the axial pressure was applied at the loading speed of 0.05 mm/min
according to the “displacement” control mode until the concrete specimens was destroyed.
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Figure 1. Rock mechanics test system.

2.2. Analysis of Test Results

Figure 2 shows the stress–strain curves of C60 and C70 high-strength concrete specimens under
different confining pressures. It can be seen from Figure 2 that, when the confining pressure is 0 MPa,
there is no obvious yield point in the pre-peak curve of high-strength concrete; after reaching the peak
strength, the stress drops rapidly, and the post-peak curve is steep, indicating that the brittleness of
the concrete is relatively strong at this time and close to an ideal brittle material. With the increase of
confining pressure, obvious yield steps appear in the pre-peak curve, and the post-peak curve and the
stress drop trends gradually tend to be gentle. The post-peak phase gradually transforms from the
strain softening state to the ideal plastic state, and its brittleness level gradually reduces, showing that,
with the increase of confining pressure, the brittleness of high-strength concrete develops from high to
low. This shows that there are obvious differences in the brittleness characteristics of concrete under
different confining pressures.
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Figure 2. Full stress–strain curves of high-strength concrete under different confining pressures. (a) 
C60; (b) C70. 

According to the full stress–strain curve of high-strength concrete, the basic mechanical 
parameters of C60 and C70 high-strength concrete are shown in Table 2. 

Table 2. Mechanical parameters of C60 and C70 high-strength concrete. 

( )MPaσ3  
( )σ 1p MPa  ( )r MPaσ1  ( )−ε 3101p

 ( )−ε 3101r  ( )GPaE  μ  

C60 C70 C60 C70 C60 C70 C60 C70 C60 C70 C60 C70 
0 65.38 84.41 14.66 14.35 0.343 0.337 0.523 0.611 28 31 0.31 0.29 
5 81.96 100.22 38.93 45.68 0.540 0.419 1.388 1.373 29 32 0.28 0.26 

10 98.26 115.98 71.16 76.70 0.631 0.721 1.515 1.640 31 33 0.29 0.26 
15 114.01 128.22 89.97 102.27 0.812 0.969 1.953 2.167 33 35 0.28 0.28 
20 129.12 141.67 111.13 114.47 1.10 1.081 2.240 2.864 34 36 0.26 0.26 

Figure 3 shows the variation of the concrete peak strain with confining pressure. It can be seen 
from Figure 3 that with the increase of confining pressure, the corresponding strain when the 
concrete stress reaches the peak strength gradually increases, indicating that it is more difficult for 
the concrete to enter the brittle failure state, and more energy is needed from the outside to assist the 
cracks inside the concrete to connect and penetrate to form a macroscopic fracture surface. 
Therefore, the peak strain reflects the difficulty of achieving brittle failure for high-strength concrete. 
The greater the peak strain, the higher the threshold of concrete brittleness, which indicates that the 
confining pressure can limit the brittleness of concrete. 

Figure 2. Full stress–strain curves of high-strength concrete under different confining pressures.
(a) C60; (b) C70.
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According to the full stress–strain curve of high-strength concrete, the basic mechanical parameters
of C60 and C70 high-strength concrete are shown in Table 2.

Table 2. Mechanical parameters of C60 and C70 high-strength concrete.

σ3 (MPa) σ1p (MPa) σ1r (MPa) ε1p (10−3) ε1r (10−3) E (GPa) µ

C60 C70 C60 C70 C60 C70 C60 C70 C60 C70 C60 C70

0 65.38 84.41 14.66 14.35 0.343 0.337 0.523 0.611 28 31 0.31 0.29
5 81.96 100.22 38.93 45.68 0.540 0.419 1.388 1.373 29 32 0.28 0.26

10 98.26 115.98 71.16 76.70 0.631 0.721 1.515 1.640 31 33 0.29 0.26
15 114.01 128.22 89.97 102.27 0.812 0.969 1.953 2.167 33 35 0.28 0.28
20 129.12 141.67 111.13 114.47 1.10 1.081 2.240 2.864 34 36 0.26 0.26

Figure 3 shows the variation of the concrete peak strain with confining pressure. It can be seen
from Figure 3 that with the increase of confining pressure, the corresponding strain when the concrete
stress reaches the peak strength gradually increases, indicating that it is more difficult for the concrete
to enter the brittle failure state, and more energy is needed from the outside to assist the cracks inside
the concrete to connect and penetrate to form a macroscopic fracture surface. Therefore, the peak strain
reflects the difficulty of achieving brittle failure for high-strength concrete. The greater the peak strain,
the higher the threshold of concrete brittleness, which indicates that the confining pressure can limit
the brittleness of concrete.Crystals 2020, 10, x FOR PEER REVIEW 5 of 19 
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Figure 3. Variation of peak strain with confining pressure. 
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Figure 3. Variation of peak strain with confining pressure.

3. Energy Evolution Law of High-Strength Concrete during Compression

3.1. Theoretical Analysis

Assuming that there is no heat exchange between the concrete system and the external environment,
according to the first law of thermodynamics, the energy WF input to the system by the external
force during the concrete deformation and failure process is equal to the elastic strain energy WE

plus the energy WD dissipated by the concrete specimen during the test [20–22]. The energy input by
the external force to the system mainly includes the work done by the axial force when the concrete
specimen undergoes axial deformation and the work done by the confining pressure when radial
deformation occurs. The dissipative energy is mainly used for the development of internal damage or
plastic deformation in the concrete, including the surface energy consumed during the generation,
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the expansion and penetration of the cracks, the plastic strain energy of the irreversible plastic
deformation of concrete specimens, the heat energy generated by friction and slipping between cracks,
and various radiation energies, etc. [23]; the magnitude of the dissipative energy is mainly related to
the structural properties of the concrete itself and the stress environment. The above-mentioned energy
relationship is shown in Equation (1):

WF = WE + WD (1)

The work done by the axial force and confining pressure during the test is [24]:

WF =
π
4

D2H
(∫ ε1

0
σ1dε1+2

∫ ε3

0
σ3dε3

)
= VUF (2)

where σ1, σ3 are the axial pressure and confining pressure, respectively; ε1, ε3 are the axial and radial
strain, respectively; D, H are the diameter and height of the concrete specimen, respectively; V is the
volume of the concrete sample; and UF is the input energy density.

In the same way, the elastic strain energy and dissipative energy are as follows: WE = π
4 D2HUE = VUE

WD = π
4 D2HUD = VUD

(3)

where UE is the elastic strain energy density and UD is the dissipative energy density.
According to the elastic theory [24], the elastic strain energy density is:

UE =
1
2

(
σ1ε

e
1 + σ2ε

e
2 + σ3ε

e
3

)
(4)

The three-dimensional constitutive relationship of concrete is:

εe
i j =

1 + µ

Ei j
σi j −

µ

Ei j
σkkδi j (5)

where εe
i j(i, j = 1, 2, 3) is the elastic strain in the direction of the main stress, σi j(i, j = 1, 2, 3) is the main

stress, σkk = σ1 + σ2 + σ3; δi j is the Kronecker tensor and Ei j(i, j = 1, 2, 3) is the unloading modulus of
elasticity—for convenience of calculation, the initial elastic modulus E can be used instead [24]—and µ
is the Poisson’s ratio.

Equations (4) and (5) can be substituted into Equation (3) to obtain the elastic strain energy WE:

WE =
1

2E

(
σ2

1 + σ2
2 + σ2

3 − 2µσ1σ2 − 2µσ1σ3 − 2µσ2σ3
)
V (6)

In the conventional triaxial compression test, where σ2 = σ3, Equation (6) can be simplified to:

WE =
1

2E

[
σ2

1 + 2(1− µ)σ2
3 − 4µσ1σ3

]
V (7)

Substituting Equation (7) into Equation (1) and combining this with Equation (2) to obtain the
dissipative energy results in the following:

WD =

{∫ ε1

0
σ1dε1+2

∫ ε3

0
σ3dε3 −

1
2E

[
σ2

1 + 2(1− µ)σ2
3 − 4µσ1σ3

]}
V (8)

The energy conversion diagram of the concrete failure process is shown in Figure 4. When the
load reaches the yield stress σ1c, the elastic strain energy accumulated inside the concrete is WE(A),
showing that the concrete is in the linear elastic stage, without damage and energy dissipation; as the
load increases, when the peak strength σ1p is reached, the total elastic strain energy accumulated in
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the pre-peak stage is WE(B). One part of the work WF(pre) done by the external testing machine is
converted into dissipative energy WD, which is irreversible energy that is consumed in the plastic yield
stage of concrete, and the other part is transformed into stored elastic strain energy, which is reversible.
The energy relationship in the pre-peak stage is as follows:

WF(pre) = WE(B) + WD (9)

WF(pre) =

(∫ ε1p

0
σ1dε1+2

∫ ε3p

0
σ3dε3

)
V =

(∫ ε1p

0
σ1dε1+2σ3ε3p

)
V (10)

WE(B) =
1

2E

[
σ2

1p + 2(1− µ)σ2
3 − 4µσ1pσ3

]
V (11)

WD =

(∫ ε1p

0
σ1dε1+2σ3ε3p

)
V –

1
2E

[
σ2

1p + 2(1− µ)σ2
3 − 4µσ1pσ3

]
V (12)

where WF(pre) is the area S1 + S2 enclosed by the stress–strain curve and the axial strain axis from the
initial loading point to the peak strength, WE(B) is the area S2 enclosed by the peak point unloading
curve and the axial strain axis, and WD is the area S1 between the loading curve and the unloading curve.

Crystals 2020, 10, x FOR PEER REVIEW 7 of 19 

 

unloading curve and the axial strain axis, and 
DW  is the area 1S  between the loading curve and 

the unloading curve. 

 
Figure 4. Schematic diagram of energy conversion during concrete failure. 

When the concrete stress reaches the peak strength, the specimen enters the failure state, and its 
internal storage of elastic strain energy E(B)W  is not sufficient to support its complete failure: 

therefore, external work is required to provide additional energy F(post)W . When the concrete stress 

reaches the residual strength, the internal storage of elastic strain energy E(B)W  and the external 

additional energy F(post)W  are converted into the energy fW  required for the failure of concrete, 

and at this time, a part of the elastic strain energy 
rW  will remain inside the concrete specimen. The 

energy relationship in the post-peak stage is as follows: 

( ) ( )= + −f rE BF postW W W W  (13) 

( ) ( )   = + = + −        
1r 3r 1r

1p 3p 1p
1 1 3 3 1 1 3 3r 3pF post d 2 d d 2

ε ε ε

ε ε ε
W σ ε σ ε V σ ε σ ε ε V  (14) 

( ) + − − 
2 2

r 1r 3 1r 3
1= 2 1 4

2
W σ μ σ μσ σ V

E
 (15) 

( ) ( )   = + − + − − −    
1r

1p

2 2
f 1 1 3 3r 3p 1p 1r 1p 1r 3

1d 2 4
2

ε

ε
W σ ε σ ε ε V σ σ μ σ σ σ V

E
 (16) 

energy with the axial strain of high-strength concrete under different confining pressures are 
obtained, as shown in Figures 5 and 6. 

Figure 4. Schematic diagram of energy conversion during concrete failure.

When the concrete stress reaches the peak strength, the specimen enters the failure state,
and its internal storage of elastic strain energy WE(B) is not sufficient to support its complete failure:
therefore, external work is required to provide additional energy WF(post). When the concrete stress
reaches the residual strength, the internal storage of elastic strain energy WE(B) and the external
additional energy WF(post) are converted into the energy Wf required for the failure of concrete, and at
this time, a part of the elastic strain energy Wr will remain inside the concrete specimen. The energy
relationship in the post-peak stage is as follows:

Wf = WF(post) + WE(B) −Wr (13)

WF(post) =

∫ ε1r

ε1p

σ1dε1+2
∫ ε3r

ε3p

σ3dε3

V =

∫ ε1r

ε1p

σ1dε1+2σ3
(
ε3r − ε3p

)V (14)

Wr =
1

2E

[
σ2

1r + 2(1− µ)σ2
3 − 4µσ1rσ3

]
V (15)

Wf =

∫ ε1r

ε1p

σ1dε1+2σ3
(
ε3r − ε3p

)V +
1

2E

[
σ2

1p − σ
2
1r − 4µ

(
σ1p − σ1r

)
σ3

]
V (16)
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where WF(post) is the area S3 enclosed by the stress–strain curve between the peak strength and the
residual strength and the axial strain axis, Wr is the area S4 enclosed by the unloading curve of the
residual strength point and the axial strain axis, and Wf is the area shown by the orange area in
the figure.

3.2. Relationship between Energy Evolution and Axial Strain

By substituting the triaxial compression test results into Equations (2), (7), and (8), the evolution
curves of the input energy, elastic energy and dissipative energy with the axial strain of high-strength
concrete under different confining pressures are obtained, as shown in Figures 5 and 6.
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Figure 5. Energy evolution curves of C60 high-strength concrete under different confining pressures.
(a) 0 MPa; (b) 5 MPa; (c) 10 MPa; (d) 15 MPa; (e) 20 MPa.
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Figure 6. Energy evolution curves of C70 high-strength concrete under different confining 
pressures. (a) 0 MPa; (b) 5 MPa; (c) 10 MPa; (d) 15 MPa; (e) 20 MPa. 
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It can be seen from Figures 5 and 6 that under different confining pressures, both the input energy
and the dissipative energy increase with the increase of the axial strain, and the elastic strain energy
first increases and then decreases. In the initial stage of loading, the initial pores inside the concrete
gradually close under the action of external load, and most of the work done by external load is
converted into elastic energy, which is stored inside the specimen. The elastic strain energy gradually
increases with the axial strain, the dissipative energy is very low at this stage and the evolution curves
of input energy, elastic energy and dissipative energy all show an upward concave trend. As the
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external load increases, the concrete specimen enters the linear elastic deformation stage, and the
external work is basically transformed into elastic strain energy; furthermore, the slopes of the three
energy evolution curves reach the maximum value. This stage is the main stage of energy storage in the
whole process of concrete failure. When the external load reaches the yield limit of concrete, new cracks
will appear inside the specimen, and the initiation and diffusion of cracks need to dissipate part of
energy; thus, the slope of the elastic strain energy curve gradually decreases at this stage. When the
external load reaches the peak strength, the elastic strain energy reaches the maximum value, and then
the concrete specimen is destroyed and the stored elastic strain energy in the pre-peak stage is released
rapidly; thus, the post-peak elastic strain energy gradually decreases with the axial strain, and most of
the external input energy is dissipated by the cracks intersecting each other to form a macroscopic
fracture surface. When the specimen reaches the peak strength, the elastic strain energy and dissipative
energy gradually decrease and increase, respectively, until the specimen failure reaches the maximum
value and minimum value.

3.3. Relationship between Energy Evolution and Confining Pressure

Based on the triaxial compression test data of high-strength concrete under different confining pressures,
the characteristic energy of high-strength concrete is calculated by substituting Equations (9)–(16), and the
results are shown in Table 3. It can be seen from Table 3 that when the confining pressure is 0 MPa,
the additional energy WF(post) provided from the outside for the post-peak fracture of C60 and C70
concrete specimens is 14.65 J and 21.83 J, respectively, accounting for 52% and 49% of the fracture
energy, respectively, which indicates that the elastic energy stored before the peak is the source power
of the specimen failure. When the confining pressure is 20 MPa, the additional energy WF(post) required
for the post-peak fracture of C60 and C70 concrete specimens is 400.11 J and 593.85 J, respectively,
accounting for 97% of the fracture energy, indicating that the energy required for the failure of C60
and C70 concrete specimens at this time is mainly provided by external work, that the self-sustaining
fracture ability of the specimens is poor and that the brittleness level is low.

Table 3. Calculation results of the characteristic energy of C60 and C70 high-strength concrete.

σ3 (MPa) WE(B) (J) WF(pre) (J) WD (J) WF(post) (J) Wf (J) Wr (J)

C60 C70 C60 C70 C60 C70 C60 C70 C60 C70 C60 C70

0 14.52 22.94 21.38 28.80 6.86 5.86 14.65 21.83 28.42 44.14 0.75 0.64
5 21.58 29.05 54.81 52.22 33.23 23.17 129.47 155.86 146.53 179.13 4.51 5.78
10 27.22 36.21 97.30 118.63 70.08 82.42 205.88 227.01 219.23 247.66 13.86 15.56
15 33.43 40.73 142.69 214.17 109.26 173.44 320.11 382.98 333.00 398.29 20.54 25.41
20 42.08 48.57 251.92 255.41 209.84 206.83 400.11 593.85 411.51 611.59 30.68 30.84

The evolution laws of elastic energy, dissipative energy, pre-peak total energy, additional energy,
fracture energy, and residual elastic strain energy with confining pressure are shown in Figure 7. It can
be seen from Figure 7 that, with the increase of confining pressure, the six kinds of energy increase
at different rates, and the storage rate of elastic energy gradually increases, which indicates that the
confining pressure has a more obvious limiting effect on crack propagation, thus keeping the concrete
from reaching the failure state and finally reducing the brittleness of concrete. When the confining
pressure is 0 MPa, the elastic strain energy stored inside the specimen is released suddenly at the
peak value, which can make the specimen fully fracture, and the additional energy consumed is very
small; at this time, the self-sustaining fracture ability of concrete is stronger and the brittleness is
higher. When the confining pressure is 20 MPa, the additional energy consumed by the specimen
failure is much greater than the releasable elastic energy stored before the peak, and the further
failure after the peak of the specimen will require more energy than the elastic deformation energy
accumulated inside; this means that the concrete specimen will not only have no sudden release of
energy, but will also require more external work to further destroy it, and the specimen will show
obvious ductility characteristics.
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Figure 7. The characteristic energy of high-strength concrete under different confining pressures.
(a) C60; (b) C70.

3.4. Relationship between Energy Evolution and Concrete Strength Grade

Compared with Figures 5 and 6, it can be seen that under the same confining pressure, the slope
of the elastic strain energy evolution curve of C70 concrete is greater than that of C60 concrete,
indicating that the energy storage rate of C70 concrete in the pre-peak stage and the energy release
rate in the post-peak stage are both higher than that of C60 concrete. Figure 8 shows the characteristic
energy evolution trend of high-strength concrete with different strength grades. It can be seen from
Figure 8 that, with the increase of concrete strength grade, the elastic strain energy, the pre-peak
total energy and the fracture energy all increase, while the residual elastic strain energy shows little
difference. When the confining pressure is 10 MPa, the elastic strain energy WE(B) stored before the
peak of C60 and C70 concrete is 27.22 J and 36.21 J, respectively, and the proportion of energy in
the total energy before the peak is 28% and 31%, respectively. This shows that with the increase of
the strength grade, the storage capacity of the pre-peak elastic energy of the concrete specimen has
increased. After reaching the peak strength, the residual elastic strain energy of the C60 and C70
concrete specimens is 13.86 J and 15.56 J, respectively, and the elastic strain energy release rate is
49% and 57%, respectively, indicating that the elastic strain energy accumulated in C70 concrete is
released more completely. The releasable elastic energy of C60 and C70 concrete is 13.36 J and 20.65 J,
respectively, which accounts for 6% and 8%, respectively, of the fracture energy. This shows that the
C70 concrete specimen has a greater ability to maintain self-fracturing and its brittleness is higher.
Since the energy evolution characteristics under the five confining pressures are the same, this section
only takes a confining pressure of 10 MPa as an example, and other confining pressure levels will not
be repeated.
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Figure 8. The characteristic energy of high-strength concrete with different strength grades. (a) 
Elastic strain energy; (b) pre-peak total energy; (c) fracture energy; (d) residual elastic strain energy. 
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4. Evaluation Method of Concrete Brittleness

4.1. Brittleness Evaluation Index

The performance of a material’s brittleness is affected by its own properties as well as the specimen
shape, size effect, and loading conditions. In the evaluation of material brittleness, attention should be
paid to its ability to resist plastic deformation before the peak, the slope of the post-peak stress–strain
curve and residual strength, and other characteristic factors, and the two stages before and after
the peak need to be considered comprehensively when characterizing the brittleness of materials.
Therefore, an approach based on the full stress–strain characteristics of high-strength concrete is an
effective brittleness evaluation method to characterize the difficulty of brittle failure and the degree of
brittleness of high-strength concrete in the form of energy parameters.

In the energy evolution process of concrete, the more strain energy is absorbed before the peak,
the faster the stress–strain curve will drop after the peak, and the less additional energy will be
provided by the external work required for concrete fracture after the peak; the energy required to
cause concrete fracture mainly comes from the elastic strain energy absorbed before the peak, while the
dissipative energy before the peak and the magnitude of the external work after the peak directly affect
the fracture degree of the concrete after the peak. Based on this, it is proposed that the pre-peak elastic
strain energy accumulation rate and the pre-peak dissipative energy dissipation rate should be used to
define the pre-peak brittleness of concrete based on the whole process of concrete failure. The pre-peak
brittleness index can be expressed as:

Bpre = 1−
WD

WE(B) + WD
=

WE(B)

WE(B) + WD
=
σ2

1p + 2(1− µ)σ2
3 − 4µσ1pσ3

2E
(∫ ε1p

0 σ1dε1+2σ3ε3p
) (17)

where WE(B) is the elastic strain energy at the peak point and WD is the dissipative energy before
the peak.

Bpre represents the ability to store elastic strain energy before the peak, and the value range is (0,1).
When the concrete is in the ideal elastic state, Bpre = 1, whereas when the concrete is in the fully plastic
state, Bpre = 0. Therefore, the larger the value of Bpre, the higher the brittleness level of concrete.

Regarding the energy required for concrete failure, the less additional energy is provided from
the outside after the peak, the higher the proportion of elastic strain energy that is stored before the
peak and the more energy is provided for the self-fracture of concrete after the peak, which indicates
that the brittleness of concrete is increased. Therefore, the release rate of post-peak elastic energy is
used to define the post-peak brittleness of concrete, and the post-peak brittleness evaluation index can
be expressed as

Bpost = 1−
WF(post)

WE(B)+WF(post)−Wr
=

WE(B)−Wr

WE(B)+WF(post)−Wr
=

WE(B)−Wr

Wf

=
σ2

1p−σ
2
1r−4µ(σ1p−σ1r)σ3

2E
[∫ ε1r
ε1p

σ1dε1+2σ3(ε3r−ε3p)
]
+

[
σ2

1p−σ
2
1r−4µ(σ1p−σ1r)σ3

] (18)

where WF(post) is the additional energy provided by the external testing machine, Wr is the residual
elastic strain energy, and Wf is the fracture energy.

Bpost characterizes the ability of concrete to maintain self-fracture and crack propagation at the
post-peak stage, and the value range is (0, 1). When concrete is in an ideal plastic state, Bpost = 0;
when concrete is in an ideal brittle state, Bpost = 1. Therefore, the larger the value of Bpost, the more
obvious the brittleness of concrete.
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4.2. Brittleness Evaluation Method

Since both Bpre and Bpost are positively correlated with the brittleness of concrete, a multi-index
multiplicative synthesis method is used to establish parameters that can comprehensively characterize
the pre-peak and post-peak brittleness index. The evaluation results of this method are continuous
and monotonous, i.e., the product of Bpre and Bpost is used to characterize the brittleness index of the
whole stress–strain process as follows:

B = BpreBpost (19)

The value range of the brittleness index B is (0, 1). For the ideal brittle state of concrete,
B = Bpre = Bpost = 1; for the ideal plastic state of concrete, B = Bpre = Bpost = 0, so when the
brittleness index increases from 0 to 1, the failure behavior of concrete changes from plastic to brittle.
The method of comprehensively characterizing the brittleness evaluation index combines the pre-peak
and post-peak brittleness evaluation indexes to establish a brittleness evaluation method that reflects
the whole process of concrete failure.

4.3. Verification and Analysis

4.3.1. Experimental Verification

According to the calculation method of the brittleness evaluation index B, the triaxial compression
test data of C60 and C70 concrete under different confining pressures are analyzed. The calculation
results are shown in Table 4. When the confining pressure is 0 MPa, the brittleness evaluation indexes
(B) of C60 and C70 concrete are 0.329 and 0.402, respectively; since the brittleness evaluation index is
positively correlated with the brittleness level, the brittleness of the concrete is also increased at this
time. When the confining pressure is 20 MPa, the brittleness evaluation indexes (B) of C60 and C70
concrete are 0.005 and 0.006, respectively, indicating that the brittleness of concrete is low at this time.
Under the same confining pressure, the brittleness evaluation index B of C70 concrete is greater than
that of C60, indicating that the strength of concrete is positively correlated with its brittleness index.
The higher the concrete strength, the higher the brittleness level. Figure 9 shows the variation of
brittleness index with confining pressure; the brittleness indexes Bpre, Bpost and B of C60 and C70
concrete decrease with the increase of confining pressure. When the confining pressure increases
from 0 MPa to 20 MPa, the brittleness index of C60 and C70 concrete decreases by 98% and 99%,
respectively, indicating that the confining pressure inhibits the development of the brittleness level of
concrete, and the brittleness evaluation index of C70 concrete is more sensitive to the inhibition of the
confining pressure. By fitting the calculated value of the brittleness evaluation index B, the relationship
between the brittleness index and the confining pressure of C60 and C70 high-strength concrete is
obtained, respectively, as shown below. Equations (20) and (21) reflect the brittleness characteristics of
high-strength concrete under different confining pressures to a certain extent.

C60 : B = 0.008 + 0.32 · e−
σ3

2.36 , R2 = 0.999 (20)

C70 : B = 0.008 + 0.39 · e−
σ3

2.81 (21)

Table 4. Calculation results of different brittleness evaluation indexes.

σ3/MPa Bpre Bpost B B1 B2 B3

C60 C70 C60 C70 C60 C70 C60 C70 C60 C70 C60 C70

0 0.679 0.796 0.484 0.505 0.329 0.402 2.116 3.911 0.403 0.453 0.442 0.518
5 0.394 0.556 0.116 0.130 0.046 0.072 0.649 1.254 0.117 0.140 1.777 1.795

10 0.280 0.305 0.061 0.083 0.017 0.025 0.388 0.439 0.090 0.105 2.238 2.154
15 0.234 0.190 0.039 0.038 0.009 0.007 0.306 0.235 0.072 0.068 2.941 3.115
20 0.167 0.190 0.028 0.029 0.005 0.006 0.201 0.235 0.065 0.057 3.187 4.305

Notes: the standard deviation of brittleness evaluation indexes for C60 and C70 is 0.0029 and 0.0044, respectively.
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Comparing the brittleness evaluation indexes calculated by different evaluation methods in
Figure 9, we can see that the brittleness index B in this paper has a high consistency with the trend
of B1 and B2, and the values of B, B1, and B2 gradually decrease as the confining pressure increases,
indicating that the brittleness of the concrete specimen gradually decreases, which is basically consistent
with the experimental trend, indicating that the three brittleness indicators are negatively correlated
with the confining pressure. However, B1 and B2 only consider the impact of recoverable elastic energy
on the brittleness of concrete at the pre-peak stage, ignoring the effect of the additional energy provided
by external work at the post-peak stage on the brittleness level of concrete; thus, they cannot well
reflect the brittle behavior of the whole process of concrete failure, which indicates that these two
brittleness characterization methods B1 and B2 have certain limitations. The brittleness level reflected
by B3 is contrary to reality; the value of B3 gradually increases with the increase of confining pressure,
indicating that B3 is positively correlated with the confining pressure, and the value range of B3 is
larger, which is not conducive to measuring the brittleness level of the material, as the numerator
(fracture energy) and denominator (nominal stress) in the expression do not belong to the same order
of magnitude, so the physical meaning of B3 is not sufficiently clear. The brittleness evaluation index B
proposed in this paper is established based on the whole process of concrete energy evolution with
a clear physical meaning: the value range is (0, 1), and the value of B is continuous and monotonous,
so it has good adaptability. In summary, the brittleness level represented by the brittleness index B is
more consistent with the physical test results, and it has a better evaluation effect on the brittleness of
high-strength concrete materials under different confining pressures.
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Figure 9. Relationship between brittleness evaluation index and confining pressure of high-strength concrete.
(a) C60; (b) C70.

4.3.2. Analysis of Influencing Factors

The relationship between the characteristic strength of concrete under triaxial compression and the
brittleness evaluation index B is shown in Figure 10. The figure shows that the brittleness evaluation
index B is negatively correlated with the peak strength and residual strength, showing an exponential
function relationship. With the increase of the peak strength and residual strength, the brittleness
evaluation index B gradually decreased, and the brittleness level of concrete gradually decreased,
indicating that the confining pressure can inhibit the initiation and propagation of micro-cracks in
concrete and increase the threshold stress for micro-crack initiation and propagation in concrete,
thereby improving the load-bearing capacity of concrete and reducing its brittleness level.
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The relationship between the brittleness index B and the elastic energy stored before the peak,
the total energy before the peak, the additional energy and the fracture energy is shown in Figure 11.
It can be seen from Figure 11 that the brittleness evaluation B has an exponential function and
negative correlation with the elastic energy stored before the peak, the total energy before the peak,
the additional energy, and the fracture energy. In the pre-peak stage, with the increase of confining
pressure, the load-bearing capacity of the concrete increases. At this time, the propagation and
penetration of the micro-cracks inside the specimen needs to dissipate more energy, so WD gradually
increases with the increase of confining pressure. The ratio of WD to WF(pre) increases gradually,
while that of WE(B) to WF(pre) decreases gradually and the storage capacity of elastic energy decreases
gradually, resulting in the gradual weakening of the brittleness level of concrete. In the post-peak
stage, as the confining pressure increases, Wr and WF(post) gradually increases and the ratio of WF(post)
to Wf gradually increases. This is because the confining pressure increases the threshold stress for
crack initiation and improves the residual strength of the concrete specimen at the post-peak stage;
furthermore, the self-sustaining fracture ability of the specimen weakens at the post-peak stage,
thus weakening its brittleness.
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5. Conclusions

1. Under different confining pressures, the input energy and dissipative energy of C60 and C70
high-strength concrete specimens increase with the increase of axial strain, and the elastic strain
energy shows a trend of first increasing and then decreasing. After the specimen reaches the
peak strength, the elastic strain energy decreases gradually, and the dissipative energy increases
gradually, reaching maximum and minimum values until the failure of the specimen. When the
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high-strength concrete specimen is damaged, the ratio of the additional energy WF(post) provided
by the outside world to the fracture energy is proportional to the confining pressure.

2. Based on the energy evolution law in the full stress–strain process of high-strength concrete,
the pre-peak and post-peak brittleness indexes Bpre and Bpost are defined; then, according to the
positive correlation between Bpre, Bpost and the brittleness of the concrete, a method to characterize
the brittleness index B of the whole stress–strain process by the product of Bpre, Bpost is proposed.

3. The brittleness evaluation index B is negatively correlated with the peak strength and residual
strength, showing an exponential function relationship, and it has an exponential function and
negative correlation with the elastic energy stored before the peak, the total energy before the
peak, additional energy, and fracture energy. The comparative analysis of different brittleness
evaluation methods shows that the brittleness evaluation index method proposed in this paper
presents a continuous and monotonous brittleness index and can better characterize the brittleness
level of high-strength concrete under different stress conditions.
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Abstract: The cracks in concrete are a fast transport path for chlorides and influence the service life of
concrete structures in chloride environments. This study aimed to reveal the effect of crack geometry
on chloride diffusion in cracked concrete. The chloride diffusion process in cracked concrete was
simulated with the finite difference method by solving Fick’s law. The results showed that the
apparent chloride diffusivity was lower in more tortuous cracks, and the cracks with more narrow
points also showed lower apparent chloride diffusivity. For tortuous cracks, a higher crack width
meant relatively more straight cracks, and consequently, higher apparent chloride diffusivity, while a
lower crack width resulted in more tortuous cracks and lower apparent chloride diffusivity. The crack
depth showed a more significant influence on the chloride penetration depth in cracked concrete
than crack geometry did. Compared with rectangular and V-shaped cracks, the chloride diffusion
process in cracked concrete with a tortuous crack was slower at the early immersion age. At the same
crack depth, the crack geometry showed a marginal influence on the chloride penetration depth in
cracked concrete during long-term immersion.

Keywords: cracked concrete; crack width; crack depth; tortuosity; numerical simulation

1. Introduction

In chloride environments such as marine areas, the chloride diffusivity of concrete
is considered to be the key point that determines the service life of reinforced concrete
structures [1–3]. The chloride concentration threshold value that initiates the corrosion
process is designated as the critical chloride concentration with respect to the binder
content [4]. This value is usually taken in the range of 0.5–0.9% for tidal and splash zones,
and 1.6–2.3% for submerged structures [5]. Normally, cracks always exist in concrete due
to shrinkage, external load or other reasons [6,7]. The crack in concrete could act as a path
for the fast transport of chlorides, thus accelerating the chloride transport in concrete [8].

Numerous experimental studies have shown that the chloride diffusivity in cracked
concrete is significantly influenced by the crack geometry [9,10]. Crack width is regarded
as the most important factor that influences the chloride diffusivity in cracked concrete [8].
General findings on this topic have been obtained [11–13]. The chloride diffusivity in a
concrete crack is not influenced by the crack width when the crack width is very small
(smaller than a low threshold). Under this circumstance, the cracks do not act as a fast
transport path for chlorides, and the chloride diffusivity in concrete cracks is close to that
in sound concrete. When the crack width is very large (bigger than a high threshold),
the chloride diffusivity in a concrete crack is also independent of the crack width. The
chlorides could be transported very quickly in the cracks, and the chloride diffusivity in
concrete cracks is considered to be equal to the chloride diffusivity in bulk crack solution.
When the crack width is between the low and high thresholds, the chloride diffusivity
is obviously influenced by the crack width. However, the values for the low and high
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thresholds, and the relationships between the chloride diffusivity in a concrete crack and
crack width, varied in previous studies [8].

Djerbi et al. [14] adopted a steady-state migration test to study the influence of crack
width on chloride diffusivity in cracked concrete. The chloride diffusivity in concrete cracks
was also calculated in their study, and the relationship between the chloride diffusivity
in concrete cracks and crack width was established. The low and high thresholds in
their study were 30 µm and 80 µm, respectively, and the calculated chloride diffusivity in
concrete cracks increased linearly with the crack width when the crack width was between
30 µm and 80 µm. Non-steady-state migration and diffusion methods were adopted by
several researchers to study the effect of crack width on the chloride diffusivity in concrete
crack [15,16]. The low threshold ranged from 30 µm to 120 µm, and the high threshold
was between 80 µm and 680 µm. There is still no consensus on the exact values of the low
and high thresholds. The different concrete compositions, crack generation methods and
chloride diffusion test methods may be the reasons for the different results.

In addition to the crack width, the crack depth, tortuosity, connectivity and surface
roughness could also influence the chloride transport process [17–21]. Marsavina et al. [22]
found that the chloride penetration depth increased with an increasing (artificial) crack
depth. This effect was more pronounced for longer test durations. Similar results were
also found by Audenaert [13]. The chloride diffusivity in real concrete cracks was lower
than that in artificial rectangular cracks and V-shaped cracks, and the chloride diffusivity
in C30 cracks was higher than that in C80 cracks [11]. This was mainly because the
cracks in concrete with a low water-to-binder ratio may be blocked due to the self-healing
phenomenon, thus hampering the chloride transport process [23].

Due to the uncertainties during experimental studies, especially the geometry of
the induced cracks in concrete, the influence of crack geometry on chloride diffusivity
in concrete cracks has not been clearly revealed yet. In experimental studies, the crack
geometry cannot be controlled when introducing real cracks in concrete, and human
influences always exist when experiments are performed. For example, when studying the
effect of crack width, cracks with the same width at the concrete surface could be created,
but the crack geometry will vary in different concrete specimens. Hence, it is difficult to
systemically study the effect of geometry on chloride diffusion in cracked concrete with
experiments. Under this circumstance, numerical methods could provide a more promising
solution to this question [8]. With simulation studies, experimental errors can be eliminated,
and cracks with desired geometries can be implemented in the simulations. In this study,
the chloride diffusion process in cracked concrete was simulated. The apparent chloride
diffusivity in concrete cracks with different geometries was calculated, and the effect of
crack geometry on the chloride diffusion in cracked concrete was discussed.

2. Simulation Methods
2.1. Numerical Method

The chloride diffusion process in cracked concrete follows the mass conservation
equation and Fick’s diffusion law [1]. In general, the chloride diffusion process in cracked
concrete can be described as follows:

∂C
∂t

= div(D · gradC) (1)

where C is the chloride concentration, t is time and D is the chloride diffusivity in sound
concrete or crack solution.

To overcome the computational limitations, the chloride transport process in concrete
can be simulated with simplified 2D elements [24]. For the case of 2D, Equation (1) becomes:

∂C
∂t

=
∂C
∂x

(D
∂C
∂x

) +
∂C
∂y

(D
∂C
∂y

) (2)
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The Crank–Nicholson finite difference method was used to solve Equation (2). The
finite difference approximation of Equation (2) can be written as follows:

Cn+1
i,j − Cn

i,j

∆t
=

D(i+1)/2,jCn
i+1,j −

(
D(i+1)/2,j + D(i−1)/2,j

)
Cn

i,j − D(i−1)/2,jCn
i−1,j

2× (∆x)2

+
D(i+1)/2,jC

n+1
i+1,j −

(
D(i+1)/2,j + D(i−1)/2,j

)
Cn+1

i,j − D(i−1)/2,jC
n+1
i−1,j

2× (∆x)2

+
Di,(j+1)/2Cn

i,j+1 −
(

Di,(j+1)/2 + Di,(j−1)/2

)
Cn

i,j − Di,(j−1)/2Cn
i,j−1

2× (∆y)2

+
Di,(j+1)/2Cn+1

i,j+1 −
(

Di,(j+1)/2 + Di,(j−1)/2

)
Cn+1

i,j − Di,(j−1)/2Cn+1
i,j−1

2× (∆y)2

(3)

where Cn
i,j is the chloride concentration at nod (i,j) at time step n; Di,j is the chloride

diffusivity at nod (i, j); D(i+1)/2,j, D(i−1)/2,j, Di,(j+1)/2 and Di,(j−1)/2 are the harmonic means of
Di+1,j and Di,j, Di−1,j and Di,j, Di,j+1 and Di,j, Di,j−1 and Di,j, respectively [25]. By solving the
implicit difference equations, the chloride concentration distribution in cracked concrete at
different times, i.e., the chloride diffusion process, can be obtained. A self-written MATLAB
(MathWorks, Natick, MA, United States) program was used to solve the diffusion equation.
The Crank-Nicholson difference scheme is stable unconditionally, therefore, the numerical
solutions are always convergent [26].

2.2. Simulation of the Steady-State Chloride Diffusion Process

In order to reveal the influence of crack geometry on the chloride transport in cracked
concrete, steady-state diffusion in cracked concrete with different crack geometries was
simulated. The flux through the outlet surface at a steady state can be determined and can
then be used to calculate the chloride diffusivity in the specimen.

For a cracked concrete specimen, this method can be used to determine the chloride
diffusivity in the cracks. This calculated chloride diffusivity is regarded as the apparent
chloride diffusivity in crack Dcr’, which is influenced by the crack geometry [11]. On the
other hand, the chloride diffusivity in crack solution Dcr is independent of crack geometry
but is determined, instead, by the characteristic of the crack solution [27].

Figure 1 shows a schematic illustration of the simulated steady-state diffusion in
concrete with a crack in 2D. A 1 cm × 1 cm square is used to represent the cracked
concrete specimen. The whole domain was digitized into a 1000 × 1000 mesh when
performing the finite difference analysis. The initial chloride concentration at every nod
was 0 mol/L. Dirichlet boundary conditions [25] were applied in the simulations. The
chloride concentrations at the inlet surface (x = 0 mm) and outlet surface (x = 10 mm)
were set to be 1 mol/L and 0 mol/L, respectively. The upper and lower surfaces were
considered to be impermeable, which meant that chloride flux through these two surfaces
was zero. A crack existed at the center of the specimen, and the chloride diffusivity in the
crack solution Dcr was assumed to be 1.61 × 10−9 m2/s, which is the chloride diffusivity
in dilute NaCl solution at 25 °C [28]. In order to study the effect of crack geometry on the
chloride diffusion in the crack, the chloride diffusivity in the sound concrete (D0) was set
to be zero for simplicity. The time-step was set to be 10−4 years.

The simulation in MATLAB program stopped when the chloride concentration in
concrete stopped changing, which meant that steady-state diffusion had been achieved.
Consequently, the chloride concentration distribution in this cracked concrete and the flux
J through the outlet surface at a steady state could be determined through simulation.

The chloride diffusivity of the whole specimen D can be calculated according to
Fick’s law:

D =
J
A

L
∆C

(4)
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where A is the area of the outlet surface, L is the length of the specimen and ∆C is the
chloride concentration difference between the inlet and outlet surfaces. Assuming that the
sound concrete is impermeable, the chloride only diffuses through the crack. Therefore,

Jcr = J (5)

where Jcr is the flux through the crack at a steady state and it can be calculated as follows:

Jcr = −Dcr
∂Ccr

∂x
|x=outlet Acr (6)

where Acr is the area of the crack at the outlet surface. The flux Jcr and chloride concentration
distribution can be obtained with the simulation. Based on Fick’s law, the apparent chloride
diffusivity in the crack Dcr’ can be determined as follows:

D′cr =
Jcr

Acr

L
∆C

(7)

By substituting Equation (4) into Equation (5), the relationship between Dcr’ and Dcr
can be described as follows:

D′cr = −Dcr
∂Ccr

∂x
|x=outlet

L
∆C

(8)

It should be pointed out that, Dcr’ may be equal to Dcr when the crack is a straight
rectangle with parallel crack surfaces, which is almost impossible for cracks in real concrete
structures. In other cases, Dcr’ is lower than Dcr, and the difference between them is
dependent on the crack geometry.

Figure 1. Illustration of the simulated steady-state diffusion in cracked concrete.

2.3. Simulation of Non-Steady-State Chloride Diffusion in Cracked Concrete

The chloride diffusion process in cracked concrete actually determines the service
life of concrete structures in chloride environments. Assuming that a cracked concrete
specimen is immersed in NaCl solution, an illustration of the simulation settings is shown
in Figure 2. The whole domain was digitized into a 1000 × 500 mesh when performing
the finite difference analysis. The initial and boundary conditions included the following:
the chloride concentrations at the left surface and right surface were 0.555 mol/L and
0 mol/L, respectively, while other surfaces were sealed; the initial chloride concentration
in the crack was considered to be 0.555 mol/L since the solution would enter into the
crack due to capillary suction, and the initial chloride concentration in the concrete was
set as 0 mol/L. The chloride diffusion process was also simulated by solving Equation
(1) with the finite difference method. The chloride diffusivity in the sound concrete
was set as 1.0 × 10−11 m2/s, which is a typical value for widely used concrete with a
water-to-binder ratio of over 0.45 [29]. The chloride diffusivity in crack solution Dcr was
set to be 1.61 × 10−9 m2/s [28]. The time-step was 10−4 years. The crack width at the
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concrete surface was 0.6 mm. Rectangular, V-shaped and real cracks were investigated in
the simulation.

Figure 2. Illustration of the simulation settings for the non-steady-state chloride diffusion simulation
in cracked concrete.

3. Results and Discussion
3.1. Effect of Crack Geometry on the Apparent Chloride Diffusivity in the Crack

In order to reveal the effect of crack geometry on the chloride diffusivity in concrete cracks,
the chloride diffusion process in cracks with different widths and geometries was simulated.
The input crack geometries are shown in Figure 3. Crack 1 was a straight crack with parallel
crack surfaces. Crack 2 was a V-shaped crack with different widths at the chloride inlet and
outlet surfaces. Cracks 3, 4 and 5 were tortuous cracks with folding lines as the crack surfaces.
The tortuosity of these cracks followed the order of crack 5 > crack 4 > crack 3 > crack 1. Crack
6 was a real crack in C30 concrete from [30]. The crack width d ranged from 30 µm to 5 mm,
and the width of crack 2 at the outlet end (d1) was set to be 100 µm.

Figure 3. Crack geometries adopted in the simulation.

The apparent chloride diffusivity of the different cracks is shown in Figure 4. For
the straight crack, the apparent chloride diffusivity in the crack was constant and equal
to the chloride diffusivity in the crack solution. This means that the crack width did not
influence the apparent chloride diffusivity in the straight crack. For the V-shaped crack,
the apparent chloride diffusivity in the crack increased with the crack width at the inlet
surface. It became a straight crack when the crack width at the inlet surface became 100 µm,
which was equal to the width at the outlet surface. The apparent chloride diffusivity in
the V-shaped crack kept increasing and exceeded the chloride diffusivity in crack solution
when the crack width at the inlet surface was higher than 100 µm. This was because the
higher crack width at the inlet surface led to higher chloride flux through the inlet and
outlet surfaces, resulting in higher apparent chloride diffusivity in the crack.
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Figure 4. The effect of crack width on the apparent chloride diffusivity of concrete crack.

For tortuous cracks, the apparent chloride diffusivity in the cracks also increased with
crack width, but it did not exceed the chloride diffusivity in crack solution. When the width
of a tortuous crack was large enough (i.e., 5 mm), the apparent chloride diffusivity of the
crack became close to the chloride diffusivity in crack solution. The large crack width made
the tortuous crack similar to the straight crack with parallel crack surfaces. The apparent
chloride diffusivity in the crack decreased with the increase in crack tortuosity. No matter
how large the crack width was, the apparent chloride diffusivity in the cracks followed
the order of crack 1 > crack 3 > crack 4 > crack 5. The results are in good agreement with
findings obtained from experimental studies [11]. When the crack width was very small, the
crack became more tortuous, and the apparent chloride diffusivity in the crack decreased.
When the crack width was 30 µm, the apparent chloride diffusivities in cracks 3, 4 and 5
were 78%, 39% and 14% of the chloride diffusivity in crack solution, respectively. Hence,
when the crack width is very small (e.g., <30 µm) and the crack geometry is complex, the
chloride cannot diffuse quickly in the crack. The apparent chloride diffusivity in the crack
would be close to that in sound concrete.

The real crack was also tortuous, and the apparent chloride diffusivity in the real
crack was close to that of crack 4, which implies that real cracks could be simplified as
fold-line cracks when simulating the chloride diffusion process. The detailed geometry of
this fold-line necessitates further study to assure better agreement with reality. Moreover,
the apparent chloride diffusivity in rectangular cracks was obviously higher than that
in real cracks, especially when the crack width was under 1 mm. The apparent chloride
diffusivity Dcr’ in rectangular cracks is width-independent, while Dcr’ in real cracks is
governed by crack width.

When simulating the chloride diffusion process in cracked concrete, determination of
the crack geometry and the chloride diffusivity in the crack is the most important aspect.
Normally, in simulations, the crack geometry could be set as rectangular, V-shaped or
real-shaped. If a real tortuous crack is simplified to be a rectangular crack, the chloride
diffusivity in the crack should be width-dependent to reflect the effect of crack geometry
on the chloride diffusivity [31].

In addition to the cracks shown in Figure 3, the chloride diffusion process in cracks
with other geometries (as shown in Figure 5) was simulated. Cracks 7, 8 and 9 were
tortuous cracks with narrow points. The width at the narrow points (d2) was smaller than
the crack width at the surface (d). In the simulation of chloride diffusion, d was set to
be 100 µm, while the d2 values were set as 20 µm, 40 µm, 60 µm and 80 µm, respectively,
to investigate the effect of narrow points’ width on the chloride diffusion in the cracks.
The calculated apparent chloride diffusivities in the cracks with narrow points are shown
in Figure 6.
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Figure 5. Geometries of tortuous cracks with narrow points adopted in the simulation.

Figure 6. The apparent chloride diffusivity in cracks with narrow points.

For cracks with narrow points, the apparent chloride diffusivity decreased with the
reduced width at the narrow points. For example, in crack 7, when the narrow point was
80 µm wide, the apparent chloride diffusivity in the crack was slightly lower than the
chloride diffusivity in crack solution, whereas when the width of the narrow point was
20 µm, the apparent chloride diffusivity in the crack reduced to about 85% of the chloride
diffusivity in crack solution. In addition, with more narrow points existing in the crack,
the reduction in apparent chloride diffusivity with the reduced width at the narrow points
was more significant. As for crack 8, the apparent chloride diffusivity in the crack was
lower than that in crack 7; it decreased to 74% of chloride diffusivity in crack solution when
the narrow points were 20 µm wide. The apparent chloride diffusivity in crack 9 was 59%
of chloride diffusivity in crack solution when the width of the narrow points was 20 µm.
It was, therefore, obvious that the narrow points in the cracks also showed a significant
influence on the apparent chloride diffusivity in cracks.

Based on the simulations of the steady-state diffusion process, it can be concluded
that the crack geometry, including the crack width, tortuosity and narrow points, showed
a great impact on the apparent chloride diffusivity in cracks. When the chlorides enter
the narrow points, the interaction between the crack surface and the chloride will be more
pronounced and will hinder the fast diffusion of chlorides [32].

When the width of a real crack is small, the crack is generally more tortuous and has
more narrow points. Therefore, the apparent chloride diffusivity in the crack will be very
small, and may be close to the chloride diffusivity in sound concrete. When the crack width
is large enough, the crack is more like a straight crack, whose apparent chloride diffusivity
is close to the chloride diffusivity in crack solution.
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3.2. Effect of Crack Geometry on the Chloride Diffusion Process in Cracked Concrete

The non-steady-state chloride diffusion process in cracked concrete was simulated
using the finite difference method. Rectangular, V-shaped and real cracks were adopted
in the simulations. The detailed geometries of these cracks are shown in Figure 7. The
rectangular cracks had different crack depths (i.e., 25 mm, 35 mm and 45 mm). The depth of
the V-shaped and real cracks was set to be 45 mm. The geometry of real crack was adopted
from [33]. All of the cracks had a crack width of 0.6 mm at the left surface of the specimen.

Figure 7. The crack geometries used in non-steady-state diffusion simulation (crack width at the left
surface: 0.6 mm).

The simulated chloride concentration distributions in concrete with rectangular cracks
after one year of immersion in NaCl solution are shown in Figure 8. The chloride penetrated
the concrete specimen quickly through the crack, and the chloride penetration depth was
largely dependent on the crack depth. A higher crack depth led to a deeper chloride
penetration depth. Hence, the crack depth is the key factor that influences the service life
of concrete structures in chloride environments. The chlorides also penetrated concrete
through the crack surfaces; hence, the chloride concentration in concrete near the crack
surfaces was also increased due to the presence of cracks.

Figure 8. The simulated chloride concentration in cracked concrete with rectangular cracks after one
year of immersion in NaCl solution.

The chloride concentration distributions in cracked concrete with different crack ge-
ometries are shown in Figure 9. At the immersion age of 0.01 years, it was quite obvious
that the chloride concentration in the real tortuous crack was lower than that in the rect-
angular and V-shaped cracks. The tortuous crack inhibited the fast chlorides’ diffusion in
concrete cracks. When the immersion age increased, the chloride concentration distribu-
tions in different cracked concretes were close to each other. The chloride concentrations
at the height of 25 mm in cracked concrete (i.e., at the center of the cracked concrete in
the vertical direction) are shown in Figure 10. At the immersion age of 0.01 years, the
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chloride concentration at the real crack tip was much lower than that in the rectangular
and V-shaped cracks, and for the real crack, the chloride concentration beyond the crack tip
was also lower than that in the other two. At the immersion age of one year, the chloride
concentration distributions in cracked concrete with rectangular and V-shaped cracks were
almost the same. The chloride concentration in the real crack was only slightly lower
than that in the rectangular and V-shaped cracks. This suggested that the crack geome-
try influenced the chloride diffusion process in cracked concrete soon after the chloride
penetrated the crack. However, for a long-term immersion with a given crack depth, the
crack geometry did not show much influence on the chloride penetration depth in cracked
concrete. In comparison, the influence of crack depth was more significant than that of
crack geometry on the chloride penetration depth in cracked concrete in the long term.

Figure 9. The chloride concentration distribution in concrete with different crack geometries.

Figure 10. The chloride concentrations at the height of 25 mm in cracked concrete: (a) at the immersion age of 0.01 years;
(b) at the immersion age of one year.

Generally, in cracked concrete, the crack width influences the short-term chloride
diffusion process, but for long-term chloride diffusion, the influence of crack depth is more
significant. That is, the crack depth is the main factor that influences the residual service
life of a cracked concrete structure in chloride environments. Moreover, when predicting
the residual service life of cracked concrete structures with numerical methods, the real
crack could be simplified as rectangular (or other shaped) crack in the simulations.
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4. Conclusions

Based on the simulations of steady and non-steady states of chloride diffusion in
cracked concrete, the effects of crack geometry on the chloride diffusion behavior in
cracked concrete were discussed. The following conclusions can be drawn.

(1) The apparent chloride diffusivity was lower in more tortuous concrete cracks. In ad-
dition, the narrow points in the cracks also showed a significant influence on the
apparent chloride diffusivity in the cracks.

(2) When the crack width was very large, the apparent chloride diffusivity in tortuous
cracks became almost equal to that in crack solution. When the crack width was
small and the crack was more tortuous, the apparent chloride diffusivity in the crack
reduced remarkably.

(3) The crack depth showed a more significant influence on the chloride penetration
depth in cracked concrete than crack geometry did.

(4) Compared with rectangular and V-shaped cracks, the chloride diffusion process
in cracked concrete with a tortuous crack was slower at the early immersion age,
whereas with the same crack depth for a long term, the crack geometry showed a
marginal influence on the chloride penetration depth in cracked concrete.
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Abstract: Moisture with harmful ions penetrates into the interior of concrete, which causes dete-
rioration of the concrete structure. In this study, a moisture saturation equilibrium relationship
of concrete was tested under different temperatures and relative humidity conditions to develop
moisture absorption and desorption curves. Based on experimental data and numerical simulation,
a model of moisture transport in concrete was established. The results from the model indicate
that the moisture absorption rate was lower at higher temperatures and largely dependent on the
saturation gradient, while the desorption was increased at higher temperatures and mostly affected
by the saturation gradient. The proposed model was highly in agreement with the experimental data.

Keywords: concrete; humidity; moisture absorption; moisture desorption; numerical simulation

1. Introduction

The inevitable ingress of moisture with harmful ions into concrete could reduce the
pH value of pore solution. Temperature is a key factor in the rate of moisture transport
in concrete because it can change pore pressures to cause concrete spalling at a critical
degree [1–3]. The rate of moisture transport in concrete directly affects the time and degree
of concrete deterioration. Therefore, understanding the moisture transport process in con-
crete is essential to design durable concrete structures [4–6]. The main factors determining
the rate of moisture transport in concrete include temperature, relative humidity (RH),
microstructure and porosity of concrete.

The isothermal absorption and desorption of moisture vapor in a cement-based mate-
rial reflect the ability of its pore structure to absorb and desorb moisture [7]. Therefore, the
moisture absorption and desorption processes are typically characterized using isothermal
absorption–desorption curves [8]. Concrete under an environment with different RH levels
will finally attain an equilibrium state at a constant temperature when the pore structure
reaches a particular moisture saturation level [9]. The Young-Laplace equation describes
the relationship between the capillary pressure and aperture, while the Kelvin equation
expresses gas–liquid equilibrium relationship between the curvature of liquid surface and
vapor pressure. These two equations can be used to transform the isothermal absorption–
desorption curve so as to represent the relationship between the capillary pressure and
saturation [10,11]. Trabelsi et al. developed an isothermal absorption–desorption curve to
describe the moisture desorption using statistical and finite element methods [12]. Neitha-
lath et al. [13] calculated the intrinsic permeability of concrete based on the porosity, specific
surface area and tortuosity. Baroghel-Bouny et al. [14] obtained isothermal desorption
curves for concrete and determined a theoretical relationship between the relative perme-
ability coefficient and saturation based on findings in the literature [15]. The diffusion
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coefficient of moisture in concrete was determined, and then the moisture transfer curves
under the drying process were obtained.

Zhou and Li [16] studied the concrete permeability using a three-phase composite ran-
dom aggregate concrete simulation model based on the finite element method. Wang and
Ueda [17] discretely divided concrete at the mesoscale to characterize moisture transport
and investigated the influence of the interfacial transition zone on the capillary absorption
of the concrete. Li et al. [18] established a three-dimensional mesoscale model to evaluate
concrete permeability.

In previous numerical studies on moisture transport, the parameters that determine
the influences of temperature and RH in the driving force of capillary pressure, have
not been derived. In this paper, isothermal adsorption and desorption experiments were
carried out at three temperatures (20 ◦C, 35 ◦C, 50 ◦C) to obtain the adsorption–desorption
curves. The influences of different temperatures and RHs on the moisture transport
process of concrete were analyzed. Further, a model in function of RH and saturations of
adsorption and desorption process was regressed based on experimental data. Using the
Kelvin equation, the relationship between capillary pressure and saturation was evaluated.
A moisture transport model in respect of capillary pressure and saturation of concrete was
established and verified with the experiment results. In addition, the moisture transport
behavior of concrete at different temperatures and RHs was simulated.

2. Materials and Methods
2.1. Test Materials

Concrete was made of cement, mineral powder, fine aggregate, and coarse aggregate.
The binder material comprised P.O42.5 ordinary Portland cement and mineral powder
with densities of 3060 and 2890 kg/m3 respectively, in equal mass fraction. The chemical
composition of cement is shown in Table 1. The fine aggregate was well-graded medium
sand with a measured apparent density of 2623 kg/m3 (Table 2). The coarse aggregate had
a 5–20 mm continuous particle gradation, a maximum particle size of 20 mm (Table 3),
and a measured apparent density of 2710 kg/m3. The fresh concrete was cast into 120
molds in dimensions of 100 mm × 100 mm × 100 mm. After curing at 20 ± 2 ◦C and
95% RH for 28 days, each specimen was cut horizontally into three pieces in a dimension
of 100 mm × 100 mm × 30 mm. To avoid separation from vibration, only the middle
piece was selected for testing. In total, 60 absorption and 60 desorption specimens were
prepared. Table 4 provides the mix proportion of concrete in accordance with previous
studies [19–21].

Table 1. Chemical compositions of cement in mass.

Composition SiO2 Fe2O3 Al2O3 CaO MgO Na2O SO3

% 22.4 3.7 4.7 60.3 2.7 0.13 2.1

Table 2. Particle size distribution of fine aggregate.

Size of Screen Mesh (mm) 4.75 2.36 1.18 0.60 0.30 0.15

Passing percent (%) 99.5 87.7 72.0 45.9 19.6 2.1

Table 3. Particle size distribution of coarse aggregate.

Size of Screen Mesh (mm) 26.5 16 9.5 4.75 2.36

Passing percent (%) 100.0 76.0 14.4 0.3 0.0
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Table 4. Concrete mix ratio for the absorption and desorption specimens.

Water
kg/m3

Binder Material
kg/m3

Fine Aggregate (Sand)
kg/m3

Coarse Aggregate
kg/m3

261.0 562.0 514.0 960.0

2.2. Test Method

The tests were performed as per ISO12571-2013 [22]. The specimens for the absorption
test were first oven-dried at 100 ◦C for 24 h and then placed in a dryer to cool down to
20 ◦C (room temperature) and weighed. Subsequently, all specimens were oven-dried for
another 12 h, cooled down to 20 ◦C in the dryer and weighed. These steps were repeated
until the change in mass was less than 0.5% to obtain a dry state. For the desorption test,
all dry specimens were placed in water for seven days to be saturated, surface-dried with a
towel and weighed. Then, the specimens were returned to the water for 24 h and weighed.
This was repeated until the change in the specimen mass was less than 0.5% to obtain a
saturated state.

Afterward, the specimens were moved to glass containers in a constant-temperature/
humidity chamber with a temperature accuracy of ±1 ◦C and 50 ± 2% RH as shown in
Figure 1. During the test, saturated salt solutions of LiCl, MgCl2, KBr and KNO3 were
added at the bottom of glass containers to secure 10%, 35%, 80% and 95% RH respectively.
It should be noted that for the specimens at 50% RH, there was no saturated salt solution.
The testing temperatures were 20 ◦C, 35 ◦C and 50 ◦C.
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Each specimen was weighed at designated time interval until the change in mass was
less than 0.1%. It should be noted that since the mass change was decreasing over time,
the time interval of weight measurement in the early stage was shorter than in the later
stage. In total, there were 12 weight measurements for the absorption test and 13 weight
measurements for the desorption test.

The specimens were designated as X-% and P-% for the absorption and desorption
tests, respectively. The percentage represented the RH conditions. For example, specimens
X-10% is the absorption specimens for 10% RH.
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2.3. Determination of Saturation

The moisture content of a specimen can be defined as follows [8]:

S =
VS
Vφ

(1)

where S is the moisture saturation, VS is the volume occupied by water in the pores of the
specimen, and Vφ is the volume of pores in the specimen.

In order to determine adsorption and desorption isotherms, the moisture saturation S
can be expressed based on the water content [23]:

S =
mw −md
mws −md

(2)

where mw is the mass of specimen underwater (kg), md is the mass of the specimen in a dry
state (kg) and mws is the mass of the specimen under saturation state (kg).

3. Results and Discussion
3.1. Absorption–Desorption Curves

Absorption mainly refers to physical absorption, which is the phenomenon that
moisture enters concrete through capillary pressure, while desorption is the phenomenon
that moisture in concrete is transferred from liquid to gas and released from concrete.

Absorption–desorption curves representing the changes in the moisture contents of
the specimens over time at 20, 35, and 50 ◦C are shown in Figure 2.

Figure 2a shows that, at the same temperature, the absorption curves tended to be
consistent between the different RH conditions, as the specimen saturation increased
significantly during the initial stage of the absorption process. As absorption progressed,
the saturation between the interior and exterior of concrete decreased due to decreased
moisture absorption capacity and eventually stabilized. The moisture absorption behaviors
of the specimens were similar at different temperatures. For a given temperature, a higher
RH resulted in faster moisture absorption. When the RH was lower than 50%, the moisture-
absorption process of the specimen was gradual, which reveals that temperature and RH
had little effect on the time required to reach the equilibrium. The absorption rate and
capacity increased sharply when the RH was greater than 50%. At 80% RH, the moisture
absorption capacity and equilibrium time both increased as temperature decreased. Under
low-RH conditions (i.e., less than 50% RH), the concrete exhibited less moisture absorption
capacity with saturation less than 0.1, and temperature’s effect on the moisture absorption
rate was marginal. When RH was greater than 50%, temperature’s effect on the moisture
absorption became significant.

During the desorption test, a lower RH came with a greater saturation between the
interior and exterior of concrete, and a longer time to reach equilibrium, as shown in
Figure 2b. When the RH was lower than 80%, the increment of temperature increased
desorption capacity and the time to reach equilibrium. When RH was higher than 80%,
the effect of temperature on the moisture transport rate decreased. Regardless of tempera-
ture, the saturation at equilibrium was approximately 0.9.
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Figure 2. Absorption and desorption over time: (a) 20 ◦C, (b) 35 ◦C, (c) 50 ◦C.

3.2. RH–Saturation Equilibrium

The RH–saturation curves during absorption and desorption for different RH condi-
tions are shown in Figure 3. The curves were substantially similar for different temperatures.
As RH increased, the saturation gradually increased. When RH was below 50%, the ab-
sorption process was gradual. The absorption capacity significantly increased when RH
was greater than 50%. Irrespective of temperature, 50% RH was an inflection point in
the moisture absorption process. Based on the Kelvin equation, the maximum pore size
that could be saturated was approximately 4 nm at 50% RH, and the boundary between
the gel pores and capillary pores was generally 10 nm (i.e., gel pores < 10 nm < capillary
pores). Therefore, when RH was below 50%, only part of the gel pores was saturated, while
for RH above 50%, the capillary pores saturated gradually, thereby rapidly increasing the
saturation [24]. Further, the saturation decreased with decreasing RH. As temperature
decreased, the saturation considerably decreased. At 80% RH, the equilibrium saturation
decreased substantially, which indicates that an RH greater than 80% could greatly affect
the equilibrium of the moisture desorption process in concrete.
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Figure 3. Absorption and desorption equilibrium curves: (a) 20 ◦C, (b) 35 ◦C, (c) 50 ◦C.

In Figure 3, since the desorption curve is above the absorption curve, it indicates a
higher saturation for a given RH. The desorption process displays a significantly hysteretic
nature compared to the absorption process, which implies that the gas–liquid equilibrium
in pores is nonhomogeneous. The hysteresis represents the “ink bottle effect,” which refers
to the effect that a small pore (bottleneck) exerts stress upon the water in a connected large
pore (bottle) [25]. Larger concrete capillary pores require a higher RH to reach equilibrium
saturation than small pores. For initially saturated pores, the liquid water in large pores
transports through the liquid water in small pores without forming a gas–liquid interface.
Therefore, the water in large pores can be discharged only when the ambient RH is below
the saturated RH of small pores. For a given RH, the saturation equilibrium of the moisture
absorption process is lower than that of the moisture desorption process [26].

For a given RH, the capillary condensation phenomenon is more likely to occur during
the absorption process, and a higher saturation can be attained at a lower temperature.
During desorption, at a higher temperature, the saturation is lower because the pore water
evaporates more easily [27]. According to a study by Zeng [8], the relationship between
the capillary pressure and RH is:

pc =
ρlRT

M
ln h (3)

where M is the molar mass of water (kg/mol), R is the gas constant (given as 8.314 J/mol/K),
pc is the capillary pressure (Pa), h is the RH, T is the absolute temperature (K) and ρl is the
density of liquid water (kg/m3).

Using Equation (3), the isothermal equilibrium curve of RH and concrete saturation
can be converted into a moisture characteristic curve, as shown in Figure 4. When the
concrete was at the same saturation through absorption and desorption, the capillary
pressure of the desorbed concrete was greater than that of the absorbed concrete, reflecting
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the hysteretic nature of the desorption process. When the temperature was lower during
both the absorption and desorption processes, the capillary pressure was greater, as well as
the equilibrium saturation corresponding to the same capillary pressure.
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3.3. RH and Saturation Equilibrium Model

In [28], a model representing the absorption of water by the hygroscopic material and
RH is shown as follows:

W = [
− ln(1− h)
A(T + B)

]

1
C

(4)

where W is the equilibrium moisture content and A, B and C are coefficients.
By replacing the equilibrium moisture content with the saturation, Equation (4) can be

applied to find the inverse function. The RH and saturation relationship is:

h = 1− exp(−A(T + B)SC) (5)

where S is the saturation.
The model of the relationship between RH and equilibrium saturation can be obtained

by substituting the data from the experimental results as seen in Figure 3 into Equation (5).
Nonlinear regression was used to yield Equations (6) and (7) for the absorption and
desorption processes, respectively.

has = 1− exp(−0.03(T − 180.7)S0.837) R2 = 0.91 (6)

hds = 1− exp(−0.05(T − 258.76)S5.04) R2 = 0.91 (7)

4. Moisture Transport Model
4.1. Moisture Movement in Unsaturated Concrete

The transport of liquid water in unsaturated concrete can be expressed by Darcy’s law.
For saturated concrete, the permeability coefficient is constant and a function of saturation
for unsaturated concrete.

According to the Darcy–Buckingham equation, the relationship between transport
rate of liquid water and capillary pressure is expressed as [11]:

vl = −
kl
µ

grad(pc) (8)
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where v1 is the rate (m/s); k1 is the effective permeability for moisture transport (m2),
which is related to the moisture content in concrete and micro-geometric parameters of the
pore occupied by moisture; µ is the dynamic viscosity coefficient of water (Pa·s).

If the conversion of liquid water to water vapor in the pores of concrete is neglected,
the moisture transport in the concrete conforms to the law of mass conservation. The
moisture transport equation in concrete can be written as below [29,30]:

∂θ

∂t
= div

[
kl
µ

grad(pc)

]
(9)

Converting the left side of Equation (9) to pore moisture content and the right side
into the pore moisture saturation gradient, it becomes:

∂θ

∂t
= div

[
kl
µ

∂pc

∂S
grad(S)

]
(10)

where θ is the moisture content of the concrete.
The effective permeability to moisture transport (k1) can be expressed as

kl = kkrl (11)

Therefore, Equation (10) can be rewritten as follows:

∂θ

∂t
= div

[
kkrl
µ

∂pc

∂S
grad(S)

]
(12)

where k is the intrinsic permeability of concrete (m2), and krl is the relative permeability,
which is a parameter associated with the saturation.

Equation (12) can be expressed as:

∂θ

∂t
= div[D(S)grad(S)] (13)

D(S) =
k
µ

krl
∂pc

∂S
(14)

where D(S) is the transport coefficient of liquid water (m2/s).
The relationship between the dynamic viscosity coefficient of water (µ), and tempera-

ture can be expressed as follows: [31]

µ =
0.001775

[1 + 0.0837(T − 273.15) + 0.000221(T − 273.15)2]
(15)

The intrinsic permeability (k) of concrete can be determined based on the porosity,
specific surface area and tortuosity of concrete using the Kozeny–Carman model [13]:

k =
φ3

Fsτ2
c Ω2(1− φ)2 (16)

where Fs is the factor representing the influence of pore shape (2 for a circular and tubular
pore), τc is the tortuosity and Ω is the specific surface.

4.2. Relationship between the Moisture Transport Parameters

By substituting Equations (6) and (7), which represent the equilibrium relationship
between RH and saturation, into Equation (3), the relationship between the capillary
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pressure and saturation during the moisture absorption and desorption processes can be
expressed as Equations (17) and (18), respectively.

pas =
ρlRT

M
ln(1− exp(−0.03(T − 180.7)S0.837)) (17)

pds =
ρlRT

M
ln(1− exp(−0.05(T − 258.76)S5.04)) (18)

The relationship between the relative permeability (krl(S)), and relative saturation can
be established based on previous studies [14,15,32]:

pc = Aa(S−1/m − 1)
1−m

(19)

krl(S) =
√

S[1− (1− S1/m)
m
]
2

(20)

where m and Aa are undetermined coefficients.
The value of m can be determined through regression of the capillary pressure versus

saturation curve. The absolute value of capillary pressure m for absorption and desorp-
tion processes at different temperatures can be derived based on Equation (19) through
nonlinear fitting.

Using the data in Table 5 to fit the relationship between m and T for the absorption
and desorption processes gives Equations (21) and (22), respectively.

mas = 1/(2.89 ln(T)− 14.89) (21)

mds = 1/(21.06− 3.16 ln(T)) (22)

Table 5. m values corresponding to the absorption and desorption process.

Moisture Absorption Moisture Desorption

T(K) 293.15 308.15 323.15 293.15 308.15 323.15
m 0.672 0.579 0.573 0.328 0.324 0.362
R2 0.985 0.988 0.991 0.999 0.997 0.992

Equations (21) and (22) are then substituted into Equation (20) to express the rela-
tionship between the relative permeability and saturation during the moisture absorption
process.

krl−as(S) =
√

S[1− (1− S2.89 ln(T)−14.89)
1/[2.89 ln(T)−14.89]

]
2

(23)

Thus, the relationship between the relative permeability and saturation during the
moisture desorption process is:

krl−ds(S) =
√

S[1− (1− S21.06−3.16 ln(T))
1/[21.06−3.16 ln(T)]

]
2

(24)

4.3. Moisture Transport Model

The relationships between capillary pressure and saturation during the process of
moisture absorption and desorption are shown in Equations (17) and (18). These equa-
tions are then substituted into Equation (13) to develop the moisture transport model for
absorption and desorption processes.

∂φS
∂t

= div[D(S)grad(S)] (25)

where φ is the porosity of concrete.
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Transport coefficient D(S) of Equation (25) in absorption and desorption processes
are then represented as Equations (26) and (27), respectively.

Das(S) =
0.02511kkrl−asρlRT(T − 180.7)S−0.163 exp(−0.03(T − 180.7)S0.837)

µM(1− exp(−0.03(T − 180.7)S0.837))
(26)

Dds(S) =
0.252kkrl−dsρlRT(T − 258.76)S4.04 exp(−0.05(T − 258.76)S5.04)

µM(1− exp(−0.05(T − 258.76)S5.04))
(27)

4.4. Heat Balance Equation

The heat balance equation correlated to the saturation can be established based on
Fourier’s law [11,33]:

cρ
∂T
∂t

+∇ · [−λS∇T] = Q (28)

where c is the specific heat of material (J/kg·K), λS is the thermal conductivity at different
saturations (W/m·K), ρ is the material density (kg/m3) and Q is the heat flux (J/m2·s).
The negative sign indicates that the direction of heat flow is opposite to the direction of the
temperature gradient.

The transient plane source (TPS) technique was used to determine the thermal conduc-
tivity for the concrete in the same mix proportion as in the present study and at the same
saturation values of 0, 0.3, 0.5, 0.7, 0.9 and 1.0 as in the moisture absorption and desorption
tests described in Section 2.1. The relationship between the thermal conductivity and
saturation is:

λS = (1 + 0.3432S2)λa (29)

where λa is the thermal conductivity under dry state (W/m·K).

5. Numerical Simulation
5.1. Model Parameters and Mesh Generation

The concrete was considered as a uniform and isotropic continuous medium; thus
the concrete skeleton was assumed as an impermeable material that did not react with
gas or liquid phases. COMSOL®® software (COMSOL Inc., Stockholm, Sweden) was
used to establish a three-dimensional numerical model based on Equations (25)–(28), and
one-dimensional transmission was adopted. The physical parameters of heat and moisture
transport are shown in Tables 6 and 7. The size of the simulated specimen was the same as
that of the experimental specimen used in the test, namely 30 mm × 100 mm × 100 mm.
A total of 9520 tetrahedral elements were used in COMSOL®® software to develop the
finite element model with DOFs of 28,186 and convergence criteria of 10−5, as shown in
Figure 5.

Table 6. Heat transfer physical parameters.

Parameter Dry Thermal Conductivity, λa(W/m·K) Specific Heat, c (J/kg·K) Concrete Density, ρ Porosity, φ

Value 1.578 900 2297 0.1796

Table 7. Moisture transport physical parameters.

Parameter Intrinsic Permeability, k
(m2)

Water Density, ρ1
(kg/m3)

Gas Constant R
(J/mol·K)

Molar Mass of Water, M
(kg/mol)

Value 1.413 × 10−21 1000 8.3144 0.018
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Figure 5. Mesh elements division of concrete.

5.2. Moisture Transport Model Validation

The experimental results shown in Figure 2 were simulated for 80% and 95% RH at 20,
35 and 50 ◦C to validate the moisture transport model. The initial internal saturation of the
concrete was set as 0.08, and the boundary saturation was the corresponding equilibrium
saturation. The initial temperature of inside concrete was 283.15 K, and the simulation time
was the hygroscopic equilibrium time for the three temperatures, which was approximately
350 h. The simulated results were compared with the experimental results, as shown in
Figure 6.
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Figure 6. Test and simulation values of moisture absorption process: (a) is 80% RH, (b) is 95% RH.

The simulated and experimental results show a similar trend, and the values also
agreed well. The simulated results were slightly lower than the experimental results.
Under the simulated conditions, the moisture absorption rate decreased, and the moisture
absorption capacity was slightly lower than that in the experiment. This could be because
the moisture transport model only considers the transport of liquid water, not the moisture
vapor transport that occurred under low-saturation conditions.

The experimental results provided in Figure 2 were applied to validate the moisture
desorption model. The simulation was performed under the conditions of 10% and 35%
RH at 20, 35 and 50 ◦C. The initial temperature inside the concrete was 283.15 K. The
concrete interior was initially saturated and the boundary saturation was the corresponding
equilibrium saturation. The simulation time was 250 h.

Figure 7 provides a comparison of the simulated and experimental results, which
shows that the simulated values were in good agreement with the experimental values
under 35% RH and were slightly higher than the experimental values at 10% RH. The
overall results demonstrated that the simulated model of moisture desorption was valid.
This also indicates that the simulated results remained accurate when the concrete was at a
higher saturation level. When the saturation decreased, the simulated moisture desorption
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rate was slightly lower than the experimental rate, implying that the water vapor transport
in the concrete exerted limited influence under the low-saturation condition. In the marine
environment, it is difficult for concrete to reach a low saturation state due to high RH.
Therefore, the simulated model of moisture transport was accurate for the applications in
the high RH environment.
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Figure 7. Test and simulation values of moisture desorption process: (a) is 10% RH, (b) is 35% RH.

5.3. Absorption

The upper, lower and right ends of the two-dimensional geometric model of concrete
were defined as heat and moisture insulation. Therefore, moisture absorption was from
left to inside. The effect of temperature on the moisture absorption process at 95% RH was
evaluated under the temperatures of 293.15, 308.15 and 323.15 K and the boundary satura-
tion values of 0.80, 0.72, and 0.39, respectively. The simulation had an initial temperature
of 273.15 K, saturation of 0.2 and time of 500 days.

The simulated results are shown in Figure 8. It can be seen that the saturation was the
lowest at 323.15 K (i.e., the highest temperature) but the highest at 293.15 K (i.e., the lowest
temperature). For a given RH, an increased temperature decreased boundary saturation,
moisture transport rate, moisture transport capacity, moisture transport distance and mois-
ture absorption. The saturation gradient is the main driving potential of moisture transfer.
A higher temperature reduced moisture absorption rate. Meanwhile, with temperature
increasing, the equilibrium saturation of the concrete boundary further decreased. Such a
combined effect decreased moisture absorption of concrete.
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ature T = 323.15 K, boundary saturation S = 0.9), medium temperature and RH (boundary
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temperature T = 308.15 K, boundary saturation S = 0.75) and low temperature and RH
(boundary temperature T = 293.15 K, boundary saturation S = 0.6). The simulation had
an initial temperature of 273.15 K, saturation of 0.2 and time of 500 days. The simulated
results are provided in Figure 9, which shows the same trend among the three conditions.
The transport rate is directly correlated with temperature and RH. It also shows that the
saturation gradient mostly affected moisture transport rate. Although the saturation was
large at high temperature, the moisture transport rate was notably high. Therefore, the
effect of RH on the moisture transport rate in the concrete was greater than that of tem-
perature. The transport process of moisture in concrete at the temperature of 293.15 K and
saturation 0.6 for simulation at 500d is shown in Figure 10. It can be seen that the moisture
is gradually transferred from the left end of the concrete to the interior, and the saturation
is reduced with depth increasing, which is coherent with the trend in Figure 9.
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5.4. Desorption

The upper and lower ends of the two-dimensional geometric model of concrete were
treated as heat and moisture insulation. The direction of moisture desorption was from
inside to both sides. The effect of temperature on the moisture desorption process at 10%
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RH was analyzed at temperatures of 293.15, 308.15 and 323.15 K and boundary saturation
values of 0.70, 0.46 and 0.36, respectively. The simulation time was 200 days with an initial
temperature of 273.15 K and saturation of 0.9.

Figure 11 presents the simulated results. It illustrates that, for a given RH, higher
temperatures lowered the boundary saturation. When the internal saturation of concrete
was higher, the difference in saturation was greater between the outside and inside of
concrete, resulting in a significant loss of moisture in the concrete. The boundary saturation
was lower at higher temperatures, which increased the moisture desorption rate as well as
the moisture desorption capacity.
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Additionally, the combined effects of temperature and saturation on the moisture
transport process during desorption were investigated for three conditions: low tempera-
ture and high RH (boundary temperature T = 293.15 K, internal saturation S = 0.9), medium
temperature and RH (boundary temperature T = 308.15 K, internal saturation S = 0.75) and
high temperature and low RH (boundary temperature T = 323.15 K, internal saturation
S = 0.6). The simulation time was 500 days with an initial temperature of 273.15 K and
saturation of 0.2.

As shown in Figure 12, the three curves displayed a similar trend. The saturation
values for the three conditions at the internal depth of 50 mm were 0.552, 0.481 and 0.417,
respectively. Even at low temperature, the greatest moisture transport rate was observed at
the highest RH. The temperature had a greater effect on the moisture desorption process
than saturation. The change of saturation of moisture in the desorption process at a
temperature of 308.15 K and saturation of 0.75 is shown for the simulation at 500d in
Figure 13. This indicates that the moisture was uniformly desorbed to both sides. The
rate of saturation reduction was high close to both sides, while it was slow in the middle.
This is due to the fact that the boundary temperature is higher at the concrete’s surface,
resulting in faster moisture transport.
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6. Conclusions

This study sought to elucidate the mechanisms of moisture transport in concrete. A
numerical model was developed. Based on the experimental and simulated results, the
following conclusions can be drawn.

(1) Under isothermal conditions, a higher RH increased the moisture absorption
rate, and the moisture absorption capacity was greater at lower temperatures. When RH
exceeded 50%, the moisture absorption rate increased significantly. Similarly, a lower RH
resulted in a faster desorption, and higher temperatures increased the moisture desorption
capacity.

(2) A model of the relationship between RH and equilibrium saturation in absorption
and desorption processes was proposed. A formula in the function of capillary pressure
and moisture saturation of concrete was established, and a model of moisture transport in
the concrete was developed. The experimental results verified the accuracy of the moisture
transport model.

(3) Based on the simulated results, an increased temperature reduced the rate of
moisture absorption. The saturation had more effects on the absorption rate than tempera-
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ture. Although an increment of temperature increased the moisture desorption rate, the
saturation had more effects on the moisture desorption than temperature.

(4) Under low saturation, the transport of water vapor affected the moisture desorption
rate in concrete. Hence, the transport of water vapor should be further considered in the
moisture transport model.
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33. Jerman, M.; Černý, R. Effect of moisture content on heat and moisture transport and storage properties of thermal insulation

materials. Energy Build. 2012, 53, 39–46. [CrossRef]

345





Citation: Wang, J.; Chen, M.; Li, X.;

Yin, X.; Zheng, W. Effect of Synthetic

Quadripolymer on Rheological and

Filtration Properties of

Bentonite-Free Drilling Fluid at High

Temperature. Crystals 2022, 12, 257.

https://doi.org/10.3390/

cryst12020257

Academic Editor: Mikhail Osipov

Received: 29 December 2021

Accepted: 12 February 2022

Published: 14 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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 (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Effect of Synthetic Quadripolymer on Rheological and
Filtration Properties of Bentonite-Free Drilling Fluid at
High Temperature
Jiangfeng Wang 1, Mengting Chen 1, Xiaohui Li 2, Xuexuan Yin 1 and Wenlong Zheng 1,*

1 College of Geosciences and Engineering, North China University of Water Resources and Electric Power,
Zhengzhou 450018, China; wangjiangfeng@ncwu.edu.cn (J.W.); zjytgzy@126.com (M.C.);
yinxueyan2022@163.com (X.Y.)

2 The Fifth Institute of Resources and Environment Investigation of Henan Province, No. 99, Nanyang Road,
Jinshui District, Zhengzhou 450053, China; xiaohuili2022@163.com

* Correspondence: 15138480305@163.com; Tel.: +86-151-3848-0305

Abstract: High temperature would dramatically worsen rheological behaviors and increase fil-
tration loss volumes of drilling fluids. Synthetic polymers with high temperature stability have
attracted more and more attention. In this paper, a novel quadripolymer was synthesized using
2-acrylamido-2-methylpropanesulfonic acid (AMPS), acrylamide (AM), sodium styrene sulfonate
(SSS), and dimethyl diallyl ammonium chloride (DMDAAC). Firstly, the molecular structure was stud-
ied by Fourier transform–infrared spectroscope (FT-IR) and nuclear magnetic resonance (1H-NMR)
analysis. It was shown that the synthetic polymer contained all the designed functional groups.
Moreover, the effect of temperature and the quadripolymer concentration on the rheological behav-
ior and filtration loss of the bentonite-free drilling fluid were investigated. It was experimentally
established that when the adding amount of the quadripolymer was 0.9 wt%, the prepared drilling
fluid systems exhibited relatively stable viscosities, and the filtration losses could be controlled
effectively after hot rolling aged within 180 ◦C. Further, it was confirmed that the bentonite-free
drilling fluid containing the synthesized quadripolymer had good reservoir protection performance.
In conclusion, the synthetic quadripolymer is a promising rheology modifier and a filtrate reducer
for the development of the bentonite-free drilling fluid at high temperature.

Keywords: synthetic polymer; high temperature; bentonite-free drilling fluid; rheology; filtration

1. Introduction

Drilling fluid is indispensable in oil and gas drilling engineering to maintain wellbore
stability, carry and transport drilled cuttings, and reduce water loss. It is divided into
water-based drilling fluid system (WBDF), oil-based drilling fluid system (OBDF), and
gas-based drilling fluid system (GBDF) [1]. Among them, a water-based working fluid is
the most commonly used one because of its environmental friendliness and low cost, and it
is mainly composed of bentonite clay and different functional polymer treating agents [2–4].
Bentonite as the most essential component in drilling fluid exhibits incomparable advan-
tages in viscosity and filtration loss control [5,6]. Furthermore, clay particles can plug pores
and fractures in the near wellbore area and form a thin and low-permeability filtration
cake. However, as the number of deep and ultra-deep wells increases, one of the inevitable
problems is that drilling fluid must endure high temperatures [7]. It is worth noting that
high bentonite content of water-based drilling fluids at high temperatures would give
rise to serious detrimental effects [8–10], for example, deterioration of rheological behav-
ior, increase in filtration volume seeping into formation, particularly formation damages
caused by dispersive clay particles. Thus, less or no bentonite in drilling fluids capable of
providing necessary performance in harsh operating conditions should be contained to
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maintain the desired properties [11]. Xiao et al. prepared a bentonite-free drilling fluid with
amphoteric polymer (FA367) as the main treating agent, and the filed application results in
the shallow formations of Anpeng oilfield showed that the drilling speed greatly increased,
and the complex conditions such as leakage and sticking were effectively alleviated [12].

In order that a drilling fluid with low or no bentonite could be appropriate for deep
well drilling project, one or more polymers are required to take place of bentonite and
provide satisfactory performance, such as proper rheological parameters, low filtration loss
volume, and good salt tolerance at high temperature conditions [13–15]. However, one
disadvantage of polymers is related to the thermal degradation at elevated temperatures
(above 150 ◦C) [16,17], which gives rise to the rheology and filtration loss being difficult
to meet the demands of field application. Thus, it is necessary to develop novel polymers
with high temperature resistance to contribute to rheological stability and low filtration
loss for bentonite-free drilling fluids.

Synthetic polymers have attracted researchers’ attentions for a long time. Water
soluble polymers are universally used in water based drilling fluids. The rheological
behavior and filtrates of drilling fluid can be adjusted primarily by adding them However,
with the increase of well depth, one disadvantage of natural polymer is related to the
thermal degradation and oxidation under high temperature (150 ◦C) [18,19] which could
not control the rheology and filtration loss to meet the demands of the field application.
Thus, regarding these disadvantages of natural polymer, some researchers were directed to
synthetic polymer that could contribute to rheological stability and low fluid loss in water
based fluids at HTHP conditions. Perricone et al. used acrylamido-methylpropanesulfonic
acid (AMPS), acrylamide (AM), and alkyl acrylamide monomers to synthesize a copolymer
(named COP) through inverse micro-emulsion polymerizations [20]. In the field application,
the drilling fluid with this synthetic product showed good high temperature resistance.
Furthermore, Tao et al. (2011) synthesized a terpolymer of AM/acrylic acid/sodium styrene
sulfonate (SSS) and evaluated its high temperature and high pressure rheological property
with various salt concentrations [21]. Wu et al. synthesized AM/AMPS/itaconic acid
(IA)/N-vinyl caprolactam (NVCap) by solution polymerization. It is reported that drilling
fluid containing this terpolymer could control fluid loss and rheological properties after
aging at 220 ◦C [22]. Some other synthetic polymers were developed and were used as
rheology modifiers and filtrate reducers, which indicated that the sulfonate structure can
be resistant to high temperature and salt [23–25]. The excellent performance of the drilling
fluid decides the formation protection and drilling efficiency in deep wells [26].

In this paper, a new quadripolymer was synthesized with monomers of AMPS, AM,
DMDAAC, and SSS by aqueous solution polymerization. Among these, amide group pro-
vided by AM monomer is mainly responsible for forming the main chain structure. The sul-
fonic acid group of AMPS plays a role of hydration, and the side group -(CH3)2CH2SO3Na
can enhance the rigidity of the molecular chain, thus improving the thermal stability of
the product. The rigid group of benzene ring contained in SSS monomer has a strong
hindering effect [27,28]. Then, two double bonds in the molecule of DMDAAC contribute
to form mesh structure. Thus, such a quadripolymer was characterized with Fourier
transform infrared spectroscopy and nuclear magnetic resonance. Firstly, the ability of the
quadripolymer in adjusting rheological and filtration performance of bentonite-free fluids
at elevated temperatures were studied by thermal aging test. Meanwhile, the salt tolerance
of the bentonite-free drilling fluid was evaluated through an investigation of the viscosity
change of the fluid system in different salinity of sodium chloride solution. Additionally,
the reservoir protection performance of the bentonite-free drilling fluid containing the
quadripolymer was evaluated experimentally.

2. Materials and Methods
2.1. Materials and Experiment Instruments

Acrylamide(AM), 2-acrylamido-2-methylpropanesulfonic acid (AMPS), dimethyl di-
allyl ammonium chloride(DMDAAC), sodium styrene sulfonate (SSS), chemical grade,
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were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China); Ammonium persulfate
((NH4)2S2O8) and sodium hydrogen sulfite (NaHSO3), sodium hydroxide (NaOH), sodium
carbonate (Na2CO3), analytical grade, were employed without further purification.

Drispac and HE150 were purchased from Chevron Phillips Chemical Company, Texas,
America; 80A51, PAM, LOCKSEAL, PAC-LV and sized CaCO3 were collected from Jiahua
Technology Co., Ltd., Jingzhou City, China. The experiment instruments used for this study
are listed in Table 1.

Table 1. Experiment instruments and the providers.

Instrument Provider

Nicolet 6700 Fourier Transform Infrared Spectrometer Thermo Fisher Scientific Co., Ltd.,
Waltham, MA, USA

Angilent 400 MHz NMR Spectrum Angilent Technologies Co., Ltd.,
California, USA

GJSS-B12K multi–spindle mixer
Qingdao Haitongda Special Purpose
Instrument Co., Ltd., Qingdao City,

Shandong Province, China

ZNN-D6 viscometer
SD–4 API filtration apparatus

GCS71-A HTHP filtration apparatus
XGRL-4A Hot roller oven

ZDY50-180 Core flow tester
Nantong Yichuang Experimental

Instrument Co., Ltd., Nantong City,
Jiangsu Province, China

2.2. Methods
2.2.1. Synthesis of Quadripolymer

The quadripolymer of AM, AMPS, SSS, DMDAAC was synthesized by solution free
radical polymerization. The effect of molar ratio of four monomers, dosage of initiator,
pH and reaction temperature on optimizing the best synthesis condition was determined
(AM: AMPS: SSS: DMDAAC is 10:3:3:2, redox initiator dosage((NH4)2S2O8) is 0.2 wt%,
temperature is 80 ◦C and reactants system pH is 7) by dosage experiment.

Firstly, a desired amount of mixture monomers was mixed well in a reaction flask
and deoxygenated with nitrogen. Secondly, sodium hydroxide was used to adjust the
pH value (pH = 7) of the reaction system. The whole reaction process took place in a
constant temperature oil bath. Next, a redox initiator ((NH4)2S2O8) dosage of 0.2 wt% was
added into the above solution with a constant stirring speed of 200 r/min. After 5 h of
reaction time, the white product was filtered off and extracted with acetone and methanol
for three times, and finally dried powders were obtained.

2.2.2. Characterization of Molecular Structure

FT-IR spectrum of the quadripolymer was recorded on a Nicolet 6700 Fourier Trans-
form Infrared Spectrometer. A pellet sample made from a mixture of 1 mg quadripolymer
and about 100 mg of potassium bromide (KBr) was prepared under a pressure of 100 psi
and tested in the optical range of 400–4000 cm−1.

1H NMR spectrum of the quadripolymer was measured by Angilent 400 MHz Nuclear
magnetic resonance spectrometer. Mass of 10 mg of sample powder was dissolved into
a test tube containing 0.65 mL D2O, and then transferred to a sample cavity. 1H NMR
spectrum measurement was carried out with controlled heating and cooling steps.

Thermal stability: The thermal stability of the quadripolymer was tested with HCT-1
Differential Thermobalance analyzer (Beijing Henven Instrument Plant, Beijing, China) in
nitrogen gas atmosphere. The heating rate was 10 ◦C/min, and the temperature was in the
range of 30–600 ◦C.
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2.2.3. Sample Preparation

Base formula of bentonite-free drilling fluid (marked as formula1#) was prepared
as follows: 1000 mL deionized water, 0.1 wt% NaOH, 0.15 wt% Na2CO3, desired
amount of polymer (the quadripolymer or Drispac), 2 wt% PAC-LV, 2 wt% LOCK-
SEAL, 4 wt% super-fine CaCO3, 0.5 wt% Na2SO3 were weighted and added sequentially
at high speed stirring for 20 min with a GJSS-B12K multi-spindle mixer, and then the
solution was stood still for 24 h at room temperature for complete dissolution.

2.2.4. Drilling Fluid Performance Measurements

Rheological and filtration properties of bentonite-free drilling fluid were evaluated
according to the American Petroleum Institute test program [29], Formulas (1)–(3) were
applied to calculate the rheological parameters, including apparent viscosity (AV), plastic
viscosity (PV) and yield point (YP), for the fluid system. The readings at 600 rpm and
300 rpm obtained with a ZNN-D6 six-speed rotational viscometer were marked as Φ600
and Φ300, respectively. The initial and final gel strength were also measured and marked
as G1 and G2. Before thermal stability evaluation, the bentonite-free drilling fluid was
required to be heated at a given temperature for 16 h with a XGRL-4A hot roller oven and
then cooled to ambient temperature.

AV (Apparent viscosity) = Φ600/2, mPa·s, (1)

PV (Plastic viscosity) = Φ600−Φ300, mPa·s, (2)

YP (Yield point) =0.511(Φ300−PV), Pa, (3)

K =
Qµl
∆pA

. (4)

API filtration loss (FLAPI) was determined by a SD-4 API filtration apparatus with
a pressure difference of 100 psi at ambient temperature for 30 min. HTHP filtration loss
(FLHTHP) was measured with a GCS71-A HTHP filtration apparatus at 150 ◦C and 500 psi
for 30 min. After the test, the filtrate was collected into the measuring cylinder and the
volume was recorded.

HTHP rheology test: After placing the drilling fluid inside the rheometer, the sam-
ple was heated up to the desired temperature and meanwhile pre-shear at 100 s−1 was
performed before rheological measurement. The pressure was adjusted to 500 psi and the
shear stress was measured at the shear rate of 511 s−1.

Reservoir protection test: The core original kerogen permeability K0 was measured
as follows, Formula (4), wherein, Q, flow rate; µ, Kerosene viscosity; l, Core length; ∆p,
Differential pressure before and after flow through the core; A, core, end surface area.

In step 1, the core saturated with simulated groundwater is placed into the core
holder and repelled with filtered and dewatered kerosene at 0.4 times the critical flow rate;
subsequently, repelled at 0.8 times the critical flow rate until no water flows out and the
pressure is stable. According to the above formula, K0 can be calculated.

In step 2, the core tested for K0 is quickly loaded into the core holder of JHDS high
temperature and high pressure dynamic water loss instrument, and the formulation drilling
fluid is injected in the reverse direction at 90 ◦C and 3.5 MPa differential pressure, and
cycled at a shear rate of 300 s−1 for 125 min. The core is loaded into the gripper and repelled
at the same flow rate as in step 1, and the contaminated permeability K1. is calculated after
the pressure and flow rate are stabilized.

In step 3, the end face of the core contaminated by drilling fluid in step 2 is cut off for
about 1 cm, and step 2 is repeated to obtain the core permeability K2.
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3. Results and Discussion
3.1. Characteristic

The quadripolymer used in this study was milky white dispersion. The scanning elec-
tron microscopy (SEM) picture is shown in Figure 1. The microstructure of the quadripoly-
mer had the following characteristic: irregular shapes, different sizes (Figure 1a), and
smooth surface (Figure 1b) of the particles were easily recognizable. Among them, the
particle size is relatively widely distributed. The largest is around 200 microns and the
smallest is just under 10 microns.
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Figure 1. Microscopic images of the quaripolymer particles: (a) 200 times, (b) 1500 times.

The FT-IR spectrum of the quadripolymer is presented in Figure 2. Moreover, 3444 cm−1

and 3300 cm−1 are assigned to the N-H stretching vibration of AM and AMPS, respectively.
The absorbency at 2935 cm−1 results from the characteristic peak of the methyl group. The
stretching vibration of C=O at 1699 cm−1 is attributed to AM and AMPS. The absorption
peak observed at 1454 cm−1 is due to the C-H bending vibration from DMDAAC unit.
Bands recorded at 1185 cm−1 and 1044 cm−1 assigned to S=O stretching vibration in the
sulfonic group correspond to SSS unit. The absorption peaks at 766 cm−1 reveal the bending
vibration of a benzene ring of the SSS unit.
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The 1H-NMR spectrum of the quadripolymer is shown in Figure 3. Bands recorded
at 7.48 ppm (a1) and 7.24 ppm (a2) indicate the chemical shift in the benzene ring of SSS
units. The N-H proton from 5.87 to 5.92 ppm (b) are related to AM. The peaks between
5.51 and 5.63 ppm (c) are due to the N-H proton vibration of AMPS. The characteristic peak
at 4.79 ppm belongs to the chemical shift of D2O protons. Broad peaks between 3.45 and
3.53 ppm (d) are assigned to N-C proton of DMDAAC. Respectively, the peaks at 2.76 ppm
and 1.65 ppm correspond to the chemical shift of –CH2 and –CH3 of AMPS (e). The board
peak at 2.93 ppm and 1.45 ppm are related to the -CH- linked with the benzene ring and the
main chain of SSS, respectively (f). Combined with the FT-IR spectrum, the quadripolymer
molecular structure is consistent with the designed one.
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Figure 3. 1H−NMR spectrum of quadripolymer (AM/AMPS/DMDAAC/SSS).

From the TG curve (Figure 4), it can be found that the four stages of the thermal
degradation process, first stage, the quadripolymer has 8.5% of mass losses before 260 ◦C,
indicating slightly thermal degradation from chain scissionThe second stage is from 260 ◦C
to 319.5 ◦C, apparent mass loss of the quadripolymer occurs (27.71%) in the TG curve and
the fastest mass loss temperature emerges at 300.5 ◦C in the DSC curve. The third stage is
from 319.5 ◦C to 528.5 ◦C, the mass loss declines constantly (35.43%). the release of the non-
cyclic anhydrides formation acrylic acid repeat unit or the carboxylic acid pendant group.
Moreover, accordingly, there is no significant fluctuation on the DSC curve. The last stage is
from 528.5 ◦C to 600 ◦C, 28.36% mass is left. This might be due to the thermal degradation
of C=C decomposition in the main chain of AM and SSS segments and the breakage of
benzene ring in SSS monomers. From the above analysis, the thermal degradation of
the quadripolymer is not obvious before 260 ◦C and only 27.7%, which demonstrates the
quadripolymer has strong heat-resistance ability.
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The data of quadripolymer molecular weight is follow in Table 2. Based on the molecu-
lar structure of the quadripolymer. The weight-average molecular weight is 1161,000 g/mol,
and the number-average molecular weight is 684,000 g/mol. Besides, the viscosity-average
molecular weight is 1090,000 g/mol calculated with Mark–Houwink–Sakurada equation
(Mη = 802*[η]1.25), among which the η value is 3.236 dL/g measured by Ubbelohdo vis-
cometer (the flowing time of 0.1 wt% quadripolymer solution). Moreover, the molecular
weight distribution index PDI is 1.6974, indicating that the quadripolymer has narrow
molecular weight distribution.

Table 2. Molecular weight indexed of copolymer.

Sample MW Mη MN PDI(MW/MN)

quadripolymer 1161,000 1090,000 684,000 1.6974

3.2. Performance Evaluation of Bentonite-Free Drilling Fluid with the Quadripolymer
3.2.1. Rheological Behavior

A drilling fluid having good rheological properties (low plastic viscosity value, suitable
gel strength, and high yield point) will provide good cuttings transportation efficiency in
drilling operation. To investigate the influence of the quadripolymer on the rheological
behavior of the bentonite-free drilling fluid, various amount (from 0.3 to 0.9 wt%) of
two polymers were added to the base formula and the rheological parameters, such as
the apparent viscosity (AV), plastic viscosity (PV), and yield point (YP), were measured
and compared.

As illustrated in Table 3, the two polymer drilling fluids display a remarkable increase
in rheological parameters (AV, PV, and YP), as the concentration of polymer increases in
the range from 0.3 to 0.9 wt%, which is mainly because that polymer contributes to forming
the network structure of fluids and consequently improving the rhelogical properties.
Compared with Drispac, PV values of the quadripolymer containing bentonite-free fluid
system are relatively lower at the same polymer concentrations on the whole, while YP show
relatively higher values. Moreover, the quadripolymer system exhibits a dynamic ratio
(YP/PV) of up to 0.80, significantly larger than that of Drispac, at polymer concentration
of 0.9 wt%, indicating that the quadripolymer has good shear thinning property. Lastly,
gel strength of drilling fluid describes the capacity to suspend the drilling cuttings when
the pump is shut down. It can be observed that the increase in concentration of the
quadripolymer contributes to a more dramatic increase than Drispac in G1 and G2. The
enhanced gel strength is attributed to the interactions among polymer molecules. Therefore,
the bentonite-free drilling fluid with the quadripolymer has excellent cuttings suspending
and carrying capacity.
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Table 3. Influence of polymer concentration on rheological behavior of base formula.

Formula
Rheological Parameters

AV,
mPa·s

PV,
mPa·s

YP,
Pa

YP/PV,
-

G1/G2
Pa/Pa

1# + 0.3 wt% quadripolymer 25 16 9.2 0.58 1.5/1.5
1# + 0.6 wt% quadripolymer 35 21 14.3 0.68 2.5/3.5
1# + 0.9 wt% quadripolymer 48 27 21.5 0.80 4.5/5.5

1# + 0.3 wt% Drispac 24 17 7.2 0.42 1.0/1.0
1# + 0.6 wt% Drispac 33 22 11.2 0.51 1.5/2.0
1# + 0.9 wt% Drispac 52 34 18.4 0.54 2.5/3.0

3.2.2. Salt Resistance

It is shown from Table 4 that all bentonite-free polymer drilling fluids with NaCl
have lower rheological parameters than that without salt. Furthermore, as the salt content
increases, all the rheological parameters display a remarkable decreasing trend. This is
mainly because of charge shielding effect. Na+ has strong ability to compress electric
double layer of polymer and neutralize negative charge on ionized polymer, which could
reduce an electrostatic repulsion force between particles to lower viscosity values, thus
destroying network structure between polymer molecules. Furthermore, with a further
increase in salt, large amount of Na+ will increase the polarity of solution and enhance the
hydrophobic associate effect, which can compensate the decrease of viscosity to a certain
extent [30]. However, it could be seen clearly that compared with Drispac containing fluids,
the quadripolymer shows a less variation in rheological parameters and has higher YP
and gel strength values at the same salt concentration of 5 wt% and 10 wt%, respectively,
suggesting that the quadripolymer has better salt resistance than Drispac.

Table 4. Influence of salt concentration on rheological behavior of bentonite-free drilling fluid.

Formula AV,
mPa·s

PV,
mPa·s

YP,
Pa YP/PV G1/G2

Pa/Pa

2# 48 27 21.5 0.80 4.5/5.5
2#+5 wt% NaCl 40 24 16.4 0.68 3.5/4.0
2#+10 wt% NaCl 36 22 14.3 0.65 1.5/1.5

3# 52 34 18.4 0.54 2.5/3.0
3#+5 wt% NaCl 38 28 10.2 0.37 1.0/1.5
3#+10 wt% NaCl 32 24 8.2 0.34 1.0/1.0

Note: 2#: formula 1# + 0.9 wt% quadripolymer; 3#: formula 1# + 0.9 wt% Drispac.

3.2.3. Filtration Property

For filtration property, the API filtration (FLAPI) experiments were performed under a
pressure of 100 psi and room temperature. The effect of salinity and polymers on filtration
performance of bentonite-free drilling fluid is presented in Figure 5.
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Dramatic decreases in FLAPI of both fresh and salt fluid samples are seen as the
dosage of polymer increases from 0 to 0.9 wt%. Firstly, in deionized water, FLAPI of
the bentonite-free fluids with 0.9 wt% quadripolymer and Dispac decrease to 3 mL and
3.5 mL, respectively. The two polymers have approximately equal ability to control the
filtration loss in fresh water environment. Similarly, in electrolyte solution, the filtration
loss variations also present a declining trend with increasing polymer concentration, but
the volumes are considerably higher than those in fresh water solution. This is mainly
because that the molecular chains of polymer cannot be fully stretched in salt water, and
subsequently the repulsive forces between molecular reduce and a high permeable filtration
cake is formed. For all that, compared with FLAPI of Drispac containing salt system (18 mL),
at 0.9 wt%, FLAPI of bentonite-free drilling fluid with the quadripolymer can be controlled
within 12.5 mL, which demonstrates that the quadripolymer has better filtration loss control
property in brine drilling fluid.

3.2.4. Thermal Stability

In petroleum industry, it is well known that high temperature would dramatically
worsen rheological property and increase filtration volume loss of drilling fluids. Therefore,
common used polymers PAM, 80A51, HE150 were compared with the quadripolymer to
investigate their high temperature resistance. The initial viscosity was recorded as V1 when
polymer solutions were prepared at 0.9 wt%. Then, the polymer solutions were hot rolling
aged at different temperatures for 16 h, and the residual viscosity was marked as V2. The
viscosity retention rates Rv at different temperatures are shown in Figure 6.

Rv =

(
V1 − V2

V1

)
× 100% (5)
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Figure 6. Viscosity retention rate of polymers at different aging temperature. 

𝑅௩ = (
𝑉ଵ − 𝑉ଶ
𝑉ଵ

) × 100% (5)

As illustrated in Figure 6, as the aging temperature increases, the viscosity retention 
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As illustrated in Figure 6, as the aging temperature increases, the viscosity retention
rates of different polymers generally show downward trends, but the change degree varies.
Among them, the viscosity of the two polymers, PAM and 80A51, has been basically lost
after aging at 140 ◦C. In contrast, HE150 and the quadripolymer have higher viscosity
retention rates at the same temperature, especially for the quadripolymer, the viscosity
retention rate is as high as 40% even when the aging temperature reaches to 180 ◦C, and
nearly 10% at 200 ◦C. Therefore, compared with other three polymers commonly used in
drilling fluids, the quadripolymer has better temperature resistance.

In order to further study the effect of the quadripolymer on the thermal stability of the
bentonite-free drilling fluid, the rheological and filtration properties were evaluated before
and after hot rolling aging at various temperatures (25 ◦C, 100 ◦C, 120 ◦C, 140 ◦C, 160 ◦C,
180 ◦C, 200 ◦C), and the results are shown in Table 5.

Table 5. Influence of thermal aging temperature on performance of bentonite-free drilling fluid.

T,
◦C

PV,
mPa·s

YP,
Pa

G1/G2,
Pa/Pa

FLAPI,
mL

FLHTHP,
mL

25 27 21.5 4.5/5.5 3.0 -
100 25 14.3 4.0/5.0 4.2 14.6
120 24 14.3 3.5/4.5 5.4 17.8
140 23 13.3 3.5/4.0 6.6 19.7
160 22 10.4 2.5/3.5 7.4 21.6
180 20 8.2 1.5/2.5 8.6 24.8
200 12 2.0 0.5/0.5 12.4 46.4

Note: bentnoite-free drilling fluid formulation: deionized water + 0.1 wt% NaOH + 0.15 wt% Na2CO3 + 0.9 wt%
quadripolymer + 2 wt% PAC–LV + 2 wt% LOCKSEAL + 4 wt% CaCO3 + 0.5 wt% Na2SO3.

As shown in Table 5, it can be clearly observed that in the aging temperature range
of 100–180 ◦C, all parameters variation are within the acceptable range, showing a good
thermal stability. PV value of the quadripolymer bentonite-free drilling fluid still remains
at 20 mPa·s after aging at 180 ◦C. Meanwhile, FLAPI and FLHTHP are controlled within
8.6 mL and 24.8 mL, respectively. However, when the aging temperature rises to 200 ◦C,
the rheological parameters of the bentonite-free drilling fluid with the quadripolymer
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show an obvious decreasing trend, and the amount of filtration loss markedly increases,
indicating that the comprehensive properties of drilling fluid are out of control. Based on
the above analysis, it can be demonstrated that the bentonite-free drilling fluid prepared by
the quadripolymer possesses excellent ability to maintain viscosity and filtration loss at the
temperature of 180 ◦C.

3.2.5. HTHP Rheology

In order to determine the rheological characteristics of the synthetic quadripolymer
under high temperature and high pressure environment, the HTHP rheology test of four
common high temperature resistant polymers were performed. A constant shear rate
(511 s−1) was applied at different temperatures. Moreover, the curves of viscosity changing
with temperature are presented in Figure 7.
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As shown in Figure 6, heating causes the rapid drop in the viscosity of polymer
solutions, especially for PAM, 80A51 and HE150. Among the four polymers, the viscos-
ity reduction rates of the three polymers mentioned above are much higher than that
of quadripolymer. When temperature rises to 180 ◦C, the viscosities of the PAM and
80A51 solution are close to 0. In contrast, the quadripolymer has higher viscosity values at
each temperature point than those of the other three polymers in the temperature range of
200 ◦C, which further suggests that the quadripolymer has good temperature resistance at
high temperatures.

3.2.6. Reservoir Protection Performance

ZDY50–180 core flow tester and oil reservoir cores taken from Well TK10 at the depth
of 5298.83–5299.50 m, were used for reservoir protection evaluation of the bentonite-free
drilling fluid with the new quadripolymer.

The degree of reservoir damage caused by drilling fluid can be characterized by the
change of permeability before and after core contamination by drilling fluid, i.e., the lower
permeability of core contamination means the higher degree of reservoir damage. It is clear
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that the permeability of both cores (sample a and sample b) after contamination is restored
to more than 85% (Table 6). Moreover, the permeability recovery rate of two cores are
obviously improved and reaches up as high as 95.7% and 94.2%, respectively, after cutting
off 1 cm of contaminated core section, which indicates that the bentonite-free drilling fluid
has a good protective effect on reservoir.

Table 6. Reservoir protection performance test for bentonite-free polymer drilling fluid.

Core Sample Porosity,
% K1, mD K2, mD Recovery Rate,

%

a 13.51
7.25

6.43 88.69
Cut off 1 cm of contaminated section 6.94 95.72

b 19.20
12.85

10.98 85.45
Cut off 1 cm of contaminated section 12.11 94.24

Note: K1 is the initial permeability of cores; K2 is the permeability of contaminated cores.

4. Conclusions

A novel hydrophilic polymer was prepared with AM, AMPS, DMDAAC, and SSS
monomers via a method of free radical polymerization in aqueous solution. The new poly-
mer was characterized by 1H NMR and FT-IR analysis. Results indicated the quadripolymer
molecular structure was consistent with the designed one. Moreover, the rheological and
filtration properties of the bentonite-free drilling fluid containing the quadripolymer and
Drispac were examined in deionized and salt water at various temperatures. As a result, the
rheological parameters regularly increased with increasing dosage of polymers. Simultane-
ously, the viscosity of the salt water fluid system was explicit smaller than that of the fresh
water system. Additionally, when the adding amount was 0.9 wt%, it was confirmed that
FLAPI of two polymers drilling fluid systems decreased to 3 mL and 3.5 mL, respectively,
which are in acceptable range. The thermal stability test of bentonite-free drilling fluid
showed that the quadripolymer drilling fluid could maintain a certain viscosity value, and
FLAPI and FLHTHP were also controlled within 8.6 mL and 24.8 mL, respectively. In HTHP
rheology test, the synthetic polymer showed superior resistance to high temperature than
commonly used polymers. As for its damage to the reservoir, the permeability recovery of
cores reached more than 95.72%. In general, the synthesized polymer has good properties
of high temperature resistance and salt tolerance in controlling rheology and filtration loss
of the bentonite-free drilling fluid system.
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Abstract: In this paper, the influence of temperature on the bonding strength of aluminum alloy
joints under the full temperature field is studied. Based on the service temperature range of vehicle
bonding structures, the failure strength of aluminum alloy joints at different temperature points,
namely −40 ◦C, −20 ◦C, 0 ◦C, 25 ◦C (RT), 40 ◦C, 60 ◦C and 80 ◦C, is tested. The results showed that
compared with the failure strength of the adhesive at −40 ◦C, it decreased by 47.69% and 68.15% at
RT and 80◦C, respectively; the Young’s modulus of the adhesive decreased by 57.63% and 75.42% at
RT and 80◦C, respectively; with the increase of temperature, the young’s modulus, tensile strength
and failure strain of the adhesive decreased. In addition, the failure strength of aluminum alloy
joints varied with temperature. To be specific, the stiffness of joints decreased gradually from 25 ◦C
to 80 ◦C and increased gradually from −40 ◦C. Based on the failure strength data of bonded joints
at different temperature points, the secondary stress failure criteria of bonded joints at different
temperatures were obtained. Then, the surface function of failure criteria under the full temperature
field was established to provide reference for failure prediction of bonded structures under different
temperatures and stresses.

Keywords: adhesively-bonded joint; temperature aging; residual strength; mechanical behavior;
failure criterion

1. Introduction

In recent years, with the increasing application of new materials such as aluminum
alloy, high strength steel and composite materials in automobiles as well as the continuous
development of multi-material hybrid design concept in the automobile industry, the
traditional mechanical connection technology (such as welding and riveting) cannot meet
the connection requirements between different materials [1,2]. As a new connection method,
bonding technology has the advantages of uniform stress distribution, fatigue resistance,
light weight, etc. [3–5]. In this case, the connection needs of dissimilar materials can be
effectively realized. Therefore, compared with other connection technologies, increasing
attention has been paid to bonding technology. As a tough adhesive, polyurethane adhesive
is gradually being widely used in automobiles, since it not only has high tear strength,
good impact resistance and excellent toughness, but also provides relatively uniform stress
distribution due to its low elastic modulus.

However, as a kind of polymer material, adhesive relies on temperature to some
extent. The change of temperature will directly affect the mechanical properties of the
material, and its failure strength and failure form change with different temperatures [6].
In the process of service, the ambient temperature range of adhesive structure is large.
During the process of vehicle operation, the adhesive structure needs to provide enough
strength in the service temperature range. The performance of the bonding structure is
closely related to the service temperature, and the bonding structure significantly affects
the overall strength and fatigue characteristics of the car body. Therefore, the research
on the influence of the whole service temperature field on the performance of the body
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bonding structure is the technical guarantee to realize the lightweight design of the body
structure. Scholars at home and abroad have carried out relevant studies on the static
performance and strength-checking criteria of temperature bonding structures [7,8].

Temperature is the main factor affecting the performance of the adhesive, and the
mechanical properties of the adhesive will change in different temperature ranges. The
bonding strength, strain and fracture toughness show temperature sensitivity [9]. The joint
strength of the bonding structure is determined by the performance change of the adhesive
and the influence of thermal stress [10]. The effect of temperature on the properties of
the bonding structure is obvious, especially when the temperature is close to the glass
transition temperature (Tg) of the material [11,12]. In addition, when the temperature
is higher than Tg, the adhesive is featured with high elasticity, and its failure strength
and elastic modulus decrease rapidly, while the elongation increases; however, when the
temperature is lower than Tg, its performance is opposite [13]. Adams et al. [14] tested the
single lap joint at different temperatures and also compared and analyzed the influence of
thermal stress caused by the difference of thermal expansion coefficients and shrinkage
stress caused by curing on the joint performance, which lead to the change concerning the
stress state of the lap joint; the stress/strain performance of polymer adhesive also changes
with the change of temperature. Na et al. [15,16] studied the effect of temperature on the
mechanical properties of basalt fiber-reinforced composite/aluminum alloy bonded joints
and found that with the increase in temperature, the Young’s modulus and tensile strength
of the joint decreased, while the tensile strain increased. The closer the temperature to
Tg, the more significant the change in mechanical properties. Silva et al. [17] conducted
a test on the mechanical properties of the single lap joint at low temperature and high
temperature and revealed that the adhesive was brittle at low temperature and ductile at
high temperature. They also analyzed the effect of porosity on failure. Banea et al. [12]
investigated the stress-strain properties of polyurethane and epoxy adhesives at −40 ◦C,
room temperature and 80 ◦C. It was found that with an increase in temperature, the failure
strength and the Young’s modulus of epoxy adhesives decreased, while the failure strain
increased, which resulted from the increase of adhesive toughness at high temperature.
Zhang et al. [18] conducted a study on the tensile properties of double lap joints in the
temperature range of −35~60 ◦C and found that the load-elongation response was mainly
affected by the thermomechanical properties of the adhesive, while it was less affected by
the adhesive base material. When the temperature was higher than Tg, the strength and
stiffness of the joint decreased, while the elongation increased dramatically, and the failure
mechanism changed with the increase in temperature. To be specific, crack growth rate
is higher at low temperature. In addition, the critical strain energy release rate for crack
initiation and propagation increases continuously with increasing temperature.

Adhesion technology provides technical support for mixed material body design,
but it also brings some problems. The service temperature of the bonding structure
used in vehicles varies to a great extent in practical application. As a macromolecule
material, the performance of the bonding structure is greatly affected by temperature, which
causes the mechanical properties of the bonding structure to change with temperature.
In order to achieve the safety design of the vehicle, the bonding structure must ensure
the reliability of the connection within the full temperature field of the vehicle service.
Therefore, temperature is one of the important factors that must be considered in the design
of a bonded structure. It is of great significance to study the changing rules of bonded
joint performance at different temperatures and propose the failure prediction method of
bonded joints under the full temperature field for guiding the design of bonded structures.

2. Material Selection and Specimen Design
2.1. Adhesive and Substrate

The experimental selective adhesive was a modified silane polyurethane adhesive
widely used in the window bonding of cars, trucks and trains. ISR-7008 is produced by
Bostik China Co., Ltd. The mechanical parameters of the adhesive and adhesive substrate
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are shown in Table 1. The working temperature range provided in the technical manual
is −40 ◦C~−90 ◦C. A permanent elastomer is formed by reaction with moisture in the
air. 6005A aluminum alloy was selected as the adhesive substrate; it is widely used in
automotive body structures. Table 2 shows the main performance parameters of ISR-7008
adhesive (provided by suppliers).

Table 1. Mechanical property parameters of adhesive and adhesive substrate.

Material Attribute ISR-7008 6005A Aluminum Alloy

Young’s modulus (MPa) 4.3 71,000
Poisson’s ratio 0.44 0.33

Density (kg/m3) 1400 2730

Table 2. Technical performance parameters of ISR-7008 adhesive.

Performance ISR-7008

Tensile failure strength (MPa) 2.9
Shear failure strength (MPa) 2.5

Extension at break curing condition 225%
Curing conditions (T/RH) 20 ◦C/50%RH

Curing rate (mm/24 h) 3
Glass transition temperature (◦C) −59 ◦C

2.2. Design and Processing of Specimens

To investigate the durability of adhesive joints under different stress states, the single
lap joint (SLJ), the scarf joint (SJ) and the butt joint (BJ) were selected. When adherends are
isotropic metallic and when the bondline thickness is very thin, the stress of the adhesive
is assumed to be uniform and equal to the average values [8,19]. Thus, the SLJ and the
BJ represent the shear stress and normal stress, respectively, while the SJ refers to the
combined shear and normal stress. Furthermore, the normal and shear stress components
with an infinitesimal block of adhesive within the central region of the scarf joints are
calculated by assuming the coordinate and stress system as shown in Figure 1. The ratio
between the tensile force and shear force of the adhesive layer can be changed by changing
the angle α between the adhesive interface and the axis of specimens. It can be seen from
the force decomposition that F represents the tensile force on both ends of the specimen.
F sin α is the tensile force component of F on the bonding interface, and F cos α indicates
the shear force component of F on the bonding interface. The normal σ and shear stress τ
components are given by Equation (1), where F is the uniaxial failure load, A denotes the
bonding area and α refers to the scarf angle.

σ =
F sin α

A
, τ =

F cos α

A
(1)

The docking and lap specimens were designed to study the mechanical properties of
the adhesive joints under tensile stress and shear stress, separately. The overall size of the
butt joint is 201 × 25 × 25 mm3, and the adhesive area is 25 × 25 mm2, while the overall
size of the lap joint is 175 × 25 × 11 mm3, and the adhesive area is 25 × 25 mm2. The butt
joint and the shear joint are shown in Figure 2, where the thickness of the adhesive layer is
1 mm.
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Figure 2. Schematic diagram of docking and lap joints (mm).

In the actual service process, the adhesive structure is often affected by tensile stress
and shear stress; thus, it is of great significance to study the failure behavior of adhesive
joints under the coupling of tensile stress and shear stress through reasonable joint design,
thus being conducive to establishing the failure prediction of adhesive joints under complex
stress. In order to study the failure behavior of the adhesive layer under different stress
conditions, scarf joints with adhesive angles of 15◦, 30◦, 45◦, 60◦and 75◦ were designed
and processed (as shown in Figure 3). The adhesive thickness of all specimens is unified as
1 mm.
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2.3. Dumbbell Sample

ISR-7008 is a kind of flexible polyurethane adhesive. As the completely cured adhesive
sheet is extremely soft, it is not feasible to use machined tensile test samples. Therefore,
molding technology is adopted to process the sample for further avoiding the scratch
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problem in the cutting process and ensuring that the sample is obtained without defects.
Apart from that, for achieving the above purpose, the related metal abrasive tool is designed
as shown in Figure 4. The grinding tool consists of three parts: the lower part is the base to
play a supporting role; the middle is the template to determine the sample size and shape;
the upper part is the compression plate and bolts.
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Figure 4. (a) Forming mold. (b) Dumbbell sample.

During the process of making samples, in order to prevent adhesive from sticking
to the mold, a layer of polytetrafluoroethylene (PTFE) material is spread on the upper
surface of the base and the lower surface of the pressure plate, and a layer of release agent
is applied on all the surfaces of the template. After the die groove is coated with adhesive,
the pressure plate on the cover is pressed with bolts. ISR-7008 adhesive is moisture curing.
In order to ensure complete curing, it is solidified in 25 ◦C/50%RH environment for 7 days
to remove the pressure plate (the reference manufacturer provides curing conditions), as
shown in Figure 4, and then curing continues for 21 days. The geometric dimensions of the
dumbbell stretch samples used refer to the NF ISO 527-2 standards.

2.4. Design and Manufacture of Fixture

There are two main difficulties to be overcome in the adhesive process of docking
and scarf specimens: the accurate control of neutral and adhesive thickness of the upper
and lower square test rods of the specimen. To address these, it is necessary to first design
and make the corresponding adhesive fixture. While the fixture is being made, the upper
and lower grooves of the fixture are milled with one knife, thus ensuring the neutrality of
the upper and lower test rods in the adhesive process of the specimen. At the same time,
there is a calibration line next to the groove on one side of the fixture, and it is employed to
control the thickness of the adhesive layer. The metal strip in the upper part of the groove
is used to fix the adhesive specimen, and the knob on one side is adopted to push the
adhesive test rod to the bond, as shown in Figure 5.
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There are also some difficulties in the adhesive process of lap specimens; the main
ones are the parallelism of the two adhesive test rods and the warping of the upper and
lower surfaces. In order to solve these problems, in this paper, the corresponding fixtures,
including the lateral fastening fixture and the gantry tightening fixture, are designed as
shown in Figure 6. The parallelism of the adhesive specimen is guaranteed by the screw
rotation clamping of the lateral fastening fixture, and the metal block between the two
rods is used to control the lap width of the shear specimen, while the flatness of the upper
and lower planes of the adhesive is ensured by the screw compression of the downward
rotating gantry compression fixture.

Crystals 2021, 11, x FOR PEER REVIEW 6 of 20 
 

 

 
Figure 5. Adhesion fixture for docking and scarf specimens. 

There are also some difficulties in the adhesive process of lap specimens; the main 
ones are the parallelism of the two adhesive test rods and the warping of the upper and 
lower surfaces. In order to solve these problems, in this paper, the corresponding fixtures, 
including the lateral fastening fixture and the gantry tightening fixture, are designed as 
shown in Figure 6. The parallelism of the adhesive specimen is guaranteed by the screw 
rotation clamping of the lateral fastening fixture, and the metal block between the two 
rods is used to control the lap width of the shear specimen, while the flatness of the upper 
and lower planes of the adhesive is ensured by the screw compression of the downward 
rotating gantry compression fixture. 

 
Figure 6. Diagram of lateral fastening jig (left) and gantry clamping jig (right). 

2.5. Bonding Process 
All specimens are adhesive in a clean and stable environment (temperature: 25 ± 3 

°C; relative humidity: 50 ± 5%). The preparation process is as follows: 
1. An 80 mesh sandpaper is used for the cross grind concerning the adhesive surface of 

aluminum alloy along the 45° direction to increase the surface roughness and facili-
tate the adhesive. 

2. Acetone is used to clean the specimen, thus removing the oil pollution and dust pro-
duced in processing. Wiping paper is dipped in acetone, and the adhesive surface is 
wiped in one direction until the surface of the tissue is clean. The surface is allowed 
to dry for 10 min. 

3. Surface pretreatment coating agent Primer M is used to clean the adhesive surface 
again. The surface is again allowed to dry for 10 min. 

4. As for adhesive ISR-7008, on its surface, the corresponding fixture described above 
is used to complete the specific adhesive work, and then it is solidified for a period 
of 4 weeks in the experimental environment. 

2.6. Testing of Strength under the Condition of the Full Temperature Field 
The cured fully adhesive joints are placed in the hot and humid environment box as 

shown in Figure 7 and are subject to the test temperature for two hours. To be specific, the 
temperature range is −40 °C ~ 150 °C, the humidity range is 20% RH ~ 99% RH, the tem-
perature fluctuation is ±0.1 °C and the humidity fluctuation is ±1%. For each test joint, the 

Figure 6. Diagram of lateral fastening jig (left) and gantry clamping jig (right).

2.5. Bonding Process

All specimens are adhesive in a clean and stable environment (temperature: 25 ± 3 ◦C;
relative humidity: 50 ± 5%). The preparation process is as follows:

1. An 80 mesh sandpaper is used for the cross grind concerning the adhesive surface of
aluminum alloy along the 45◦ direction to increase the surface roughness and facilitate
the adhesive.

2. Acetone is used to clean the specimen, thus removing the oil pollution and dust
produced in processing. Wiping paper is dipped in acetone, and the adhesive surface
is wiped in one direction until the surface of the tissue is clean. The surface is allowed
to dry for 10 min.

3. Surface pretreatment coating agent Primer M is used to clean the adhesive surface
again. The surface is again allowed to dry for 10 min.

4. As for adhesive ISR-7008, on its surface, the corresponding fixture described above is
used to complete the specific adhesive work, and then it is solidified for a period of
4 weeks in the experimental environment.

2.6. Testing of Strength under the Condition of the Full Temperature Field

The cured fully adhesive joints are placed in the hot and humid environment box as
shown in Figure 7 and are subject to the test temperature for two hours. To be specific,
the temperature range is −40 ◦C~150 ◦C, the humidity range is 20% RH~99% RH, the
temperature fluctuation is ±0.1 ◦C and the humidity fluctuation is ±1%. For each test joint,
the load and displacement curves are acquired by the tensile test. It should be noticed that
all the joints are tested at 25 ◦C/50%RH to obtain the residual strength of the adhesive joint.
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3. Experimental Data Analysis
3.1. Dumbbell Sample Test

Typical temperature conditions are selected according to the temperature range
(−40 ◦C~80 ◦C) in body service environment, and typical temperature points of −40 ◦C,
RT and 80 ◦C are chosen. The dumbbell specimens manufactured are placed in the environ-
mental test box according to the temperature conditions for 6 h to achieve full uniformity
of the joint temperature. Immediately after taking out the dumbbell samples and loading
them into the electronic universal testing machine, the dumbbell-type adhesive specimens
are subjected to quasi-static tensile tests at −40 ◦C, RT and 80 ◦C, and the bonded joints
are tested at a constant speed of 5 mm/min until destroyed. The stress and strain curves
of dumbbell samples are recorded. The temperature required for the test is provided by a
high-low temperature environment chamber; a high temperature environment can be pro-
vided by resistance wire heating, while a low temperature environment can be achieved by
liquid nitrogen cooling. Apart from this, temperature changes can be accurately controlled
by a temperature controller.

To accurately measure the strain of dumbbell specimens during tension, a non-contact
full-field strain measurement system (VIC-3D, Correlated Solutions, Inc.) is adopted as
shown in Figure 8. The whole-field displacement and strain measurements are carried
out by the system, based on three-dimensional digital image correlation technology. The
test procedure is as follows: the dumbbell specimen is set to 20 mm in test length and is
fixed on the universal testing machine; then, two CCD cameras are installed and calibrated.
The strain of the specimen is obtained by analyzing the images collected in the tensile test.
Each test is repeated three times to ensure the validity of the data, taking the average as
the result.
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3.2. Mechanics Performance Testing

Table 3 shows the experimental test data concerning seven groups of adhesive speci-
mens from different angles. It can be seen from the data in the table that there is a certain
degree of dispersion between the experimental test data of the same group of adhesive
specimens. In order to ensure that the failure strength of each adhesive specimen is more
accurate and reasonable, the experimental data shown in Table 3 are screened and extracted,
and two experimental data extraction methods—the section method and the statistical
method—are adopted.

Table 3. Experimental test data of seven groups of adhesive specimens at different angles.

Temperature
(◦C)

Adhesive
Angle (◦)

Strength (MPa) Average
Strength (MPa)

ST
(%)

CV
(%)

Failure
ModeNo. 1 No. 2 No. 3 No. 4 No. 5

80

90 2.27 2.15 2.19 2.23 2.21 2.21 4.47 2.03 CF
75 2.11 2.32 2.29 2.03 2.05 2.16 13.60 6.30 CF
60 1.98 2.11 2.05 2.2 2.11 2.09 8.15 3.90 CF
45 2.12 1.96 1.97 2.23 2.17 2.09 12.06 5.77 CF
30 2.11 2.08 1.93 2.05 2.23 2.08 10.82 5.20 CF
15 2.10 2.25 2.28 1.87 2.00 2.10 17.16 8.17 CF
0 1.98 2.23 2.05 2.01 2.23 2.10 12.12 5.77 CF

60

90 2.22 2.45 2.54 2.28 2.36 2.37 12.85 5.42 CF
75 2.26 2.50 2.38 2.49 2.37 2.40 9.87 4.11 CF
60 1.98 2.11 2.05 2.20 2.11 2.30 14.02 6.09 CF
45 2.09 2.35 2.24 2.37 2.40 2.29 12.71 5.55 CF
30 2.11 2.13 2.32 2.40 2.49 2.29 16.66 7.27 CF
15 2.24 2.31 2.46 2.50 2.24 2.35 12.28 5.23 CF
0 2.48 2.44 2.31 2.29 2.53 2.41 10.56 4.38 CF

40

90 2.40 2.57 2.64 2.73 2.56 2.58 12.14 4.70 CF
75 2.63 2.54 2.41 2.70 2.47 2.55 11.73 4.60 CF
60 2.60 2.61 2.57 2.36 2.46 2.52 10.75 4.26 CF
45 2.42 2.35 2.56 2.66 2.61 2.52 13.08 5.18 CF
30 2.51 2.44 2.60 2.38 2.47 2.48 8.21 3.31 CF
15 2.36 2.48 2.58 2.56 2.77 2.55 15.03 5.89 CF
0 2.64 2.53 2.66 2.47 2.70 2.60 9.62 3.70 CF

RT

90 2.76 2.61 2.99 2.93 2.61 2.78 17.66 6.35 CF
75 2.66 2.82 2.57 2.83 2.62 2.70 11.85 4.39 CF
60 2.56 2.48 2.82 2.77 2.62 2.65 14.25 5.38 CF
45 2.78 NA 2.64 2.61 2.93 2.74 14.67 5.35 CF
30 2.56 2.62 2.87 2.91 2.79 2.75 15.38 5.59 CF
15 3.01 2.92 2.69 2.70 NA 2.83 16.02 5.66 CF
0 3.01 2.87 3.12 2.78 2.52 2.86 11.42 3.99 CF
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Table 3. Cont.

Temperature
(◦C)

Adhesive
Angle (◦)

Strength (MPa) Average
Strength (MPa)

ST
(%)

CV
(%)

Failure
ModeNo. 1 No. 2 No. 3 No. 4 No. 5

0

90 3.01 2.77 2.95 2.82 3.00 2.91 9.65 3.74 CF
60 3.04 3.13 2.99 2.75 2.69 2.92 14.06 6.52 CF
45 2.90 2.78 3.12 3.20 3.25 3.05 16.79 6.61 CF
30 2.88 2.98 2.90 3.17 3.27 3.04 11.45 5.66 CF
75 3.01 3.08 3.13 2.85 2.83 2.98 10.57 4.53 CF
15 3.11 3.03 3.00 3.06 3.25 3.09 4.06 3.18 CF
0 2.81 3.20 3.03 3.34 3.22 3.12 19.78 6.59 CF

−20

90 3.20 3.11 3.05 2.78 3.01 3.03 15.70 5.18 CF
75 2.96 3.11 3.23 2.92 3.23 3.09 14.61 4.72 CF
60 3.11 3.21 2.97 2.85 3.16 3.06 14.76 4.82 CF
45 3.23 3.51 3.37 3.29 3.70 3.42 18.84 5.51 CF
30 3.01 3.07 3.33 3.42 3.27 3.22 17.46 5.41 CF
15 3.22 3.44 3.19 3.50 3.20 3.31 14.79 4.47 CF
0 3.67 3.55 3.29 3.34 3.70 3.51 18.74 5.43 CF

−40

90 3.68 3.92 3.84 4.02 3.74 3.84 13.64 3.55 CF
75 3.82 3.77 3.90 3.91 3.75 3.83 7.31 1.91 CF
60 4.04 3.90 3.78 3.82 3.86 3.88 10.00 2.58 CF
45 4.32 4.18 3.99 3.84 3.72 4.01 24.41 6.08 CF
30 3.84 3.99 3.72 4.13 4.22 3.98 20.45 5.14 CF
15 4.12 4.03 4.21 3.87 3.87 4.02 15.09 3.75 CF
0 3.89 4.16 4.23 3.87 3.90 4.01 17.10 4.26 CF

In the statistical method, the confidence interval in statistics is used to extract the
experimental data. The confidence interval refers to the estimated interval of the overall
parameters constructed by sample statistics. In this paper, the 95% confidence interval,
which is commonly used in engineering data statistics, is selected to screen the experimental
data falling into the confidence interval. At the same time, the failure section of the adhesive
joint after static tension is analyzed and the test results of cohesion failure are selected as
the effective data. Tables 4–10 show the failure strength values concerning seven groups of
test specimens at different angles.

Table 4. Failure strength values of seven groups of adhesive specimens at different angles at −40 ◦C.

Adhesive Angle (◦C) 0 15 30 45 60 75 90

Average failure load (N) 2400 8893 4683 3445 2814 2573 2458
Adhesive area (mm2) 625 2322 1207 859 707 640 613
Normal stress (MPa) 0.00 1.04 1.99 2.83 3.36 3.70 3.84
Shear stress (MPa) 4.01 3.88 3.45 2.83 1.94 0.99 0.00

Table 5. Failure strength values of seven groups of adhesive specimens at different angles at −20 ◦C.

Adhesive Angle (◦C) 0 15 30 45 60 75 90

Average failure load (N) 1894 7175 3693 2938 2277 2118 2152
Adhesive area (mm2) 625 2322 1207 859 707 640 613
Normal stress (MPa) 0.00 0.86 1.61 2.22 2.65 2.98 3.04
Shear stress (MPa) 3.51 3.20 2.79 2.22 1.53 0.80 0.00

Table 6. Failure strength values of seven groups of adhesive specimens at different angles at 0 ◦C.

Adhesive Angle (◦C) 0 15 30 45 60 75 90

Average failure load (N) 1819 6920 3524 2620 2149 1978 1913
Adhesive area (mm2) 625 2322 1207 859 707 640 613
Normal stress (MPa) 0.00 0.80 1.52 2.16 2.53 2.88 2.91
Shear stress (MPa) 3.12 2.98 2.63 2.16 1.46 0.77 0.00
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Table 7. Failure strength values of seven groups of adhesive specimens at different angles at 25 ◦C.

Adhesive Angle (◦C) 0 15 30 45 60 75 90

Average failure load (N) 1738 6269 3199 2354 1944 1811 1753
Adhesive area (mm2) 625 2322 1207 859 707 640 613
Normal stress (MPa) 0.00 0.73 1.37 1.94 2.29 2.61 2.78
Shear stress (MPa) 2.86 2.73 2.38 1.94 1.33 0.70 0.00

Table 8. Failure strength values of seven groups of adhesive specimens at different angles at 40 ◦C.

Adhesive Angle (◦C) 0 15 30 45 60 75 90

Average failure load (N) 1613 5921 3042 2165 1753 1632 1594
Adhesive area (mm2) 625 2322 1207 859 707 640 613
Normal stress (MPa) 0.00 0.66 1.24 1.78 2.18 2.46 2.58
Shear stress (MPa) 2.50 2.43 2.15 1.78 1.26 0.66 0.00

Table 9. Failure strength values of seven groups of adhesive specimens at different angles at 60 ◦C.

Adhesive Angle (◦C) 0 15 30 45 60 75 90

Average failure load (N) 1481 5573 2776 1967 1619 1504 1477
Adhesive area (mm2) 625 2322 1207 859 707 640 613
Normal stress (MPa) 0.00 0.61 1.15 1.62 1.99 2.32 2.37
Shear stress (MPa) 2.45 2.27 1.98 1.62 1.15 0.62 0.00

Table 10. Failure strength values of seven groups of adhesive specimens at different angles at 80 ◦C.

Adhesive Angle (◦C) 0 15 30 45 60 75 90

Average failure load (N) 1381 5016 2523 1795 1471 1344 1287
Adhesive area (mm2) 625 2322 1207 859 707 640 613
Normal stress (MPa) 0.00 0.54 1.03 1.48 1.80 2.09 2.21
Shear stress (MPa) 2.09 2.03 1.80 1.48 1.04 0.56 0.00

4. Analysis and Discussion of Experimental Results
4.1. Dumbbell Sample Test

The stress-strain curves at the high temperature of 80 ◦C, room temperature and the
low temperature of −40 ◦C, as shown in Figure 9, show that the Young’s modulus and
tensile strength of the adhesive decrease with an increase in temperature, which is contrary
to the increase of failure strain of epoxy adhesive with the increase of temperature due
to the difference of glass transition temperature between the two kinds of adhesive [20].
The glass transition temperature of epoxy adhesive is higher, and the toughness of the
material is enhanced with the increase in temperature. However, for polyurethane adhesive
ISR-7008, the glass transition temperature is low (Tg = −59 ◦C), and the toughness is better
at low temperature. The variation of the Young’s modulus, tensile strength and failure
strain of adhesive ISR-7008 with temperature is displayed in Table 11, and all show a
downward trend with an increase in temperature.
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Table 11. Young’s modulus, tensile strength and failure strain of adhesives at −40 ◦C, RT and 80 ◦C.

Temperature (◦C) Young’s Modulus
(MPa)

Tensile Strength
(MPa) Failure Strain

−40 11.8 ± 1.61 6.5 ± 0.19 5.2 ± 0.23
RT 5.0 ± 0.27 3.4 ± 0.13 4.2 ± 0.18
80 2.9 ± 0.24 2.07 ± 0.10 3.72 ± 0.11

The failure strength and the Young’s modulus of the adhesive vary greatly at different
temperatures. The failure strength of the adhesive decreases by 47.69% and 68.15% at
RT and 80 ◦C, respectively, compared with −40 ◦C, while the Young’s modulus of the
adhesive decreases by 57.63% and 75.42% at RT and 80 ◦C, respectively. The increase in
temperature results in a declining degree of failure strength and Young’s modulus. The
closer the glass transition temperature of the adhesive is, the more obvious the change in
the properties of the adhesive [14]. For the failure strain of the adhesive, it decreases with
increasing temperature, but the decrease is slight. When the temperature rises from a low
level, the ductility of the adhesive clearly changes. With the increase in temperature, the
change range of ductility decreases, and that of failure strength is smaller. The adhesive
fracture occurs before reaching large deformation, which leads to the decrease in failure
strain of dumbbell samples with the increase in temperature. Banea et al. [21] studied room
temperature silicone sulfide adhesives and similarly found that the failure displacement of
the adhesives decreases with increasing temperature.

4.2. BJ and SLJ Tests

The average lap shear strength and tensile strength for joints tested at seven tempera-
ture points were obtained. In addition, the variation curves of the average lap shear and
tensile strength of joints as a function of temperature are presented in Figure 10.

It was found that the adhesive strength of SLJs and BJs decreased gradually with
an increase in temperature: the higher the temperature, the lower the adhesive strength.
The highest adhesive strength appeared at the low temperature of −40 ◦C, and the lowest
adhesive strength appeared at the high temperature of 80 ◦C. For SLJ adhesive strength,
the adhesive strengths at −40 ◦C and −20 ◦C are 28.68% and 18.52%, respectively; 8.33%
higher than that of room temperature. The adhesive strengths at high temperatures of
80 ◦C, 60 ◦C and 40 ◦C are 26.92%, 15.73% and 9.09%, respectively, lower than that at room
temperature. In addition, for the adhesive strength of BJs, the adhesive strengths at high
temperatures of 80 ◦C, 60 ◦C and 40 ◦C are 20.00%, 14.75% and 7.19% lower than that at
room temperature, respectively.
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The adhesive strengths at low temperatures of −40 ◦C, −20 ◦C and 0 ◦C are 27.60%,
8.25% and 4.47% higher than that at room temperature, respectively, which is explained
by the fact that polyurethane adhesive has low glass transition temperatures (Tg = −60 ◦C
for ISR-7008, provided by the supplier). It remains ductile, and its strength increases at
low temperatures, which leads to a higher joint strength. With regard to polyurethane
flexible adhesive, the adhesive strength of the joint depends not only on the strength of
the adhesive but also on the toughness of the material. By comparing the changing trend
concerning tensile strength and shear strength of adhesive joints, it can be found that the
shear strength increases more than the tensile strength at low temperature, and it decays
more than the tensile strength at high temperature, which indicates that the adhesive
strength of the single lap joint is more sensitive to changes in temperature.

4.3. SJ Tests

In practical engineering applications, most stress forms of adhesive structures are
basically tensile shear interaction. The adhesive strength of lap joints and butt joints
decreases with the increase in temperature, while that of scarf joints under the action of
tensile shear need further study. The same quasi-static tests were performed on the 15◦,
30◦, 45◦, 60◦ and 75◦ SJs at −40 ◦C, −20 ◦C, 0 ◦C, 25 ◦C, 40 ◦C, 60 ◦C and 80 ◦C. In order to
ensure the credibility of the experimental data, each temperature point has three samples.
The average value of failure strength of the three samples is called adhesive strength. By
observing the failure forms of all joints, it is found that the failure modes of scarf joints are
cohesion failure, and the adhesive strength of 15◦, 30◦, 45◦, 60◦ and 75◦ SJs changes with
temperature, as shown in Figure 11.

As can be seen from Figure 11, with the decrease of adhesive strength with increased
temperature, the change trend of adhesive strength is similar to that of the single tensile
joint and the single shear joint. First, the 15◦ and 30◦ scarf joints are analyzed. They have
the same characteristics: the joint is subjected mainly to shear action, and the joint strength
measured at room temperature (RT) is taken as a reference, while the strength of 15◦ joints
decreased by 25.79%, 16.96% and 89.89% with an increase in temperature to 40 ◦C, 60 ◦C
and 80 ◦C, respectively. When the temperature drops to 0 ◦C, −20 ◦C and −40 ◦C, the
strength of the joint increases by about 29.60%, 14.50% and 8.41%, respectively. When
the temperature increases from room temperature (RT) to 40 ◦C, 60 ◦C and 80 ◦C, the
adhesive strength of 30◦ joints decreases by 9.82%, 16.72% and 25.79%, respectively. When
the temperature decreases from room temperature (RT) to 0◦C, −20 ◦C and −40◦C, the
joint strength increases by 9.54%, 14.60% and 30.90%, respectively.
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The 60◦ and 75◦ joints possess the same characteristics: the joint is subjected mainly to
tensile action. Taking the joint strength tested at room temperature as a reference, when
the temperature reaches 80 ◦C, the strength of 60◦ and 75◦ joints decreases by 21.13%
and 20.50%, respectively; when the temperature decreases to −40 ◦C, the joint strength
increases by 31.70% and 29.50%, respectively. The 45◦ scarf joint is subjected to the same
tensile and shear loads. The joint strength tested at room temperature (RT) is taken as
a reference. With the temperature rising to 40 ◦C, 60 ◦C and 80 ◦C, the joint strength
decreases by 8.03%, 16.42% and 23.72%, respectively. When the temperature decreases to
0◦C, −20◦C and −40 ◦C, the adhesive strength increases by 10.16%, 19.88% and 31.70%,
respectively. By analyzing the variation trend regarding the adhesive strength of several
kinds of scarf joints and combining the strength variation rule of single lap joints and butt
joints, it is found that when the temperature rises to the highest level (80 ◦C) and decreases
to the lowest (−40 ◦C), the attenuation and increase of adhesive strength of the butt joint
are at least 20.00% and 27.60%, respectively. It is speculated that the docking joint is the
least sensitive to temperature change compared with the lap joint and the butt joint.

4.4. Force-Displacement Curve Comparison

Representative load-displacement curves of SLJs, 15◦, 30◦, 45◦, 60◦ and 75◦ scarf
joints and BJs as a function of temperature are shown in Figure 12. By comparing the
mechanical properties of adhesive and adhesive substrate, it can be found that the elastic
modulus of aluminum alloy substrate is 1.6E4 times that of adhesive. In this case, it can
be considered that the deformation of adhesive joints is mainly that of the adhesive. The
force-displacement curves of seven kinds of joints with different stress forms are nonlinear
at all test temperature points. Furthermore, it should be noted that similar findings were
obtained by I. Lubowiecka et al. [22–24] for flexible adhesive Terostat MS 9360. From the
force-displacement curve, it can be found that the failure displacement of single lap joints,
butt joints and scarf joints gradually decreases with the increase in temperature when
the temperature changes from the low temperature of −40 ◦C to the high temperature
of 80 ◦C. The lower the temperature, the larger the failure displacement, and vice versa.
Similar findings were obtained by Mariana et al. [25] for Sikaflex-552 and Banea et al. [26]
for SikaForce 7888. In addition, the slope of the force-displacement curve is weighed as
the stiffness of the joint; it is found that the stiffness of the joint varies slightly with the
increase in temperature, which indicates that the change of temperature affects the stiffness
of the joint.
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The cutoff point is 45◦ scarf joints with equal tensile and shear loads on the adhesive
surface. Based on the SLJs and 15◦ and 30◦ scarf joints with shear load on the adhesive
surface, the curve of tensile force displacement change was observed. Therefore, it was
found that the curve of tensile force displacement basically presented three consecutive
stages in both high and low temperature environments: I. near-linear increase; II. nonlinear
variation; III. the failure phase (shown in Figure 12a). To be specific, stage I corresponds to
the linear elastic behavior, because the elastic modulus of ISR-7008 adhesive is relatively
low, and all the curves deviate slightly from a straight line, which is mainly due to the
characteristics of the polymer itself. Polyurethane adhesive is featured with nonlinear
elastic behavior and low elastic modulus, which is obviously different from the linear
elasticity of the epoxy adhesive curve with high elastic modulus [12,27].
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In stage II, the joint stiffness is reduced due to the yield of the adhesive, and the slight
rotation of SLJs may also affect the joint stiffness during the tensile process: the change
from stage I to stage II is obviously dependent on the characteristics of the joint itself,
and stage III is mainly the failure and fracture of the joint, which is very important for
material characterization. Because of the difference in the characteristics of the joint, the
tension-displacement curve of 60◦ and 75◦ scarf joints and BJs is different from that of SLJs
and 15◦ and 30◦ scarf joints, and stage I is closer to a straight line. In addition, the tensile
displacement curve concerning the 75◦ scarf joints and BJs at the low temperature of −40 ◦C
has a yield point that becomes less and less obvious with the increase in temperature, as
shown in Figure 12f–g.

4.5. Joint Stiffness

The effect of temperature on the properties of adhesives is evaluated through the
change of adhesive joint stiffness. The stiffness of SLJs, 15◦, 30◦, 45◦, 60◦, 75◦ scarf joints
and BJs varies with temperature, as shown in Figure 13. It can be clearly seen from the
diagram that temperature has a significant effect on the stiffness of the joint. With the
increase in temperature, the stiffness of the joint decreases gradually, and vice versa. For
SLJs, when the temperature increases from RT to 80 ◦C, the stiffness of the joint decreases
by 8.73%, and when the temperature of the joint decreases from RT to −40◦C, the stiffness
of the joint increases by 3.83%. For 15◦, 30◦, 45◦, 60◦ and 75◦ scarf joints, temperature
increases from RT to 80 ◦C, and the joint stiffness decreases by 10.48%, 30.45%, 19.98%,
9.70% and 0.88%, respectively. When the temperature decreases from RT to −40 ◦C, the
joint stiffness increases by 9.85%, 3.29%, 20.70%, 37.99% and 46.47%, respectively. When
the temperature of BJs increases from RT to 80 ◦C, the stiffness of the joint decreases by
43.97%, while it increases by 8.35% from RT to −40 ◦C. Through the above analysis, it is
found that in addition to the 15◦ scarf joint, the stiffness of the joint increases gradually
with the increase of the specimen angle, or in other words, the greater the proportion of
tensile load on the adhesive area of the joint, the greater the stiffness of the joint when the
smallest SLJ stiffness appears, which can also explain this law.
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4.6. Energy Absorption

The experimental results show that temperature significantly affects the adhesive
strength, joint stiffness and joint failure displacement. The area surrounded by the ex-
perimental force-displacement curve of the joint is the energy absorbed in the failure
process of the joint (called absorption energy). Temperature affects the fracture energy
of adhesive joints in a way similar to the maximum load, or in other words, there is an
ongoing reduction from low to high temperatures [28]. Temperature strongly affects the
energy absorption of adhesive joints. The decrease of adhesive strength is accompanied
by the decrease of energy absorption. From the absorption energy histogram, it can be
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seen that with the reference of room temperature (RT), the fracture energy of all joints
decreases with the increase in temperature, and that of all joints increases with the decrease
in temperature, as shown in Figure 14. When the temperature of SLJs increases from RT to
40 ◦C, 60 ◦C and 80 ◦C, the fracture energy decreases from 4.811/J to 4.114/J, 3.292/J and
2.882/J, respectively, and when the temperature decreases from RT to 0 ◦C, −20 ◦C and
−40 ◦C, the fracture energy increases to 6.46/J, 8.767/J and 10.836/J, with an increase of
34.276%, 82.23% and 125.23%, respectively.

Crystals 2021, 11, x FOR PEER REVIEW 17 of 20 
 

 

to say, 5.0%, 55.87% and 68.69%. Through the analysis of seven different stress forms of 
joints, it is found that the fracture energy of BJs is specially affected by temperature; the 
fracture energy attenuation at the high temperature of 80 °C is the largest, and the fracture 
energy at the low temperature of −40 °C increases the least. 

 
Figure 14. Joint energy absorption histogram as a function of temperature. 

4.7. Failure Criterion Surface of Adhesive Joint 
In order to predict the failure behavior of adhesive joints, realize safety design, and 

provide further reference and guidance for the practical application of adhesive structures 
in the automotive industry, it is necessary to establish reasonable failure criteria. The sec-
ondary stress criterion is widely used to predict the failure of adhesive joints, and its ex-
pressions are shown as Equation (2). ቀܰߪቁଶ + ቀ߬ܵቁଶ = 1 (2)

With tangential shear stress τ  as the abscissa and normal stress σ  as the ordi-
nate, a coordinate system of adhesive positive shear stress was built. According to the 
experimental data shown in Tables 4–10, the least square method was adopted to fit the 
secondary stress failure criterion curve of adhesive joints at different temperatures (as 
shown in Figure 15). It can be seen from the figure that with the increase in temperature, 
the range between the failure criterion curve and the coordinate axis of the adhesive joint 
is gradually reduced, which indicates that the adhesive joint is more likely to be destroyed 
at high temperature. The parameter values (ܰ, ܵ) and corresponding goodness of fit (R2) 
of the failure criterion formula at seven test temperatures are shown in Table 12. 

Figure 14. Joint energy absorption histogram as a function of temperature.

When the temperature of 15◦, 30◦, 45◦, 60◦ and 75◦ scarf joints rises to 80 ◦C, the
fracture energy of the joint decreases from 12.282/J, 8.063/J, 4.432/J, 3.328/J and 3.078/J to
7.513/J, 5.363/J, 1.899/J, 1.886/J and 1.505/J, respectively, and the attenuation rates are
38.83%, 33.49%, 57.15%, 43.33% and 51.10%, respectively. When the temperature drops to
−40 ◦C, the fracture energy of the joint increases to 24.103/J, 17.368/J, 13.919/J, 7.806/J
and 7.213/J, respectively, and the growth rates are 96.25%, 115.40%, 214.06%, 134.56% and
134.34%, respectively. In this case, it is found that the fracture energy of 45◦ scarf joints at
the high temperature of 80 ◦C decreases the most, while the fracture energy of −40 ◦C joints
increases to the greatest extent. The effect of temperature on the fracture energy of BJs is
similar to that of other joints. When the temperature decreases to 0 ◦C, −20 ◦C and −40 ◦C,
the fracture energy increases from 4.602/J to 5.245/J, 5.803/J and 7.479/J, respectively, or
has an increase of 13.97%, 26.10% and 62.52%. When the temperature rises to 40 ◦C, 60 ◦C
and 80 ◦C, the fracture energy decreases to 1.441/J, 2.031/J and 2.301/J, respectively; that
is to say, 5.0%, 55.87% and 68.69%. Through the analysis of seven different stress forms of
joints, it is found that the fracture energy of BJs is specially affected by temperature; the
fracture energy attenuation at the high temperature of 80 ◦C is the largest, and the fracture
energy at the low temperature of −40 ◦C increases the least.

4.7. Failure Criterion Surface of Adhesive Joint

In order to predict the failure behavior of adhesive joints, realize safety design, and
provide further reference and guidance for the practical application of adhesive structures
in the automotive industry, it is necessary to establish reasonable failure criteria. The
secondary stress criterion is widely used to predict the failure of adhesive joints, and its
expressions are shown as Equation (2).

( σ

N

)2
+

(τ

S

)2
= 1 (2)

With tangential shear stress τ as the abscissa and normal stress σ as the ordinate, a co-
ordinate system of adhesive positive shear stress was built. According to the experimental
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data shown in Tables 4–10, the least square method was adopted to fit the secondary stress
failure criterion curve of adhesive joints at different temperatures (as shown in Figure 15).
It can be seen from the figure that with the increase in temperature, the range between the
failure criterion curve and the coordinate axis of the adhesive joint is gradually reduced,
which indicates that the adhesive joint is more likely to be destroyed at high temperature.
The parameter values (N, S) and corresponding goodness of fit (R2) of the failure criterion
formula at seven test temperatures are shown in Table 12.
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Table 12. Parameters of failure criteria and corresponding goodness of fit at seven temperatures.

Temperature (◦C) N S R2

−40 3.8443 4.0337 0.9948
−20 3.0142 3.3914 0.9838

0 2.9296 3.1055 0.9903
25 2.7042 2.8139 0.9819
40 2.5549 2.4921 0.9919
60 2.3459 2.3558 0.9709
80 2.1639 2.0695 0.9791

The parameters (N, S) in the failure criterion formula under different temperature
conditions were extracted, the change law was fitted by the exponential function (0.9241
and 0.9827, respectively) according to their change characteristics with temperature, and
Equations (3) and (4) were obtained as follows. When Equations (3) and (4) are brought in
Equation (5), the failure criterion formula of the adhesive joint under the condition of the
full temperature field is obtained.

N = 2.07 + 0.82 × 0.98T (3)

S = 1.26 + 1.85 × 0.99T (4)
(

σ

2.07 + 0.82 × 0.98T

)2
+

(
τ

1.26 + 1.85 × 0.99T

)2
= 1 (5)

where T represents any temperature value between −40 ◦C and 80 ◦C. When the ambient
temperature is brought into Equations (3) and (4), the failure criterion of adhesive joints
at this temperature can be obtained, which provides the basis for the failure prediction
of the adhesive structure. In order to reflect the variation of failure criterion with tem-
perature more intuitively, the failure criterion surface of adhesive joints is established by
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MATLAB software, as shown in Figure 16. Therefore, it can be seen that with the increase
in temperature, the failure criteria of adhesive joints shrink gradually.
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5. Conclusions

In this paper, the influence of ambient temperature on the mechanical properties and
joint strength of the adhesive body was studied, and the failure criterion surface under the
full temperature field was also established. The specific research content is summarized
as follows:

1. The effect of ambient temperature on the mechanical properties of ISR-7008 adhesive
was studied. The results show that the Young’s modulus, tensile strength and failure
strain of the adhesive decrease with the increase in temperature.

2. Quasi-static tensile tests were carried out on lap joints, scarf joints (15◦, 30◦, 45◦,
60◦ and 75◦) and butt joints at different temperatures. The results show that the
strength of the joint decreases with the increase in temperature. Compared with lap
joints and scarf joints, the strength of butt joints is the least sensitive to the change in
temperature. With the increase of the adhesive angle, the stiffness of the joint increases
gradually, while with the increase in temperature, the stiffness of all the tested joints
decreases gradually. At the same time, with the increase in temperature, the failure
displacement and energy absorbed by the joint also witness a downward trend.

3. Based on the experimental data, the secondary stress failure criteria of adhesive
joints at different temperatures are obtained. Considering this, the surface function
of failure criteria under the full temperature field environment is proposed, which
provides a reference for the failure prediction of adhesive structures under different
temperatures and complex stress conditions.
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Abstract: For the sustainable development of construction materials, supplementary cementitious
materials (SCMs) are commonly added to self-compacting concrete (SCC). This paper reviewed the
application techniques and hydration mechanisms of SCMs in SCC. The impacts of SCMs on the
microstructure and performance of SCC were also discussed. SCMs are used as a powder material
to produce SCC by replacing 10% to 50% of cement. Hydration mechanisms include the pozzolanic
reaction, alkaline activation, and adsorption effect. Moreover, the filling effect and dilution effect of
some SCMs can refine the pore structure and decrease the temperature rise of concrete, respectively.
Specifically, the spherical particles of fly ash can improve the fluidity of SCC, and the aluminum-
containing mineral phase can enhance the resistance to chloride ion penetration. Silica fume will
increase the water demand of the paste and promote its strength development (a replacement of 10%
results in a 20% increase at 28 days). Ground-granulated blast furnace slag may reduce the early
strength of SCC. The adsorption of Ca2+ by CaCO3 in limestone powder can accelerate the hydration
of cement and promote its strength development.

Keywords: self-compacting concrete; supplementary cementitious materials; hydration mechanisms;
microstructure; fresh properties

1. Introduction

Self-compacting concrete (SCC) is a type of high-performance concrete that can be poured
into structural formwork by gravity and compacted without vibration. Okamura et al. [1]
pioneered the application of SCC in Japan in 1988. The outstanding features are that SCC
eliminates the mechanical vibration process and lowers labor costs as compared to normal
vibrating concrete (NVC), and SCC has a high powder material content in the mixture to
increase fresh properties (Figure 1). However, using cement solely as a powder material
leads to high production cost for SCC, which restricts its wide use. In addition, the high
cement content in SCC poses increasing environmental risks as cement production is a
high-resource-consuming and waste-discharging process, and its annual production has
reached 3000 million tons worldwide [2].
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The addition of supplementary cementitious materials (SCMs) as a partial substitute
for cement can significantly lower the production cost of SCC as well as relieve the shortages
of cement raw materials and solid waste pollution [3]. SCMs can adjust the fresh properties
and improve the durability properties [4]. Specifically, SCMs can effectively enhance the
microstructure of SCC. Furthermore, SCMs will have superposition effects when two or
more of them are used together. Although SCMs have been widely employed in SCC,
there is still a lack of a summary in its mix proportions. Moreover, the functions of SCMs
in SCC remain unclear, and the systematic analysis of macroscopic properties does not
exist yet. Therefore, it is necessary to outline the influences of SCMs in SCC, which can
promote the sustainable development of SCC technology and improve the comprehensive
utilization of solid wastes. The application techniques and hydration mechanisms of SCMs
in SCC were reviewed in this work, and the impacts of fly ash (FA), silica fume (SF), ground
granulated blast furnace slag (GBFS), and limestone powder (LP) on the microstructure
and performance of SCC were also summarized.

2. Mixture Design of SCC

The fresh paste of SCC should have high fluidity as well as resistance to segregation
and bleeding during pouring, especially when the paste flows through the limited space of
reinforcing bars. It should be noted that the higher the proportion of coarse aggregate in
concrete, the smaller the relative distance between particles, which increases the frequency
of collision and friction. As a result, the internal stress caused by coarse aggregate consumes
a large amount of energy for flowing, which reduces the fresh properties of the paste and
even causes blockage. To avoid this, Okamura et al. [1] initially modified the mix proportion
by reducing aggregate content, increasing powder content, and adding superplasticizer.
To generate self-compacting concrete, this work first sets the amount of aggregate and
next changes the water-to-binder ratio and superplasticizer dosages. Figure 1 depicts
the proportion of each component. In China, the mixture proportion design of SCC is
often done by the absolute volume technique (Chinese standard: CECS203, 2006). In this
technique, the cement paste that meets the performance requirements is prepared first, and
the fine and coarse aggregates are added sequentially to produce the appropriate mortar
and concrete. In addition, Wu et al. [5] and Nie et al. [6] have proposed a mix design
method based on the rheological characteristics of paste.

It can be found that SCC contains a larger proportion of powder material than NVC.
Domone [7] summarized a lot of instances from previous research and discovered that
roughly 95% of self-compacting concrete had powder masses of more than 400 kg/m3.
This demonstrates that more SCMs can be added to SCC. The application of SCMs reduces
the production costs of SCC while improving concrete performance. For example, adding
FA can improve the fresh properties of SCC [8], and adding SF can enhance its strength
properties [9]. Moreover, the viscosity modifying admixture should be added to stabilize
the rheology and setting time when segregation occurs due to the addition of high-content
or composite SCMs [10].

3. Material Characteristics
3.1. Characteristics of SCMs

The most common SCMs used in SCC are fly ash, silica fume, ground granulated
blast furnace slag, and limestone powder. In addition, some other SCMs with fewer use
cases are also used in SCC, such as copper slag [11], zeolite powder [12], etc. From the
results of existing studies, the percentages of SiO2, Al2O3, and CaO in FA, SF, GBFS, LP,
and cement were compared and shown in Figure 2. FA has the highest Al2O3 content;
GBFS mainly contains SiO2 and CaO; the chemical composition of SF and LP is relatively
simple, containing only SiO2 and CaCO3, respectively. It is worth noting that the chemical
composition of the same kind of SCM varies greatly due to the considerable variances in the
raw ore, manufacturing procedure, and discharge process. Compared with SCMs, Portland
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cement is more concentrated in the areas shown in Figure 2, and its chemical composition
is more stable.
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ment [19–28,38–40,64–66].

The microscopic images of FA, SF, GBFS, and LP are shown in Figure 3. It can be found
that the FA is mostly smooth and spherical particles, and this spherical shape can play a
ball-bearing role in the freshly mixed SCC. The particle sizes of SF are usually small, and
it will typically increase the water demand of fresh paste. GBFS and LP show obvious
irregular and angular shapes due to mechanical grinding.
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3.2. Hydration Mechanisms

The hydration processes of Portland cement can be divided into three periods: the
induction period, the acceleration period, and the deceleration period [68]. When SCMs are
incorporated into SCC, the hydration process of the composite system is significantly influ-
enced by SCMs (Figure 4). The hydration process in the composite system usually involves
the cement first hydrating to produce primary hydration products; then, the products react
with SCMs to produce secondary hydration products. For example, the hydration of GBFS
is triggered by the deconstruction of the glass by OH− generated from the hydration of
cement, which serves as an alkaline activator. This process releases the ions in the glass
(Ca2+, Al3+, SiO4

4−, etc.) into the solution for subsequent hydration. The main reaction
product of GBFS by alkaline activation is a type of aluminum-substituted C-A-S-H gel,
which presents a disordered tobermorite-like C-S-H type structure. In addition, the active
Al2O3 in GBFS will further react with Ca(OH)2 and gypsum (CaSO4) to form ettringite
(AFt) [69,70]. These reactions are shown in Equations (1)–(3) as follows:

3CaO·SiO2 + nH2O→ xCaO·SiO2·yH2O + (3 − x)Ca(OH)2 (1)

CaO-Al2O3-SiO2 + Ca(OH)2 + NaOH→ C-(N)-A-S-H (2)

Al2O3 + 3Ca(OH)2 + 3(CaSO4·2H2O) + 23H2O→ 3CaO·Al2O3·3CaSO4·32H2O. (3)

For the C-A-S-H gel, existing studies have shown that when the paste contains Na+,
the chemically bound Ca2+ in C-A-S-H will be replaced by Na+ to form a C-(N)-A-S-H
type gel [71]. Myers et al. [72] proposed a structural model to simulate this gel based
on the cross-linked and non-cross-linked structure properties of C-(N)-A-S-H, as shown
in Figure 5.
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Similar to the hydration process of GBFS, the hydration of FA occurs under the alkali
activity of OH− produced by cement hydration. However, FA is less active due to its
high amount of SiO2 and Al2O3 (low Ca/(Si + Al) ratio) and stable Si-O and Al-O bonds.
Its contribution to hydration is generally apparent at a later stage. Fernandez et al. [74]
developed a microstructural model for the hydration process of FA, as illustrated in Figure 6.
The attack on the incomplete spherical glassy shell of FA particles by OH− causes the
formation of reaction products both inside and outside, and finally, FA particles with
various reaction degrees will be embedded in the microstructure. It is worth pointing out
that SCMs can offer nucleation sites for cement hydration in addition to the secondary
reaction with the primary products. For instance, the chemical adsorption of Ca2+ by the
surface of limestone particles can effectively enhance the nucleation and growth of C-S-H;
silica fume can adsorb Ca2+ via electrostatic force and boost the formation of hydration
products [75].
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4. Influence of SCMs in SCC
4.1. Microstructure

Concrete consists of three parts: aggregate, interfacial transition zone (ITZ), and
cement paste. ITZ is a thin shell wrapped around the surface of the aggregate and is the
lowest-strength part of concrete, whose microstructure determines the performance of
concrete [76]. The incorporated SCMs can influence the formation and development of
the ITZ in SCC. Figure 7 shows the comparison of the ITZ between SCC without SCMs
and mixed with 20% and 30% fly ash [25]. The influences originate from three effects of
SCMs: namely, the filling effect, pozzolanic reaction, and dilution effect. The filling effect
can increase the packing density and optimize the mixture proportion of concrete. At the
same time, the pozzolanic reaction of SCM can consume the CH generated by cement
hydration while creating C-S-H, thus improving the interfacial transition zone. In addition,
the fact of a general slower hydration reaction of SCM allows for more water to participate
in cement hydration, resulting in an adequate reaction of cement. Simultaneously, SCMs
can offer nucleation sites for cement hydration, resulting in more evenly dispersed reaction
products (Figure 8).
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4.2. Fresh Properties

Fluidity is the most common performance of fresh concrete, which engineers always
primarily consider. On one hand, SCMs in SCC may fill the pores and lower the pore
water content, increasing the quantity of free water and wrapping around the surface of the
powder particles to produce a uniform water film that lubricates the paste and minimizes
friction [77]. On the other hand, the increased specific surface area of some ground SCMs
will improve water absorption and decrease free water content. Therefore, the fineness and
proportion of SCMs have a significant impact on the fresh properties of SCC. Furthermore,
because certain SCMs may reduce fluidity, superplasticizers are often necessary in SCC to
improve the performance of the fresh mixture. The superplasticizer mainly disperses the
powder particles via steric repulsion. When one end of the superplasticizer is adsorbed
to the surface of the powder particles, the long chain at the other end generates physical
barriers to prevent the surrounding cement particles from aggregation [78,79]. It is worth
noting that the superplasticizers added to the SCC may have negative consequences.
Existing studies have shown that the adsorption of these chemical admixtures on cement
particles might retard the early hydration and result in a delayed setting [80].

A good deal of research has demonstrated that fly ash can increase the fluidity of the
fresh SCC. This effect can be attributed to the smooth and spherical particles of FA [81].
Jain et al. [25] reported that the spherical particles of FA provided a ball-bearing action in
newly mixed SCC, reducing the frictional resistance of aggregate particles. Promsawat
et al. [23] reported similar findings. In addition, Sonebi [82] proposed that adding FA could
enhance the fluidity by thickening the water film. However, FA may have negative effects
on the fresh properties of SCC. Duran-Herrera et al. [22] found that FA prolongs the setting
time of SCC.

Unlike fly ash, silica fume increases the water demand and decreases the fluidity due
to its larger specific area. Choudhary et al. [17] observed the microscopic morphology
of FA and SF (Figure 3) and discovered that spherical FA helps to reduce the friction
between particles and improve fluidity. However, SF decreases fluidity and increases the
superplasticizer demands due to its larger specific surface area and rough surface texture.
As shown in Figure 9, Mustapha et al. [8] investigated the effects of FA and SF on the fresh
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properties of SCC and discovered that FA improved the slump flow diameter (fluidity) but
decreased the V-Funnel time (viscosity), whereas SF decreased the fluidity but increased
the viscosity of SCC.
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The impact of GBFS on the fresh properties of SCC is connected to the fineness and
admixture proportion. Through the study of Boukendakdji [44], GBFS with a specific
surface area of 350 m2/kg was utilized to substitute cement (Figure 10), with an ideal
admixture rate of 15%. Furthermore, it was shown that GBFS has a superior water retention
effect at increasing fineness, which minimizes the time-dependent loss of slump flow
diameter. In contrast, Selvarani et al. [83] discovered that GBFS inclusion lowers the fluidity
of SCC. Moreover, Ofuyatan et al. [84] reported that GBFS had a minimal influence on fresh
properties, with an increase in incorporation from 10% to 30%, causing a 5% drop in slump
flow diameter. This discrepancy can be attributed to two aspects: the differences in filling
effect and specific surface area of varying fineness, and the changes in GBFS adsorption
capability by various superplasticizers.
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Figure 10. The effect of GBSF content on the T50 flow time and V-Funnel flow time of SCC (SP1 is
a polycarboxylate-based superplasticizer and SP2 is a naphthalene sulphonate-based superplasti-
cizer) [44].

The influence of LP on the fresh properties of SCC is mostly determined by its fineness.
The filling effect of LP enhances the fluidity of the paste, but a higher content of finer
powders increases the water requirement. Sua-iam et al. [56,57] found that mixing LP with
a median particle size of 15.63 µm (D50 cement = 23.30 µm) increased water demand and
reduced fluidity. Faheem [61] discovered that mixing LP with a median particle size of
11.60 µm (D50 cement = 15.32 µm) also reduced fluidity. Celik et al. [58,59] showed that LP
with an average particle size of 48.1 µm (Dcement = 10.4 µm) enhances fluidity and shortens
setting time, and that about 15% of the LP in the experiment enhanced slump flow diameter

387



Crystals 2022, 12, 180

by 7%. In addition, some research revealed that there is a discrepancy in the compatibility
of LP with various superplasticizers [62].

4.3. Strength Properties

The effect of SCMs on the strength properties of SCC is influenced by the filler effect,
the pozzolanic reaction, and the dilution effect. The partial substitution of cement by SCMs
reduces the cementitious component of the paste, hence slowing the development of early
strength. FA is predominantly composed of SiO2 and Al2O3 with minimal pozzolanic reac-
tivity, and it typically facilitates post-strength growth [81]. Mahalingam et al. [21] reported
that using 40% FA replacement of cement has a considerable diluting effect and lowers
compressive strength. Esquinas et al. [15] also found that using FA delayed the strength
development of SCC. According to the research of Altoubat et al. [85], incorporating 50% FA
into SCC not only had a negative influence on early strength but also increased shrinkage.
The ideal quantity of FA should not exceed 35%; otherwise, silica fume should be added to
encourage the development of strength (Figure 11).
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In contrast, SF with high fineness and pozzolanic reactivity frequently enhances the
strength properties of SCC [9]. From the results of Fakhri [86,87], the incorporation of
10% SF can improve the compressive strength by more than 30% and increase the flexural
strength by around 20%; the addition of 25% SF can optimize the flexural strength by ap-
proximately 40%. According to Karthik et al. [88], this is because SF contains a high content
of reactive SiO2, which might enhance the hydration. Furthermore, SF may efficiently
enhance the filler effect and improve the interfacial transition zone. Esfandiari et al. [33]
indicated that the reactive SiO2 in SF could effectively react with Ca(OH)2 in the paste to
generate C-S-H gels.

The substitution of GBFS for cement in SCC will delay the early strength growth
of the paste [8]. Boukendakdji et al. [44] researched the influence of GBFS on SCC and
discovered that the early compressive strength of concrete reduced as GBFS admixture
increased, but the post-strength (at 56 days and 90 days) did not appreciably decrease
(Figure 12). Altoubat et al. [89] also discovered that GBFS lowers the strength of SCC,
with the 28-day compressive strength decreasing by around 10% at 70% admixture, while
Ofuyatan et al. [84] discovered that GBFS has a negligible influence on the strength devel-
opment of SCC, with 28-day compressive strength rising by just 1% at 20% substitution
and dropping by 4% at 30% substitution. Furthermore, Dadsetan et al. [47] revealed that
the effect of GBFS on the strength of SCC is related to the water–cement ratio and the
content of GBFS. The experimental results showed that at a water–cement ratio of 0.4, the
7-day and the 28-day compressive strengths of concrete with 10%, 20%, and 30% GBFS
admixture were all reduced. However, at a water–cement ratio of 0.45, the 7-day and
28-day compressive strengths of concrete with all three admixtures increased. With the 30%
admixture, the 28-day strength increased by about 30%.
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LP stimulates the hydration of cement and enhances the strength development of con-
crete primarily through the adsorption of Ca2+ by CaCO3, which promotes the dissolution
of C3S. At the beginning of the cement hydration, the dissolution and hydration of C3S
produce a substantial quantity of Ca2+. Since Ca2+ has a stronger migration capacity than
SiO3

2-, the chemical adsorption of CaCO3 to Ca2+ happens when Ca2+ diffuses toward
the surface of LP particles. On one hand, this adsorption decreases the concentration of
Ca2+ around the C3S particles, allowing C3S to dissolve and hydrate more quickly. On the
other hand, the connection of Ca2+ with the surface of LP particles causes them to form
ion clusters, which continue to expand to construct the crystal nucleus and gradually grow
into C-S-H gels. Therefore, the adsorption of Ca2+ by the surface of LP greatly promotes
the hydration of cement and leads to the high-density nucleation and directional growth
of C-S-H [75].

4.4. Durability Properties

The compactness of the paste greatly influences the durability of concrete [90,91]. The
diluting effect of SCMs decreases the quantity of cement, lowering the temperature increase
in concrete and minimizing the risks of cracking [82]. Altoubat et al. [89] demonstrated that
incorporating GBFS and FA decreased the internal stress of SCC, resulting in better cracking
resistance (Figure 13). The filling effect of SCMs may reduce the porosity and permeability
by packing the pores of the paste, thus improving the durability of SCC. For example,
SF may increase the durability of SCC by filling the pores to reinforce the microstructure.
According to the research of Karthik et al. [88], SCC exhibited higher resistance to sulfate
attack and chloride ion penetration with the addition of SF admixture. Esfandiari et al. [33]
suggested that this is not only due to the filling effect of SF but also the pozzolanic reaction,
which is SF reacting with CH to produce C-S-H. Additionally, Sideris et al. [49] reported
that the filling effect with the addition of GBFS in SCC decreased the porosity and reduced
the carbonation depth. Zhang [92] proposed that GBFS could effectively improve the
sulfate attack resistance of concrete. Moreover, Zhu et al. [62] claimed that the smaller the
particle size of the LP, the better it filled the pores and the greater the packing density. The
adsorption effect of LP on cement hydration is beneficial for enhancing the microstructure.

It should be noted that FA has a significant impact on the resistance to chloride ion pen-
etration of SCC. Gnanaraj et al. [93] discovered that FA could greatly enhance its resistance
to chloride ion penetration. The studies of Mahalingam et al. [21] and Esquinas et al. [14,15]
also came up with similar outcomes. Dinakar et al. [24] indicated that the resistance to both
sulfate attack and chloride ion penetration is noticeably increased with the increasing FA
content. This is because the permeability of chloride ions relies on the chloride binding
capacity of the substance. The Cl− penetrates into the interior concrete along with the water,
and some of the chlorides can react with the mineral phase in cement (mainly aluminum-
containing) to form stable chlorine-containing complexes. However, when the chloride is
supersaturated, a certain amount of the free state Cl− is produced, which will corrode the
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concrete. It is widely known that FA contains a high proportion of aluminum-containing
mineral phases. Figure 2 also illustrates that the concentration of Al2O3 in FA is greater
than that in cement. Therefore, as the FA proportion rises, the chloride-binding capacity
of SCC also increases, limiting the concentration of free Cl− that might cause corrosion.
Similarly, GBFS contains more aluminum phase minerals than cement, and Sideris et al. [49]
reported that GBFS can increase the resistance to chloride ion penetration of SCC.
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5. Conclusions

The application techniques and hydration mechanisms of SCMs in SCC were discussed,
and the impacts of FA, SF, GBFS, and LP on the microstructure and performance of SCC
were reviewed. The major conclusions are as follows:

• SCC has a high content of powder material, and it is feasible to reduce the quantity of
cement and thus decrease the production costs by incorporating SCMs. FA, SF, GGBS,
and LP are the most frequently utilized SCMs in SCC. FA contains a high proportion
of aluminum phase and predominantly spherical particles; SF primarily contains SiO2
and has a high specific surface area. GBFS mainly contains SiO2 and CaO; LP chiefly
consists of CaCO3, and both of them show obvious irregular and angular shapes due
to mechanical grinding. The hydration mechanisms of these SCMs in SCC include
pozzolanic reaction, alkaline activation, and adsorption effect. Moreover, the filling
effect and dilution effect of some SCMs on the paste will contribute to reducing the
porosity and limiting the temperature rise of concrete, respectively.

• The spherical particles of FA improve the fluidity of the freshly mixed paste, whereas
SF increases the water demand and reduces fluidity due to its large specific surface
area. The effect of GBFS on the fresh properties of SCC is related to the fineness
and blending amount. The impact of LP is determined by the fineness, and LP will
typically increase water consumption. Furthermore, superplasticizers are often added
into SCC to increase the fresh properties, and superplasticizers might retard the early
hydration and result in a delayed setting.

• The low pozzolanic reactivity of FA typically decreases the strength properties, par-
ticularly the early strength; the active SF usually enhances strength. The effect of
GBFS on strength is dependent on the water–cement ratio and admixture amount, and
it usually reduces the early strength while having little effect on post-strength. The
adsorption effect of CaCO3 on Ca2+ in LP will accelerate the hydration of cement and
improve the development of the early strength.

• The pozzolanic reaction and filling effect of SCMs reduce the porosity of the hardened
paste, resulting in a denser microstructure in the interfacial transition zone, thus
increasing the durability of SCC. Furthermore, because of the high aluminum phase
composition, FA and GBFS are typically capable of improving the resistance to chloride
ion penetration and sulfate attack of SCC.
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It is worth mentioning that although the employment of multiple SCMs in a composite
system may provide a superposition effect, the chemical composition of different SCMs
varies widely, and the issues of compatibility may rise. The rules governing the influence
of composite SCMs added to SCC are not consistent and require additional investigation.
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