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Soft Computing and Machine Learning-Based Models to Predict
the Slump and Compressive Strength of Self-Compacted
Concrete Modified with Fly Ash

Dilshad Kakasor Ismael Jaf

Engineering Department, College of Engineering, Salahaddin University, Erbil 44002, Iraq; dilshad.jaf@su.edu.krd

Abstract: Self-compacted concrete (SCC) is a special type of concrete; it is a liquid mixture appropriate
for structural elements with excessive reinforcement without vibration. SCC is commonly produced
by increasing the paste volume and cement content. As cement production is one of the huge factors
in releasing CO2 gas into the atmosphere, by-product materials such as fly ash are utilized as a cement
replacement in concrete. In addition to the positive environmental impact, fly ash can maintain an
excellent fresh and mechanical property. Incorporating fly ash into self-compacted concrete is widely
applied in practice. However, its application is frequently limited by a lack of knowledge about
the mixed material gained from laboratory tests. The most significant mechanical property for all
concrete types is compressive strength (CS); also, the slump flow diameter (SL) in the fresh state
is a crucial property for SCC. Hence, developing an accurate and reliable model for predicting the
CS and SL is very important for saving time and energy, as well as lowering the cost. This research
study proposed a projection of both the CS and SL of SCC modified with fly ash by three different
model approaches: Nonlinear regression (NLR), Multi-Linear regression (MLR), and Artificial Neural
Networks (ANN). In this regard, two different datasets were collected and analyzed for developing
models: 308 data samples were used for predicting the CS, and 86 data samples for the SL. Each
database included the same five independent parameters. The ranges for CS prediction were: cement
(134.7–583 kg/m3), water-to-binder ratio (0.27–0.9), fly ash (0–525 kg/m3), sand (478–1180 kg/m3),
coarse aggregate (578–1125 kg/m3), and superplasticizer (0–1.4%). The dependent parameter (CS)
ranged from 9.7 to 81.3 MPa. On the other hand, the data ranges for the SL prediction included
independent parameters such as cement (83–733 kg/m3), water-to-binder ratio (0.26–0.58), fly ash
(0–468 kg/m3), sand (624–1038 kg/m3), coarse aggregate (590–966 kg/m3), and superplasticizer
(0.087–21.84%). Also, the dependent parameter (SL) ranged from 615 to 800 m. Various statistical
assessment tools, such as the coefficient of determination (R2), Root Mean Squared Error (RMSE),
Mean Absolute Error (MAE), Objective value (OBJ), and Scatter Index (SI), were used to evaluate the
performance of the developed models. The results showed that the ANN model best predicted the
CS and SL of SCC mixtures modified with fly ash. Furthermore, the sensitivity analysis demonstrated
that the cement content is the most effective factor in predicting the CS and SL of SCC mixtures.

Keywords: self-compacting concrete; mix proportion; slump flow; compressive strength; modeling

1. Introduction

Self-compacted concrete (SCC) is one of the special types of concrete with a high
viscosity without any requirement for compaction. SCC is vital in the concrete industry due
to its numerous benefits. The main idea of SCC is to increase the amount of paste volume
to increase the rheological property of the mixture. Thus, the SCC can spread completely
inside the formwork by its weight without any bleeding or segregation. Thus, the labor
cost will be eliminated. However, utilizing excessive cement leads to a higher cost of SCC
production [1–3]. SCC is an excellent choice for congestion structural elements due to its
high flowability. The high flowability and stability of SCC can be achieved by utilizing

Sustainability 2023, 15, 11554. https://doi.org/10.3390/su151511554 https://www.mdpi.com/journal/sustainability
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different mineral and chemical admixtures; fly ash and superplasticizer, respectively, are
commonly used [4]. Fly ash is one of the common replacements for cement in concrete. It
can provide lower costs by reducing the utilization of cement and improving the mixture’s
flowability due to its rounded shape. One of the advantages of SCC over the other special
concretes is that SCC does not require any special curing method; the same methods and
procedures for normal concrete can also be used for SCC [5].

In the fresh state, the slump flow diameter (SL) of SCC is an important property
that should be checked. Also, among the mechanical properties in the hardened state,
the compressive strength (CS) of SCC is one of the significant parameters in the design
of engineering structures. Other mechanical properties and the durability of SCC have
a direct or indirect relation to compressive strength, and they can be derivate from the
CS [6,7].

The term ‘water-to-binder ratio’ (w/b) refers to the ratio of water to cement plus
pozzolanic material. One of the most common and most-well known pozzolanic materials
is fly ash, which has been used to improve some significant properties of self-compacted
concrete, such as workability. The compressive strength of SCC is improved by increasing
the water-to-binder ratio [8]. Karamoozian et al. [9] noticed that, for the same water content,
increasing the cement content from 360 to 450 kg/m3 increased the compressive strength
of SCC from 48 to 52 MPa at 28 days of curing. Similar findings have been reported in
other studies [10,11]. The w/b is one of the significant factors influencing the compressive
strength of SCC, similar to normal concrete. For SCC, the ratio is normally lower than
normal concrete. A lower w/b refers to lower water content and a higher amount of binder
materials, leading to a higher CS and a more homogeneous matrix. Ahmadi et al. [12] stated
that the w/b ratio has a greater impact on the compressive strength of normal concrete
than on the self-compacting compressive strength. Naderpour and Abbasi [13] investigated
the effect of different w/b ratios on the compressive strength of SCC. It was noticed that
lowering the w/b ratio from 0.45 to 0.35 improved the CS of SCC at all curing ages (from
3 to 56 days).

Since the volume of aggregates in the SCC is about 60–70% of its total volume, ag-
gregate greatly influences the rheological and mechanical properties of SCC. Compared
to conventional concrete, lower coarse aggregate content is utilized in the production of
SCC [1,3,14]. The study by [15] showed that the coarse aggregate had a greater impact
on the CS of SCC than the fine aggregate content. However, the fine aggregate has more
influence on the homogeneity and viscosity of the SCC mixture [16].

In addition to adding pozzolanic materials, SCC production is impossible without
superplasticizers. This is due to the utilization of high cement and binder content in SCC.
Therefore, high workability (slump flow diameter) can be achieved in SCC only when
the SP content is increased. Adding SP to the SCC mixture improves the rheological
performance but has different effects on the compressive strength based on the SP dosage.
A previous study by Sor N. A. [17] concluded that increasing the SP dosage from 5.5 kg/m3

to 8.25 kg/m3 increased the compressive strength of SCC from 35 MPa to 45.5 MPa at
28 days.

As illustrated above, the compressive strength of SCC is sensitive and affected by sev-
eral parameters. Therefore, apart from experimental work in the laboratory, which is quite
costly, it is important to utilize more advanced techniques to predict the CS value through
various statistical tools and numerical equations. Soft computing techniques [18–22] are
currently one of the most common and ideal approaches for predicting measured values;
they may be a good alternative for solving linear or nonlinear problems where mathemati-
cal models cannot simply indicate the relationship between the involved parameters in the
problem [23]. Mohammed et al. [24] created a systematic multiscale model to predict the
CS of fly ash-based concrete. A total of 450 experimental data were used for modeling in
their study. For the qualifications, the Linear regression (LR), Nonlinear regression (NLR),
Multi-Linear regression (MLR), M5P-tree, and Artificial Neural Network (ANN) models
were all developed. It was concluded that the MLR, M5P-tree, and ANN models were the

2
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most accurate and reliable in predicting the CS of high-volume fly ash concrete, with higher
R2 values and lower RMSE and MAE values.

In this study, two different databases of fly ash-based self-compacted concrete mix-
tures with the same parameters were prepared. The first database consisted of 308 data
samples of SCC mixtures, and it was used to predict the compressive strength; the second
one had 86 data points used to predict the slump flow diameter of SCC. Thus, the CS and
SL are were dependent parameters predicted independently using collected databases.
The independent parameters of SCC were in various ranges, which included cement (C),
water-to-binder ratio (w/b), fly ash (FA), sand (S), coarse aggregate (CA), and superplasti-
cizer (SP).

As fly ash has a wide range of applications for producing SCC mixtures, a reliable
and accurate model cannot be found in the literature regarding the efficient use of FA in
SCC mixtures for the construction industry. As a result, this study attempted to evaluate
and quantify the effect of a wide range of mixture proportions on the CS and SL of SCC,
including the cement content (kg/m3), water-to-binder ratio, fly ash content (kg/m3),
sand content (kg/m3), coarse aggregate content (kg/m3), and superplasticizer percent-
age amount.

Three different model techniques, namely NLR, MLR, and ANN, were performed to
predict the CS [25–28] and SL of SCC modified with FA using the databases collected from
the literature. Furthermore, the most accurately developed model was applied to different
CS and SL ranges. The compressive strength ranges were as follows: low-strength concrete
(LSC), lower than 20 MPa; Normal-strength concrete (NSC), between 20 and 55 MPa; and
High-strength concrete (HSC), CS greater than 50 MPa [29]. The slump flow diameter
was divided into three different classes: the SL from 550 to 650 mm (Class 1), SL between
650 and 750 mm (Class 2), and SL of greater than 750 mm (Class 3) [5]. In addition, different
assessment criteria, such as the Correlation Coefficient (R2), Mean Absolute Error (MAE),
Root Mean Squared Error (RMSE), Objective (OBJ), and Scatter Index (SI), were used to
evaluate the performance of the developed models.

Research Objectives

This study aims to evaluate the effect of fly ash on the compressive strength and slump
flow diameter of self-compacted concrete mixtures collected from literature; the following
are the main objectives:

I. Perform statistical analysis to determine the influence of concrete ingredients, such as
the cement, water-to-binder ratio, fly ash, sand, coarse aggregate, and superplasticizer,
on self-compacted concrete’s compressive strength and slump flow diameter.

II. Provide a systematic multiscale model and propose to predict the compressive
strength and slump flow diameter of self-compacted concrete containing up to 70%
of fly ash, with a variety of cement, sand, and coarse aggregate content, as well as
different water-to-binder ratios and superplasticizer percentages.

III. Apply the most accurately developed model on different compressive strength ranges
and slump flow diameter classes.

IV. As an alternative to the developed model techniques (NLR, MLR, and ANN), deter-
mine the most reliable and accurate model based on different statistical assessment
criteria to predict the CS and SL of fly ash-based self-compacted concrete.

V. The overall and main objective of the current study is to model compressive strength
as one of the significant mechanical properties of concrete and slump flow diameter
as a fresh state property of SCC modified with different FA content.

2. Methodology

2.1. Data Collection

Two databases were prepared for each targeted parameter to develop a reliable and
applicable model to predict both the compressive strength and slump flow diameter of self-
compacted concrete modified with fly ash. The independent parameters included six main

3
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parameters: cement content (kg/m3), water-to-binder ratio, fly ash content (kg/m3), sand
(kg/m3), coarse aggregate (kg/m3), and superplasticizer (%). For the compressive strength
and slump flow, 308 data samples [30–51] and 86 data samples [31,37,38,41,42,50–63] were
selected, respectively, as shown in Table 1. According to the literature [29,64–66], the
datasets were divided into two groups, training (by 70%) and testing (by 30%), using the
Rand Function. The training dataset included 216 samples for CS data, while the testing
data included 92 samples to check the validity of the developed models based on the
training datasets. The training and testing datasets for the SL database were determined
as 60 samples and 26 samples, respectively. Figure 1 shows the methodology of the
current study.

Table 1. Summary of collected data for CS and SL prediction in FA-modified SCC.

References
Cement, C

(kg/m³)

Water-to-
Binder Ratio

(w/b)

Fly Ash, FA
(kg/m³)

Sand, S
(kg/m³)

Coarse
Aggregate,
CA (kg/m³)

Superplasticizer,
SP (%)

Compressive
Strength, CS

(MPa)

[30] 134.7–540 0.27–0.9 0–525 487–1135 600–1125 0–1.36 9.74–79.19
[31] 160–280 0.34–0.45 120–240 808–1034 900 0.1–0.6 31–52
[32] 280–400 0.55–0.87 0–120 718–1042 850 0.12–0.75 13.3–41.2

[33,34] 183–317 0.38–0.65 100–261 478–919 837 0–1 Oct-43
[35] 533–583 0.31–0.33 50–215 813–835 745–766 0.24–0.46 50–81
[36] 161–247 0.35–0.45 159–254 842–866 843–864 0–0.4 26.2–38.0
[37] 250–427 0.31–0.59 90–257 768–988 659–923 0.09–0.9 47–66
[38] 220–440 0.32 110–330 686–714 881–917 0.62–0.69 48–70
[39] 300–350 0.38–0.4 150–200 830–845 860–876 0.818–0.827 21.6–26.5
[40] 380 0.38 20 1180 578 0.398 40.4
[41] 275–350 0.34–0.36 150–325 611–707 777–901 0.795–1.25 50–72
[42] 165–275 0.37–0.58 275–385 735–796 865–937 0.836–0.74 37.92–63.32
[43] 215 0.38 215 925 905 0.15 20.4
[44] 290 0.38 290 975 650 0.45 37.97
[45] 300 0.28 300 787 720 0.33 52.7
[46] 420 0.33 80 785 860 0.3 56
[47] 350 0.35 150 900 600 1.0 37.18
[48] 360 0.28 240 853 698 0.3 63.5
[49] 344–399 0.35 100–147 814 881–882 0.116–0.146 48.75–55
[50] 225 0.35 275 908 652 0.70 41.42
[51] 480 0.38 96 819 699 0.94 53

References
Cement, C

(kg/m³)

Water-to-
binder ratio

(w/b)

Fly ash, FA
(kg/m³)

Sand, S
(kg/m³)

Coarse
aggregate,

CA (kg/m³)

Superplasticizer,
SP (%)

Slump flow
diameter, SL

(mm)

[52] 450–480 0.40–0.45 0–144 890 810 4.8–13.3 650–695
[50] 500 0.35 0–275 908–967 652–694 0.7–8 630–700
[37] 220–427 0.31–0.41 90–330 686–988 659–923 0.18–0.9 670–749
[38] 550 0.32–0.44 0–110 728–826 855–935 3.2–8.43 670–675
[53] 530 0.45 0–265 768 668 0.09–4.55 660–690
[41] 83–385 0.31–0.41 165–468 624–732 794–931 1–1.25 680–800
[31] 430–450 0.36–0.39 202.5–232.2 872–808 900 1.58–2.15 680–710
[54] 465–550 0.41–0.44 83–193 910 590 0.97–11 635–690
[55] 450–500 0.39–0.43 135–225 724–789 850–926 2.5–6.15 640–680
[56] 500 0.35 150–250 900 600 10.5–11 660–680
[57] 550 0.41–0.44 83–193 910 590 9.91–11.01 633–690
[58] 180–270 0.44 180–270 788–801 829–842 0.27–0.28 720–730
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Table 1. Cont.

References
Cement, C

(kg/m³)

Water-to-
binder ratio

(w/b)

Fly ash, FA
(kg/m³)

Sand, S
(kg/m³)

Coarse
aggregate,

CA (kg/m³)

Superplasticizer,
SP (%)

Slump flow
diameter, SL

(mm)

[42] 165–385 0.29–0.58 165–385 735–821 865–966 0.74–0.84 670–730
[59] 567–670 0.26–0.31 0–156 656–846 729–875 12.39–21.84 615–655
[60] 733 0.26 271.21 748 698 8.40 660
[49] 399 0.35 100 814 882 0.146 690
[61] 500 0.35 0 1038 639 6.75 665
[51] 480 0.38 96 819 699 0.94 680
[62] 437 0.34 80 743 924 0.43 700
[63] 321.75 0.36 173.25 862.45 729.18 0.545 696

Figure 1. Flowchart of the study.
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2.2. Pre-Processing

The pre-processing technique is a vital step before using a dataset. The process can
improve the performance of created models. In the current study, each independent variable
was converted to a value between zero and one utilizing Equation (1) [29,67]. The converted
values in both the CS and SL databases are demonstrated in the box plot (Figure 2).

Nf =
(Ni − Nimin)

(
Nf max − Nf min

)
(Nimax − Nimin)

+ Nf min (1)

where Ni represents the old value and Nf represents the new value. The Nf min is zero and
Nf max is one.

(a) 

(b) 

Figure 2. Box plot of the independent parameters in (a) the CS dataset and (b) the SL dataset.

6
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2.3. Statistical Evaluation

The data collected to predict the compressive strength and slump flow diameter
of SCC mixtures were statistically analyzed to determine the relationship between each
independent variable (C, w/b, FA, S, CA, and SP) with the dependent variables (CS and
SL). In this regard, statistical functions such as Mean, Median, Mode, Standard Deviation
(SD), Skewness (Skew), Kurtosis (Kur), Variance (Var), Maximum (Max), and Minimum
(Min) were calculated. Skewness depicts the distribution of variables, whether positive
or negative, on the right or left, with positive values on the right and negative values on
the left. A negative value for kurtosis indicates a short distribution tail, whereas a positive
value indicates a longer tail. The statistical analysis is summarized in Table 2 for both the
CS and SL datasets. The histogram of each independent variable and its relationship with
compressive strength and the slump flow are plotted in Figures 3 and 4, respectively.

Table 2. Summary of the statistical analysis of the FA-modified SCC parameters for the CS and SL
prediction.

Variables C (kg/m³) w/b FA (kg/m3) S (kg/m3) CA (kg/m3) SP (%) CS (MPa)

Mean 283.9 0.5 128.3 813.5 900.7 0.3 36.6
Median 279.8 0.5 133 813.5 881 0.2 34.5
Mode 250 0.55 0 916 837 0 49

SD 87.78 0.13 86.4 95.24 109.26 0.28 15.08
Var 7705.83 0.02 7465.52 9070.26 11,937.73 0.08 227.5

Kurt 0.2227 −0.1085 1.0307 2.2695 0.2755 0.9795 −0.2692
Skew 0.5491 0.5752 0.4626 0.2461 −0.0674 1.1913 0.4736
Min 134.7 0.27 0 478 578 0 9.7

C
o

m
p

re
ss

iv
e

st
re

n
g

th
d

a
ta

b
a

se

Max 583 0.9 525 1180 1125 1.4 81.3
Variables C (kg/m³) w/b FA (kg/m3) S (kg/m3) CA (kg/m3) SP (%) SL (mm)

Mean 478.3 0.37 137.7 821.5 763.5 6.97 674.9
Median 500 0.38 142.9 810.5 772 6.58 675
Mode 550 0.35 0 910 590 4.55 680

SD 122.18 0.065 91.65 82.42 113.97 5.94 31.52
Var 14,928.1 0.00428 8399.5 6792.83 12,989.31 35.33 993.62

Kurt 0.8148 −0.2208 1.2492 −0.5606 −1.2545 −0.5945 1.9597
Skew −0.8308 −0.0041 0.6296 0.0668 −0.1665 0.569 0.8086
Min 83 0.26 0 624 590 0.087 615

S
lu

m
p

fl
o

w
d

a
ta

b
a

se

Max 733 0.58 468 1038 966 21.84 800

7
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(a) 

 
(b) 

Figure 3. Cont.
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(c) 

(d) 

(e) 

Figure 3. Cont.
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(f) 

Figure 3. Histogram and Marginal plots for the compressive strength of FA-modified SCC with (a) ce-
ment (kg/m3), (b) water-to-binder ratio, (c) fly ash (kg/m3), (d) fine aggregate (kg/m3), (e) coarse
aggregate (kg/m3), and (f) superplasticizer (%).

(a) 

Figure 4. Cont.
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(b) 

 
(c) 

 
(d) 

Figure 4. Cont.
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(e) 

(f) 

Figure 4. Histogram and Marginal plots for the slump flow diameter of FA-modified SCC with (a) ce-
ment (kg/m3), (b) water-to-binder ratio, (c) fly ash (kg/m3), (d) fine aggregate (kg/m3), (e) coarse
aggregate (kg/m3), and (f) superplasticizer (%).

2.4. Modeling

As illustrated in Figure 5, the relationships between compressive strength or slump
flow diameter and other compositions of FA-modified SCC mixtures, such as cement, water-
to-binder ratio, fly ash, sand, coarse aggregate, and superplasticizer, were obtained. Based
on the correlation matrix, a good correlation between cement and compressive strength was
observed, which was 0.632. However, a poor correlation was noted for the other variables.
The correlations were −0.748, 0.161, 0.082, −0.301, and 0.185, respectively. On the other
hand, the relationships between independent parameters and the slump flow diameter
were determined. The highest correlation between the FA and the SL was 0.572. However,
poor relationships were found between C, w/b, S, CA, SP, and SL. The relations were
−0.814, 0.397, −0.052, 0.236, and −0.705, respectively.

12
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(a) 

(b) 

Figure 5. Correlation matrix plot between the dependent and independent variables of FA-modified
SCC based on (a) CS and (b) SL.

Therefore, three models were proposed below to evaluate the effect of the various
mixture proportions mentioned above on the CS and SL of SCC modified with FA. This
study used NLR, MLR, and ANN models to predict the CS and SL of SCC mixtures. The
most accurate and reliable model was proposed based on the following criteria: the model
must be scientifically valid, with a lower percentage error between the measured and
predicted data and a lower RMSE, MAE, OBJ, SI, and a higher R2 value.

2.4.1. Nonlinear Regression (NLR) Model

Equation (2) can be used as a general form to develop a nonlinear regression model to
determine [24,68] both the compressive strength and slump flow diameter, including the
fly ash content and the self-compacted concrete components. The model was developed for
each dependent parameter independently using the mentioned collected database. NLR is
an advanced representation of the MLR model that is accurate and reliable. However, the
model has a disadvantage in the form of mathematical complications [69].

CS, SL = α1(C)
α2 + α3(w/b)α4 + α5(FA)α6+α7(S)

α8+α9(CA)α10 + α11(SP)α12 (2)

where α1, α2, α3 . . . α11 and α12 are the model parameters. CS, SL, w/b, FA, S, CA, and SP
are the compressive strength (MPa), slump flow diameter (mm), cement (kg/m3), water-to-
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binder ratio, fly ash (kg/m3), sand (kg/m3), coarse aggregate (kg/m3), and superplasticizer
(%), respectively.

2.4.2. Multi-Linear Regression (MLR) Model

The Multi-Linear Regression model can predict the compressive strength and slump
flow diameter of the fly ash-modified self-compacted concrete with different mix design
components. The equation of MLR includes the product of significant parameters af-
fecting the CS and SL of the self-compacted concrete in exponential and constant terms
(Equation (3)). The MLR model has several advantages, including simple mathematical
operation and ease of implementation. However, this model is of poor quality because it is
highly dependent on the number of data used; fewer data points provide less accuracy [70].

CS, SL = α1(C)
α2∗(w/b)α3∗(FA)α4∗(S)α5∗(CA)α6∗(SP)α7 (3)

where the CS, SL, C, w/b, FA, S, CA, and SP are the compressive strength, slump flow
diameter, cement (kg/m3), water-to-binder ratio, fly ash (kg/m3), sand (kg/m3), coarse
aggregate (kg/m3), and superplasticizer (%), respectively. In addition, α1, α2, α3, α4, α5, α6,
and α7 are the model parameters.

2.4.3. Artificial Neural Network (ANN) Model

The ANN model [71–75] is a computer system of artificial neurons that function
as fundamental units and mimic the parallel processes to analyze data like the human
brain. The pattern of neuron connections influences the behavior of ANN networks, which
also determines the network class. The ANN model can handle a mapping problem by
estimating the relationship between input and output variables and distinguishing it from
other expert systems by learning automatically from the obtained training patterns [76].
The ANN model is a machine learning system used in construction engineering for various
numerical predictions and challenges [76–79]. The model is constructed based on three
layers, input, hidden, and output, linked by biases and weights [80,81]. Several parameters
affect the final model result, such as the number of hidden layers and neurons, the training
algorithm, and the transfer function [82]. The ANN structure can be discovered by tuning
the required parameters through trial and error.

The current study designed a multi-layer feed-forward network with SCC components
(C, w/b, FA, S, CA, and SP) as input and the CS or SL as output. In the output layer, a
sigmoid activation function was utilized. The typical process of the ANN result is shown
in Figure 6. Equation (4) can be considered as a general formula for the calculation of an
ANN output with only one node:

Output = bias +
n

∑
j=1

(x j × wj) (4)

βn = an(C) + bn(w/b) + cn(FA) + dn(S) + en(CA) + fn(SP) (4a)

CS, SL =
Node1

1 + e−β1
+

Node2
1 + e−β2

+ · · ·+ Noden

1 + e−βn
+ Threshold (4b)
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Figure 6. Typical ANN output procedure in a single node.

2.5. Metrics for Assessing Developed Models

The performance of the developed models was evaluated and characterized based
on various assessment tools such as the Correlation Coefficient (R2), Mean Absolute Error
(MAE), Root Mean Squared Error (RMSE), Objective (OBJ), and Scatter Index (SI). The
equations of these parameters are well defined in Table 3. R2 is the squared correlation
between the measured and predicted values. The greater the R-squared value, the more
accurate the model. The average error made by models in predicting the outcome of the
observation was measured by the RMSE. The OBJ function identified evaluation objectives
based on the training and testing datasets and a variety of data.

Table 3. The performance evaluation criteria for the developed models.

Parameter Equation Range Best Value

R2 [58,80]
R2 =

⎛
⎝ ∑i

(
vp−−

u
)
×
(

vi−−
v
)

√
∑i

(
vp−−

u
)2

×
√

∑i

(
vi−−

v
)2

⎞
⎠

2
0 − 1 1

MAE [24,80] MAE = ∑n
i=1(|vi−vp|)

n 0 − ∞ 0

RMSE [24,69] RMSE =

√
∑n

i=1(vi−vp)2

N
0 − ∞ 0

OBJ [58,80] OBJ =
(

ntr
nall

× MAEtr+RMSEtr
R2

tr+1

)
+

(
ntst
nall

× MAEtst+RMSEtst
R2

tst+1

)
0 − ∞ 0

SI [69,80] SI = RMSE
vi

<0.1 Excellent

0.1 to 0.2 Good

0.2 to 0.3 fair

>0.3 Poor

Notes: vp = predicted value of compressive strength or slump flow; vi = experimental value of compressive

strength or slump flow;
−
u = average of predicted compressive strength or slump flow;

−
v = average of experimental

compressive strength or slump flow data; n = number of the dataset (training or testing); ntst = number of
the testing dataset; ntr = number of the training dataset; nall = total number of datasets (including training
and testing).

3. Results and Discussion

3.1. Relation between Predicted and Experimental Values
3.1.1. Nonlinear Regression (NLR) Model

The Nonlinear Regression model was utilized to predict the compressive strength and
slump flow diameter of FA-modified SCC. The NLR model results for CS and SL prediction
are shown in Equations (5) and (6), respectively. The relationship between the measured
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and predicted CS and SL values is displayed in Figure 7. When predicting the compressive
strength, the training dataset was observed to have an R2 of 0.81 and an RMSE value of
5.82 MPa. The testing dataset had an R2 of 0.84 and RMSE of 7.67 MPa. In the testing
dataset, the error line was from +50 to −25%, indicating that 25% of the data fell between
0.75 and 1.5 for the predicted to measured compressive strength ratio.

Regarding predicting the SL of FA-modified SCC, the training dataset had an R2 of
0.82 and an RMSE of 11.6 mm. Also, the testing dataset had an R2 of 0.57 and an RMSE of
27.4 mm. The error line was from +20 to −6% for the training data, indicating that 74% of
the data fell between 0.94 and 1.2 for the predicted to experimental slump flow diameter
ratio.

The NLR model provided nearly the same relationship value regarding R2 based on
the training dataset for both the CS and SL predictions.

CS = 14.1(C)0.32 + 1151.8(w/b)−0.03 + 0.42(FA)0.52−4.0(S)−14.45−5.1(CA)−13.96 − 1226(SP)0.00006 (5)

No. of training dataset = 216, R2 = 0.81, RMSE = 5.82 MPa

SL = 1242(C)−0.107 + 0.0001(w/b)0.0001 + 31.4(FA)0.026−0.0004(S)−0.0004−0.0002(CA)−0.0002 + 0.00001(SP)0.0002 (6)

No. of training dataset = 60, R2 = 0.82, RMSE = 11.6 mm

(a) 

Figure 7. Cont.
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(b) 

Figure 7. Comparison between the measured and predicted (a) CS and (b) SL using the NLR model
for the training and testing datasets.

3.1.2. Multi-Linear Regression (MLR) Model

The Multi-Linear Regression model is another model used to predict the compressive
strength and slump flow diameter of self-compacted concrete modified with fly ash. The
MLR model has a simple mathematical expression. Therefore, it is considered one of the
least effective models. The MLR model formula comprises constant terms and terms raised
to the power of constant variables. In predicting compressive strength, the variables and
their relationships are detailed in Equation (7). The relationship between variables in
predicting the slump flow diameter is presented in Equation (8). The relationships between
the predicted CS and SL with the experimental values are illustrated in Figure 8.

As displayed in Figure 8a, while predicting the CS of FA-modified SCC, the R2 and
RMSE were 0.81 and 6.04 MPa for training and 0.82 and 7.92 MPa for testing data, respec-
tively. The error line was from +30 to −25% for training, meaning 45% of the data fell
between 0.75 and 1.3 for the predicted to measured compressive strength ratio. Figure 8b
presents the MLR model results when predicting the SL. The training dataset has an R2 of
0.86 and an RMSE of 10.3 mm. However, the testing dataset has an R2 of 0.57 and an RMSE
of 26.8 mm. The error line ranges for training from +12 to −15%, implying that 73% of the
data falls between 0.85 and 1.12 for the predicted to measured slump flow ratio.

CS = 0.0000003(C)0.8(w/b)−0.88(FA)0.015(S)0.89(CA)1.1(SP)0.0063 (7)

No. of training dataset = 216, R2 = 0.81, RMSE = 6.04 MPa

SL = 1200(C)−0.09(w/b)0.04(FA)0.0009(S)−0.0054(CA)0.0086(SP)−0.0028 (8)

No. of training dataset = 60, R2 = 0.86, RMSE = 10.3 mm.
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(a)

(b)

Figure 8. Comparison between the measured and predicted (a) CS and (b) SL using thr MLR model
for the training and testing datasets.
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3.1.3. Artificial Neural Network (ANN) Model

An Artificial Neural Network was the last model used to predict the compressive
strength and slump flow diameter of FA-modified SCC. The ANN network structure is
known to be an excellent model for prediction. The ANN model was developed for various
trials. As shown in Figure 9, the five trials (4, 6, 8, 10, and 12) were chosen based on their
RMSE and MAE values for both the CS and SL training datasets independently. Then, the
network with one hidden layer and six neurons had the lowest RMSE and MAE values in
both predictions. Therefore, the ANN network having one hidden layer with six neurons
with a Learning rate of 0.2, a Learning time of 2000, and 0.1 of momentum was selected
(Figure 10).

(a) 

Figure 9. Cont.
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(b) 

Figure 9. The RMSE and MAE values to select the optimum ANN. (a) CS and (b) SL.

Figure 10. Optimal ANN network structures containing one hidden layer and six hidden neurons for
predicting the CS and SL.
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Equations (9) and (10) show the ANN formula for the CS and SL prediction, including
weights and biases. Based on the training dataset, the ANN network analysis predicted
a CS with an R2 of 0.94 and an RMSE of 3.56 MPa. When the testing data were used, the
model had an R2 of 0.95 and an RMSE of 3.49 MPa. The training dataset had an error line
from +20 to −20%, indicating that 80% of the data fell between 0.8 and 1.2 for the predicted
to measured compressive strength ratio (Figure 11a). Concerning the SL prediction, the
ANN network analysis predicted the SL with an R2 of 0.93 and an RMSE of 7.5 mm when
using the training data. However, when the tested data were used, the model had an R2 of
0.997 and an RMSE of 2.2 mm. The error line for the training dataset was from +6 to −6%,
indicating that 94% of the data fell between 0.94 and 1.06 for the predicted to measured SL
ratio (Figure 11b).

⎡
⎢⎢⎢⎢⎢⎢⎣

3.359 2.124 2.148 3.227 −3.055 −1.632 −0.721
−1.44 −0.375 1.352 0.85 −4.672 0.748 −1.398
−2.898 2.86 −3.685 −1.624 −1.919 −1.0 −1.278
1.676 2.417 −0.28 0.863 −2.15 −0.516 −2.244
0.566 0.664 2.387 −0.666 2.182 −0.175 −1.704
−5.371 0.485 −0.725 −4.055 1.378 −0.933 −5.319

⎤
⎥⎥⎥⎥⎥⎥⎦
×

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

c
w/b
FA
S

CA
SP
1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

β1
β2
β3
β4
β5
β6

⎤
⎥⎥⎥⎥⎥⎥⎦

CS =
1.567

1 + e−β1
− 0.795

1 + e−β2
− 0.848

1 + e−β3
− 1.771

1 + e−β4
+

1.392
1 + e−β5

− 0.681
1 + e−β6

+ 0.406 (9)

No. of training dataset = 216, R2 = 0.94, RMSE = 3.65 MPa.

⎡
⎢⎢⎢⎢⎢⎢⎣

−0.727 −1.185 −0.596 0.933 −1.821 −0.152 −0.964
0.994 2.508 0.733 0.542 1.019 0.152 −1.545
2.787 −2.651 −2.147 −2.421 0.832 −1.129 −0.083
−0.933 −0.718 0.339 1.166 3.153 2.376 −1.338
0.506 0.705 1.46 0.25 −0.421 −0.534 −1.808
−1.071 0.003 1.204 −0.509 −0.073 0.813 −1.665

⎤
⎥⎥⎥⎥⎥⎥⎦
×

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

c
w/b
FA
S

CA
SP
1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

β1
β2
β3
β4
β5
β6

⎤
⎥⎥⎥⎥⎥⎥⎦

SL = − 1.508
1 + e−β1

− 1.372
1 + e−β2

− 1.025
1 + e−β3

− 1.441
1 + e−β4

− 1.326
1 + e−β5

+
0.933

1 + e−β6
+ 1.714 (10)

No. of training dataset = 60, R2 = 0.93, RMSE = 7.5 mm.
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(a) 

(b) 

Figure 11. Comparison between the measured and predicted (a) CS and (b) SL using the ANN model
for the training and testing dataset.
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Since the measured compressive strength values in the training dataset were divided
into three stages—LSC (less than 20 MPa), NSC (20 to 50 MPa), and HSC (greater than
50 MPa)—the ANN model was applied to all three stages, and the resulting R2, RMSE, and
MAE values were all reported. The samples were 29, 143, and 44 for LSC, NSC, and HSC,
respectively. The ANN model for LSC had an R2 of 0.76, RMSE of 1.84 MPa, and MAE of
1.34 MPa. The model result differed for the middle stage (NSC); the R2 was 0.77, the RMSE
was 3.77 MPa, and the MAE had a value of 2.624 MPa. The HSC maintained greater result
values, with an R2 of 0.79, RMSE of 4.13 MPa, and MAE of 2.98 MPa (Figure 12).

Figure 12. Relationship between the measured and predicted CS of FA-modified SCC for different
ranges.

Furthermore, based on the training dataset, the slump flow diameter values were
divided into classes 1, 2, and 3. The number of samples was 12 in the first class, 47 in the
second class, and only 1 in the last. Due to the high sample number of class 2, the ANN
model was applied to the class. The model provided an R2 of 0.88, RMSE of 6.2 mm, and
MAE of 5.2 mm (Figure 13).
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Figure 13. Relationship between the measured and predicted SL of FA-modified SCC for differ-
ent classes.

3.2. Effective Factors

The effect of independent parameters such as cement, water-to-binder ratio, fly ash,
sand, coarse aggregate, and superplasticizer on the compressive strength and slump flow
diameter of self-compacted concrete was evaluated using the MLR model. The effect of
a single parameter was found by changing its value from the minimum to the maximum
by fixing other parameters on either the minimum value or the maximum value. The
predicted CS and SL results were recorded in both cases, fixing independent variables
at the minimum and the maximum. Figure 14 shows all the effects of both the CS and
SL predictions.

(a)

Figure 14. Cont.
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(b) 

(c) 

(d) 

Figure 14. Cont.
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(e) 

 
(f) 

Figure 14. Effect of (a) fly ash content, (b) fly ash with cement content, (c) coarse aggregate content,
(d) sand content, (e) superplasticizer dosage, and (f) water-to-binder ratio on the CS and SL of SCC.

The MLR model result noted that increasing the fly ash content caused an increased
CS but had very little effect on the SL of SCC. Meanwhile, increasing the cement and fly
ash content at the same time decreased the SL but increased the CS. The coarse aggregate
and sand content greatly affected the CS. Increasing the CA and S content increased the CS.
However, the effect of aggregates was less on the SL. Increasing the CA content increased
the SL but decreased with the S content. On the other hand, superplasticizer was observed
to have a small effect on the CS and SL.

From the CS prediction, it was noted that all the independent variables in their
maximum value provided a greater value of CS when the value of any single parameter
was changed. In contrast to CS, the greater value of SL was achieved while applying the
minimum value of the independent variables. The summary of the most affected factors
for both CS and SL is shown in Figure 15.
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Figure 15. Effect of independent parameters on the (a) CS and (b) SL of SCC.

4. Evaluation of Developed Models

The study was conducted to determine the effect of different fly ash content on the
compressive strength and slump flow diameter of self-compacted concrete. The experiment
included predicting the CS and SL using three alternative models; NLR, MLR, and ANN.
Each model provided a formula based on several mathematical parameters, and various
assessment criteria were used to assess the performance of each constructed model.

Based on the R2, RMSE, and MAE values, the ANN model provided the highest
accuracy and reliability for predicting compressive strength and slump flow diameter using
the training dataset. For the CS prediction, the ANN model had an R2 of 0.94, RMSE
of 3.56 MPa, and MAE of 2.54 MPa based on the training dataset, as well as an R2 of
0.95, RMSE of 3.49 MPa, and MAE of 2.45 MPa for the testing dataset. In terms of the SL
prediction, the ANN model had an R2 of 0.93, RMSE of 7.5 mm, and MAE of 5.97 mm
based on the training dataset, and an R2 of 0.997, RMSE of 2.2 mm, and MAE of 1.39 mm
based on the testing dataset. All statistical results for all models are summarized in Table 4.
Considering the error lines, the ANN was noted to have more data along the Y=X line. For
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CS, the model had an error line from +20 to −20% for the training dataset, indicating that
80% of the data were between 0.8 and 1.2 (predicted CS/experimental CS). However, in
predicting the SL, the ANN model had an error line from +6 to −6% for the training dataset,
indicating that 94% of the data were between 0.94 and 1.06 (predicted SL/experimental SL).

Table 4. Summary of the evaluation assessment criteria for the developed models in FA-modified
SCC for the CS prediction.

Training Testing

Model
Figure
(No)

Equation
(No.) R²

RMSE
(MPa)

MAE
(MPa)

R²
RMSE
(MPa)

MAE
(MPa)

Ranking

NLR 7a 5 0.81 5.82 4.67 0.84 7.67 4.72 2
MLR 8a 7 0.81 6.04 4.69 0.82 7.92 4.65 3

C
o

m
p

re
ss

iv
e

st
re

n
g

th

ANN 11a 9 0.94 3.56 2.54 0.95 3.49 2.45 1
Training Testing

Model
Figure
(No)

Equation
(No.) R²

RMSE
(mm)

MAE
(mm)

R²
RMSE
(mm)

MAE
(mm)

Ranking

NLR 7b 6 0.82 11.6 10.12 0.57 27.4 27.1 3
MLR 8b 8 0.86 10.3 8.54 0.57 26.8 25.93 2

S
lu

m
p

fl
o

w
d

ia
m

e
te

r

ANN 11b 10 0.93 7.5 5.97 0.997 2.2 1.39 1

Furthermore, the second-ranked model was the NLR for CS prediction; it had an
R2 of 0.81, RMSE of 5.82 MPa, and MAE of 4.67 MPa for the training dataset, and R2 of
0.84, RMSE of 7.67 MPa, and MAE of 4.72 MPa for the testing dataset. The model ranged
between the +30 and −25% error lines for the training dataset. However, the MLR was
second-ranked for the SL prediction; it had an R2 of 0.86, RMSE of 10.3 mm, and MAE
of 8.54 mm for the training dataset, and an R2 of 0.57, RMSE of 26.8 mm, and MAE of
25.93 mm for the testing dataset. The error line was between +12 and −15% for the MLR
model based on the training dataset.

Moreover, the training dataset from the collected data for CS prediction was divided
into three different ranges, and then the ANN model was applied. All the R2, RMSE, and
MAE values were calculated. The ANN model for the low CS strength range had an R2 of
0.76, RMSE of 1.84 MPa, and MAE of 1.34 MPa. The model result differed for the middle
stage; the R2 was 0.77, the RMSE was 3.77 MPa, and the MAE was 2.62 MPa. The high CS
strength range maintained higher results, with an R2 of 0.79, RMSE of 4.13 MPa, and MAE
of 2.98 MPa. On the other hand, the training dataset for predicting the SL was divided into
three classes, and the ANN model was used to calculate each class’s R2, RMSE, and MAE
values. The model had an R2 of 0.88, an RMSE of 6.2 mm, and an MAE of 5.2 mm for the
mid-class (from 650 to 750 mm).

The testing dataset had lower R2, RMSE, and MAE values than the training dataset
for all the developed models predicting CS and SL. The variations to the measured val-
ues were plotted as shown in Figure 16 for the compressive strength and slump flow
diameter of self-compacted concrete. Model values fell between the +30 and −20% error
lines for CS prediction, and between −20% and +30% for the SL prediction, indicating
poor performance.
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(a) 

(b) 

Figure 16. Relationship between the measured and predicted (a) CS and (b) SL for the developed
models using the testing dataset.
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The performance of the developed models was also evaluated using the training and
testing datasets through the OBJ function and SI value. According to the objective function,
the ANN model maintained the lowest value using the training dataset (Figure 17). The
OBJ value was 3.12 and 5.5 for the CS and SL, respectively. Based on the SI value, the NLR
model showed an excellent performance in predicting the CS. The SI value was 0.10 for
both the training and testing datasets. In predicting the SL, the NLR, MLR, and ANN
models showed excellent performances for both the training and testing datasets. The SI
value was 0.02 for both the NLR and MLR models and 0.01 for the ANN model (Figure 18).

(a) 

(b) 

Figure 17. Comparison of the developed models using OBJ: (a) CS and (b) SL.
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(a) 

(b) 

Figure 18. Comparison of the developed models using SI: (a) CS and (b) SL.
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In addition, the created models were compared using residual error, as shown in
Figure 19, for both the CS and SL predictions. The residual error value was obtained by
subtracting the expected value from the measured value. The results of the CS prediction
showed that the ANN model had the lowest error value, ranging from −23.0 to +13.91 MPa.
The residual error for the NLR and MLR models ranged from −18.27 to 29.98 MPa and
from −19.06 to 34.41 MPa, respectively. In contrast to the CS, the ANN model provided the
lowest error value in the SL prediction. The error value was from −13.91 to 23.0 mm for
the MLR model. The results of the NLR and ANN models were from −27.02 to 35.35 mm
and from −30.13 to 36.46 mm, respectively.

(a) 

Figure 19. Cont.
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(b) 

Figure 19. Variation between the measured and predicted (a) CS and (b) SL for the developed models
based on the residual errors of NLR, MLR, and the ANN.

5. Sensitivity Investigation

Sensitivity analysis is an effective way to find and evaluate the effect of each indepen-
dent variable on the modeled dependent variable, CS, and SL of fly ash-modified SCC [20].
For this purpose, the most accurate and efficient model was determined and selected for
the analysis; in this study, the ANN was used for both CS and SL training datasets, as
the analysis was performed for both collected data independently. During the sensitivity
analysis, one parameter was excluded each time, and the assessment tools’ results, such as
R2, RMSE, and MAE, were independently calculated for each trial. The sensitivity results
for CS and SL are shown in Table 5. The findings show that the cement content was the
most effective parameter in predicting both CS and SL of SCC, followed by coarse aggregate
and fly ash content (Figure 20).
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(a) 

(b) 

Figure 20. The percentage contribution of input variables in predicting; (a) CS and (b) SL of FA-
modified SCC using the ANN model.
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Table 5. Sensitivity analysis results of the ANN model applied to the training dataset of FA-modified
SCC for CS prediction.

No. Combination
Removed
Parameter

R2 RMSE (MPa) MAE (MPa)
Ranking Based on
RMSE and MAE

1 C, w/b, FA,
S, CA, SP - 0.94 3.65 2.52 -

2 w/b, FA, S,
CA, SP C 0.82 6.19 4.7 1

3 C, FA, S, CA,
SP w/b 0.93 3.85 2.79 5

4 C, w/b, S,
CA, SP FA 0.9 4.92 3.7 3

5 C, w/b, FA,
CA, SP S 0.91 4.75 3.5 4

6 C, w/b, FA,
S, SP CA 0.89 5.46 4.19 2

C
o

m
p

re
ss

iv
e

st
re

n
g

th

7 C, w/b, FA,
S, CA SP 0.94 3.83 2.6 6

No. Combination
Removed
Parameter

R2 RMSE (mm) MAE (mm)
Ranking based on
RMSE and MAE

1 C, w/b, FA,
S, CA, SP - 0.93 7.5 6 -

2 w/b, FA, S,
CA, SP C 0.87 10.9 9.2 1

3 C, FA, S, CA,
SP w/b 0.91 8.7 6.5 6

4 C, w/b, S,
CA, SP FA 0.88 9.5 7.8 3

5 C, w/b, FA,
CA, SP S 0.9 9 7.2 5

6 C, w/b, FA,
S, SP CA 0.88 9.5 7.9 2

S
lu

m
p

fl
o

w
d

ia
m

e
te

r

7 C, w/b, FA,
S, CA SP 0.9 9.4 7.6 4

6. Conclusions

The current study aimed to find and propose an accurate and reliable model to predict
self-compacted concrete’s compressive strength and slump flow diameter modified with
different fly ash types and quantities. Overall, 216 and 86 data samples for fly-ash-modified
self-compacted concrete with different mixture proportions, cement content, water-to-
binder ratio, sand content, coarse aggregate content, and superplasticizer dosage were
collected from the literature. Based on the collected data and the results of three different
model approaches, the following conclusions can be drawn:

1. The database for predicting CS included fly ash content ranging between 0 and
525 kg/m3, while that for predicting SL ranged between 0 and 468 kg/m3.

2. Increasing fly ash content caused an increase in the CS, but a lower impact was found
on the SL. However, the impact of fly ash was found when the cement content was
increased with an increase in the fly ash content simultaneously. It decreased the SL
but increased the CS.

3. The compressive strength was more affected by aggregates rather than the slump
flow. Increasing the CA and S content increased the CS but led to small changes in the
SL. The influence of CA and S was noted to be higher at the maximum values of the
variables. These findings highlight the importance of aggregates, specifically coarse
and fine aggregates, in determining the compressive strength of concrete. Whereas
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the slump flow, which measures the workability and fluidity of the mixture, did
not substantially impact the CS, the composition and content of aggregates played a
crucial role in enhancing the concrete’s overall strength.

4. According to the various assessment criteria, such as R2, RMSE, and MAE, the ANN
model was noted to have the highest accuracy and reliability for predicting both
compressive strength and slump flow diameter of self-compacted concrete.

5. When predicting the CS, the ANN model had the highest R2 of 0.94 for training
and 0.95 for testing datasets. The lowest RMSE and MAE values were found to be
3.56 MPa and 2.54 MPa for training and 3.49 MPa and 2.45 MPa for testing datasets,
respectively. However, in predicting the SL, the ANN model had an R2 value of 0.93,
RMSE of 7.5 mm, and MAE of 5.97 mm for the training dataset. The testing dataset’s
R2, RMSE, and MAE values were 0.997, 2.2 mm, and 1.39 mm, respectively.

6. Other statistical assessment tools, such as the OBJ function and SI value, were used.
The ANN model maintained the lowest OBJ value of 3.12 and 5.5 for the CS and SL,
respectively. Regarding the SI value, excellent performance was observed from the
NLR model when predicting the CS, which was 0.10 for both the training and testing
datasets. However, all models were observed to predict the SL. The SI value was
0.02 for both the NLR and MLR models and 0.01 for the ANN model.

7. The application of the Artificial Neural Network (ANN) model to different ranges of
concrete strength (CS) and different classes of specimen length (SL) demonstrates its
versatility and effectiveness. The higher CS strength range yielded more favorable
outcomes, as indicated by an R2 (coefficient of determination) value of 0.79, an
RMSE (Root Mean Square Error) of 4.13 MPa, and an MAE (Mean Absolute Error)
of 2.98 MPa. These metrics signify a strong correlation and relatively low prediction
errors, suggesting the model performed well in estimating axial strength for high
CS levels. Overall, the reported R2 values demonstrated a good fit between the
predicted and actual values, while the RMSE and MAE values indicated relatively
small errors in the model’s predictions. These findings suggest that the ANN model
can effectively capture the relationships between the CS, SL, and axial strength,
highlighting its potential as a reliable tool for estimating concrete strength in various
scenarios and ranges.

8. Sensitivity analysis illustrates the cement content as the most effective parameter for
both the CS and SL prediction of SCC.

7. Limitations and Future Work

1. Other soft computing models should be used to predict the slump flow diameter and
compressive strength of the fly ash-based self-compacted concrete.

2. It is possible to assess other fly ash types and sources.
3. The prediction of other types of workability tests can be investigated.
4. Experiments need to be carried out to verify the produced models.
5. It is also important to determine the effect of fly ash content on flexural and tensile strength.
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49. Bingöl, A.F.; Tohumcu, İ. Effects of different curing regimes on the compressive strength properties of self compacting concrete

incorporating fly ash and silica fume. Mater. Des. 2013, 51, 12–18. [CrossRef]
50. Hemalatha, T.; Ramaswamy, A.; Chandra Kishen, J.M. Micromechanical analysis of self compacting concrete. Mater. Struct. 2015,

48, 3719–3734. [CrossRef]
51. Krishnapal, P.; Yadav, R.K.; Rajeev, C. Strength characteristics of self compacting concrete containing fly ash. Res. J. Eng. Sci. ISSN

2013, 2278, 9472.
52. Dhiyaneshwaran, S.; Ramanathan, P.; Baskar, I.; Venkatasubramani, R. Study on durability characteristics of self-compacting

concrete with fly ash. Jordan J. Civ. Eng. 2013, 7, 342–353.
53. Siddique, R. Properties of self-compacting concrete containing class F fly ash. Mater. Des. 2011, 32, 1501–1507. [CrossRef]
54. Mahalingam, B.; Nagamani, K. Effect of processed fly ash on fresh and hardened properties of self compacting concrete. Int. J.

Earth Sci. Eng. 2011, 4, 930–940.
55. Muthupriya, P.; Sri, P.N.; Ramanathan, M.P.; Venkatasubramani, R. Strength and workability character of self compacting concrete

with GGBFS, FA and SF. Int. J. Emerg. Trends Eng. Dev. 2012, 2, 424–434.

38



Sustainability 2023, 15, 11554

56. Siddique, R.; Aggarwal, P.; Aggarwal, Y. Influence of water/powder ratio on strength properties of self-compacting concrete
containing coal fly ash and bottom ash. Constr. Build. Mater. 2012, 29, 73–81. [CrossRef]
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Abstract: Lime–cement concrete (LCC) is a type of lime-based concrete in which lime and cement
are utilized as the main binding agents. This type of concrete has been extensively used to construct
support layers for shallow footings and road backfills in some warm regions. So far, there has
been no systematic research conducted to investigate the mechanical characteristics of polyamide
fiber-reinforced LCC. To address this gap, LCC specimens were prepared with 0%, 0.5%, 1%, and
2% of polyamide fibers (a synthetic textile made of petroleum-based plastic polymers). Specimens
were then cured for 3, 7, and 28 days at room and oven temperatures. Then, the effects of the fibers’
contents, curing conditions, and curing periods on the mechanical characteristics of LCC, such as
secant modulus, deformability index, bulk modulus, shear modulus, stiffness ratio, strain energy,
failure strain, strength ratio, and failure patterns, was investigated. The results of the unconfined
compressive strength (UCS) tests showed that specimens with 1% fiber had the highest UCS values.
The curing condition and curing period had significant effects on the strength of the LCC specimens,
and oven-cured specimens developed higher UCS values. The aforementioned mechanical properties
of the LCC specimens and the ability of the material to absorb energy significantly improved when the
curing period under the oven-curing condition was increased, as well as through the application of
fibers in the mix design. Based on the test results, a simple mathematical model was also established
to forecast the mechanical properties of fiber-reinforced LCC. It is concluded that the use of polyamide
fibers in the mix design of LCC can both improve mechanical properties and perhaps address the
environmental issues associated with waste polyamide fibers.

Keywords: lime-based concrete; mechanical characteristics; fiber reinforcement; curing conditions;
curing periods

1. Introduction

Soil stabilization is a common method for improving mechanical properties, enhancing
stability, and reducing the lateral deformation and settlement of soil [1–4]. Depending
on the thickness of a soil layer, different stabilization methods can be adopted, including
pre-loading, the use of chemical stabilizer additives, soft deposit replacement and removal,
stone columns, surface mattresses, lightweight fills, surcharge loading, and control of
compaction. However, some of the materials used in the treatment are costly and ineffec-
tive [4,5]. For example, replacement and removal, control of compaction, surcharge loading,
and column of stone are somewhat costly. Meanwhile, the addition of gypsum is often
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found to be ineffective [6,7]. Consequently, new methods have emerged to deal with soil
problems, aiming to enhance strength and decrease swelling behavior.

Lime stabilization is an attractive method for improving the properties of clayey soils.
The main application of lime, as a well-established method in the construction industry,
is the stabilization of problematic soils such as expansive soils, collapsible soils, and soft
clays [8,9]. Lime concrete (LC), lime-stabilized soil, lime–hemp concrete, lime mortar,
lime–cement concrete (LCC) have been used in various construction sites; however, the
sample preparation process and their applications make them very different from each
other [10–15]. In the lime application for construction projects, the clay soil, lime, and
water are compacted using a roller after being mixed well. Improving the rail tracks and
pavement layers are among the main applications of this method [7,16]. Another lime
application is lime mortar, which is used to bond masonry blocks [17,18]. To make lime
blocks, lime–hemp concrete is manufactured using water, clay, lime, hemp, and coarse
aggregates [19,20].

Various studies have reported on the feasibility of using lime as a clay soil stabilizer.
Because of the strong pozzolanic reaction between lime and soil, the treatment can reduce
the plasticity index, increase the unconfined compressive strength (UCS), and control the
swelling potential [21]. For example, Bartlett and Farnsworth [22] concluded that soil
stabilized with LCC has a lower initial settlement by about 0.8 m in the stabilized area
in comparison with the untreated area. Rogers et al. [8] concluded that the use of lime
improves the resilient modulus and strength of the soil and that the addition of lime and
cement can significantly reduce the plastic strain. Chand and Subbarao [23] reported that
specimens stabilized with 14% lime cured for 180 days had higher UCS, rebound hammer
numbers, slake durability, and point load strength index scores compared to specimens
treated with 10% lime at different curing times. The study by Malekpoor and Toufigh [24]
showed substantial growth in the load-bearing capacity of soft soil improved with LC
columns containing 20% lime and 22% clay and a substantial strength reduction while in
a saturated condition. Toohey et al. [25] reported that the UCS results for the specimens
cured at 23 ◦C for 28 days were lower compared with those cured at 41 ◦C for 7 days.

The use of lime in soil stabilization and the production of LCC results in improved
mechanical properties and reduced swelling potential and ductility. Adding fibers to
the mix design of LCC and lime-stabilized soils is considered to be a cost-effective and
environmentally friendly method to improve ductility performance [26]. Fibers have a
wide application in various fields of engineering [27–29]. The application of fibers as soil
reinforcement with or without cement has been reported previously [30–36]. Miraftab and
Lickfold [35] reported that, in recent years, many waste producers have sought to utilize
waste fiber products to improve the performance of various materials. Improving the
mechanical properties of soils with the addition of fibers can reduce the required cement
content. Mandal and Murti [37] found that a mixture of soil and high-tensile-strength fibers
can improve the engineering characteristics of soil.

In recent decades, various natural fibers such as coconut fibers [38], sugarcane [39],
sisal [40], hemp [41], and palm fiber [42] have been used for soil reinforcement. In many
cases, synthetic fibers have also been used for this purpose. Among the different types of
synthetic fibers used for soil reinforcement, polyethylene fiber [42,43], polyester [44,45],
glass [44,46–48], carbon [49,50], and iron [51] can be mentioned. But, it is important to
pay attention to the fact that, despite the cheapness and better ductility of natural fibers
compared to synthetic fibers, they have much less resistance to atmospheric conditions and
environmentally corrosive factors, especially compared to polymer synthetic fibers [52]. The
use of polyamide fibers, as a synthetic textile made of petroleum-based plastic polymers,
can both reinforce soils and concretes and also may contribute to the protection of the
environment [53].

Synthetic fibers are increasingly being used to reinforce soil. Jiang et al. [54] found
that the 0.3% (by weight) polypropylene fiber is the optimal fiber percentage to increase the
internal friction angle, cohesion, and UCS of soil. However, by increasing the fiber content
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to above 0.3%, the abovementioned parameters were reduced. Consoli et al. [55] reported
that an increase in fiber content, fiber aspect ratio, and fiber length improved the strength
of the soil. However, by increasing the fiber diameter, the deviatoric stress decreased.
Zaimoglu [56] concluded that, by increasing the polypropylene fiber content, the ductility
of fiber-reinforced, fine-grained soils decreased significantly. Miller and Rifai [57] reported
a reduction in the formation of cracks and hydraulic conductivity of compacted soil after
using polypropylene fibers.

Stefanidou et al. [58] studied the effects of wood and cannabis, polypropylene, cellu-
lose, and carbon fibers in pure lime mortars. Lime mortars reinforced with polypropylene
and cannabis had a significantly higher amount of fracture energy compared to other mor-
tars. The mechanical properties of wood-modified lime mortars improved by almost 25% in
comparison to the reference sample; however, the cohesion of the matrix was problematic.
Almerich et al. [59] used Glass Fiber-Reinforced Polymer (GFRP) bars as a replacement for
steel bars in reinforced lime concrete. It was observed that the lime concrete modified with
GFRP had high UCS, acceptable tensile strength, a higher elastic modulus and adhesion,
good compatibility, and reduced cement alkalinity.

A review of the previous research studies indicated that there are limited studies avail-
able on the mechanical characteristics of lime-based concretes such as LCC, even though
there are many studies available on lime–cement-stabilized soils, lime–hemp concrete
and lime–cement mortars. Moreover, a comprehensive literature review by the authors
demonstrated that, at present, there has been no research performed to evaluate the effect
of polyamide fibers on the mechanical properties of LCC as a widely used, lime-based
concrete in some warm regions. To address this research gap, LCC samples were prepared
with different percentages of polyamide fibers and cured at different times at two different
temperatures. Then, the effects of the fibers’ contents, curing conditions, and curing periods
on the mechanical properties of LCC, such as the deformability index, secant modulus, bulk
modulus, shear modulus, stiffness ratio, strain energy, failure strain, strength ratio, and
failure patterns, were investigated. Based on the test results, a simple mathematical model
was also established to forecast the mechanical properties of polyamide fiber-reinforced
LCC.

2. Raw Materials

The coarse aggregates utilized in the current study were well-graded sand with silt
(SW-SM) that were sourced from a quarry in Iran, named Ekhtiarabad, where most of the
coarse aggregates utilized in concreting projects in Kerman, a city in Iran, are sourced from.
In most construction sites in Kerman, layers of fine-grained soils are found about 30 m
beneath the ground surface. Therefore, the fine-grained soil utilized in the current work was
sourced from a building site in Kerman, which can reasonably represent the soil properties
that are available in most construction sites in Kerman. The sieve and hydrometer analysis
test results and the engineering properties of the used soils are presented in Figure 1 and
Table 1. In Table 1, D10 represents the diameter where 10% of the sample’s mass consists
of smaller particles. The uniformity coefficient (Cu) is determined by the ratio of D60 to
D10. The coefficient of curvature (Cc) is given by the formula: Cc =

D302

D60·D10 . Additionally,
the abbreviations PL, LL, and PI represent plastic limit, liquid limit, and plastic index,
respectively. The chemical compositions of the materials were determined using X-ray
Fluorescence (XRF) analysis using Bruker S4-Explorer. As can be seen in Table 2, the clayey
soil is mostly characterized by 41.75% SiO2, 15.15% Al2O3, and 5.2% Fe2O3, which has a
total share of 62.1% (lower than 70%, which is specified as the minimum requirement based
on ASTM C618-15 [60]). Therefore, increasing the compressive strength and reducing the
shrinkage and swelling properties of the soil could be achieved through the application of
pozzolanic materials such as cement, lime, or a blend of cement and lime [5,61]. Table 2
shows that calcium oxide (CaO) is the main component of lime and that CaO and silica
(SiO2) are key components of cement. Similar types of materials were used in the authors’
previous studies [13,15].
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Figure 1. Sieve analysis of tested soils [15].

Table 1. Properties of tested soils.

Characteristics Results Used Standards

Coarse aggregates type SW-SM ASTM 2487-11 [62]
D10 0.11 ASTM D422-63 [63]
Cu 33 ASTM D422-63 [63]
Cc 1.86 ASTM D422-63 [63]
PL 21% ASTM D424-54 [64]
LL 26% ASTM D423-66 [65]
PI 5% Das 2019 [66]

Fine aggregates type Cay (CL) ASTM 2487-11 [67]
Mineral Kaolinite Das 2019 [66]

Activity degree 0.48 Das 2019 [66]
D10 0.0016 ASTM D422-63 [63]
Cu 18 ASTM D422-63 [63]
CC 0.40 ASTM D422-63 [63]
PL 23% ASTM D424-54 [64]
LL 33% ASTM D423-66 [65]
PI 10% Das 2019 [66]

Optimum moisture 15% AASHTO T180 [68]
Maximum specific weight 18.76 kN/m3 AASHTO T180 [68]

Specific gravity (Gs) 2.46 ASTM D854-10 [69]
UCS 111.33 kPa ASTM D2166 [70]

Table 2. Oxide compounds of cement, lime, and clay.

Component Oxides Clay Composition (%)
Lime Composition

(%)
Cement Composition

(%)

Calcium oxide (CaO) 13.20 73.70 63.41
Silica (SiO2) 41.75 1.15 21.66

Alumina (Al2O3) 15.15 0.11 4.21
Iron oxide (Fe2O3) 5.20 0.24 3.10

Magnesium oxide (MgO) 5.13 1.619 2.82
Sulfur trioxide (SO3) 3.48 0.015 2.61

Chloride as NaCl 0.08 0.011 -
Manganese (Mn) - 0.005 -
Loss on ignition 12.58 23.15 0.81
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3. Methodology, Sample Preparation, and Testing

A total of 48 cylindrical LCC specimens were prepared with different fiber contents for
different curing days and curing conditions. To increase the accuracy of the results, three
(3) similar specimens were cast for each test, and the average testing results were calculated
and reported.

Polyamide fibers are known to have ultrahigh tensile strength at low weight, a high
melting point, and excellent heat and flame resistance as well as appropriate solvent
resistance and dimensional stability at elevated and room temperatures.

Table 3 shows the mixture proportion, curing time, and curing condition for the
different mixes. The percentages of cement and lime in all specimens were kept constant at
4% and 3% of the dry weight of the clay and coarse-grained soil mixtures, respectively. The
water content was 24.04% of the total dry weight of the clay, coarse-grained soil, cement,
and lime mixture; moreover, in all the specimens, the clay content was equal to 23% of the
dry weight of coarse-grained soil. The fibers were added to the mixes at 0.5%, 1%, and 2%
of the total dry weight of the coarse-grained soil, cement, lime, and clay mixture.

Table 3. Composition of LCC specimens.

Specimen Clay
Content (%)

Lime
Content (%)

Cement
Content (%)

Water
Content (%)

Fiber
Content (%)

Curing
Temp. (◦C)

Curing
Time

(Days)

Number of
Samples

Curing
Condition

* F0-7-L 23 3 4 24.04 0 20 7 3 Lab

F0.5-7-L 23 3 4 24.04 0.5 20 7 3 Lab

F1-7-L 23 3 4 24.04 1 20 7 3 Lab

F2-7-L 23 3 4 24.04 2 20 7 3 Lab

F0-28-L 23 3 4 24.04 0 20 28 3 Lab

F0.5-28-L 23 3 4 24.04 0.5 20 28 3 Lab

F1-28-L 23 3 4 24.04 1 20 28 3 Lab

F2-28-L 23 3 4 24.04 2 20 28 3 Lab

F0-3-O 23 3 4 24.04 0 50 3 3 Oven

F0.5-3-O 23 3 4 24.04 0.5 50 3 3 Oven

F1-3-O 23 3 4 24.04 1 50 3 3 Oven

F2-3-O 23 3 4 24.04 2 50 3 3 Oven

F0-7-O 23 3 4 24.04 0 50 7 3 Oven

F0.5-7-O 23 3 4 24.04 0.5 50 7 3 Oven

F1-7-O 23 3 4 24.04 1 50 7 3 Oven

F2-7-O 23 3 4 24.04 2 50 7 3 Oven

* Explanation of abbreviations: F(fiber content)-(curing days)-(curing condition); for example: F0-7-L = sample
with 0% fiber and cured for 7 days in laboratory condition.

In order to prepare the LCC samples, coarse and fine aggregates were properly blended
together. Then, a lime–cement slurry was made by blending lime and cement with optimum
water content. Then, the mixture of coarse-grained and clay soils was added to the lime–
cement slurry. The process of mixing continued until a homogeneous paste was attained.
The fresh mixture was cast into several cylinders that were 60 mm in diameter and 120 mm
in height. After 72 h of concrete casting, the samples were demolded and then placed in a
plastic bag to avoid moisture loss. Half of the samples were oven-cured for 3 or 7 days at
50 ◦C, and the rest were cured for 7 or 28 days at an ambient temperature of 20 ◦C. The
samples were then tested under uniaxial compression after curing because compressive
strength is the most important factor in concrete design [71].

4. Results and Discussion

4.1. Failure Pattern

Figures 2 and 3 show the failure patterns of the control and LCC samples. The LCC
without fibers had diagonal cracks and gradually expanded toward the middle of the
sample. Therefore, the LCC surface clod spalled off, leading to a brittle failure. For the
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LCC samples with 0.5% or 1% fibers, the crack width became smaller with increasing fiber
content. The uniformly dispersed fibers in the LCC created a mesh constraint on the soil
particles. Thus, crack initiation and development were inhibited. By adding extra fibers
(2%) to the LCC, the fibers agglomerated in it. This was due to the development of cracks
in the LCC, destroying it gradually due to fiber agglomeration, i.e., when the frictional
resistance between fibers is smaller compared with that between the fiber and soil particles.
Duan and Zhang [72] have also reported a similar failure pattern.

  

  
Figure 2. A view of oven-cured specimens after failure: (a) 0%, (b) 0.5%, (c) 1%, and (d) 2% fiber
content.

 

 
Figure 3. A view of 28-day, ambient-cured specimens after failure: (a) 0%, (b) 0.5%, (c) 1%, and (d) 2%
fiber content.
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4.2. Unconfined Compressive Strength and Stress–Strain Properties of Lime–Cement Concrete

The results of the UCS tests on the LCC specimens with fiber contents of 0%, 0.5%, 1%,
and 2% cured at various times and conditions are shown in Figures 4 and 5. The results
show that, by adding any percentage of fiber content, the UCS increased compared to the
specimens without fibers. The tensile strength of fiber is high compared to concrete with
a low tensile strength. Therefore, by adding fibers to concrete, the tensile force (relative
movement of the particles) moves towards fibers and, ultimately, the strength increases.
Irrespective of curing time and condition, specimens with 1% fibers achieved the highest
UCS. The UCS for specimens F1-3-O, F1-7-O, F1-7-L, and F1-28-L increased by 25.4%, 15.9%,
19.2%, and 26.0% compared to the reference specimens without fibers.

Figure 4. Peak UCS vs. curing time: (a) oven-cured samples, (b) ambient-cured samples.

The samples cured in an oven had higher UCS values compared with samples cured
in an ambient condition. This is because hydration is enhanced in cementitious materials
cured at high temperatures compared to ambient-cured materials [73–77]. The UCS of
F1-7-O was more than 3.5 times that of F1-7-L. Therefore, by comparing the effects of all
variables, it can be concluded that the curing condition has the highest impact on the UCS
value. The significant impact of curing periods and saturation degrees on the compressive
strength of LC has also been previously reported [13,15,78].
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Figure 5. UCS vs. axial strain: (a) 3-day, oven-cured (3-O), (b) 7-day, oven-cured (7-O), (c) 7-day,
lab-cured (7-L), (d) 28-day, lab-cured (28-L).

Saberian et al. [15] reported that the rate of increase in the UCS was negligible for
specimens after a 28-day curing period. For instance, the UCS of LC at a 20% degree of
saturation (Sr) in the first 28 days increased from 0 kPa to 259 kPa; however, in the next
32 days, it showed a further increase to 290 kPa. It was found that 89% of the maximum
strength was achieved in the first 28 days. In the current study, all specimens achieved 68%
of their 7-day strength in the first 3 days of their curing time in oven conditions; however,
at ambient conditions, they only achieved 48% of their 28-day strength in the first 7 days of
their curing time (see Figure 4).

Based on the experimental results shown in Figures 4 and 5, the relationships between
UCS and the fiber content of the LCC specimens at different curing conditions and curing
days were developed and summarized in Figure 6.
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Figure 6. Relationship between UCS and fiber content at different curing conditions and curing days.

4.3. Mechanical Properties of Lime–Cement Concrete

A number of the mechanical properties of the LCC samples, including the failure
strain, secant modulus (Es), deformability index (Id), resilient modulus (Mr), strain energy
(SE), brittleness index (Ib), bulk modulus (K), shear modulus (Gs), strength ratio (Rqu), and
the stiffness ratio (REu) of specimens at different curing times, were determined by using
the following equations and are summarized in Tables 4 and 5.

Table 4. Mechanical characteristics of oven-cured lime–cement concrete.

FC (%)
Curing
Days

UCS
(kPa) ℇf (%)

Es
(MPa)

Id Ib
SE

(kPa)
K

(MPa)
Gs

(MPa)
Mr

(MPa)
Rqu REu

0 3 417 0.87 42 1.00 1.00 11 35 16 120 1.00 1.00
0.5 3 520 1.30 49 1.50 0.75 11 41 19 133 1.25 1.17
1 3 523 1.50 42 1.73 0.73 14 35 16 134 1.25 1.00
2 3 480 1.70 36 1.96 0.66 16 30 14 128 1.15 0.86
0 7 664 1.12 95 1.00 1.00 15 79 37 151 1.00 1.00

0.5 7 761 1.30 74 1.16 0.94 18 62 26 163 1.14 1.16
1 7 770 1.55 43 1.38 0.80 20 36 17 164 1.16 1.38
2 7 636 2.00 48 1.79 0.73 21 40 18 148 0.96 1.79

Table 5. Mechanical characteristics of ambient-cured lime–cement concrete.

FC (%)
Curing
Days

UCS
(kPa) ℇf (%)

Es
(MPa)

Id Ib
SE

(kPa)
K

(MPa)
Gs

(MPa)
Mr

(MPa)
Rqu REu

0 7 176 1.83 12.14 1.00 1.00 4.87 10.12 5 91 1.00 1.00
0.5 7 187 1.06 29.26 0.58 0.78 6.15 24.38 11 92 1.06 2.41
1 7 210 1.29 21.73 0.70 0.67 7.00 18.11 8 95 1.19 1.79
2 7 167 1.44 12.18 0.79 0.61 7.16 10.15 5 89 0.95 1.00
0 28 347 1.92 66.13 1.00 1.00 9.51 55.11 25 112 1.00 1.00

0.5 28 393 1.00 35.89 0.52 0.83 10.35 29.91 14 118 1.14 0.54
1 28 437 1.03 52.46 0.54 0.83 11.57 43.72 20 123 1.26 0.79
2 28 355 1.17 45.04 0.61 0.79 13.67 37.53 17 113 1.02 0.68
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The secant modulus was used to evaluate LCC resistance to deformation, which was
determined from the UCS test results using Equation (1) [79].

ES =
Δσ

Δε
=

σ2 − σ1

ε2 − ε1
(1)

where σ2 is maximum stress in the elastic stage and σ1 is minimum stress in the elastic
stage; ε1 and ε2 are corresponding strains of σ1 and σ2.

The deformability index (ID) is obtained from Equation (2) for measuring the deforma-
tion, brittleness, and ductility of soils and rocks [1,2].

ID =
εct

εcu
(2)

where εct is the axial strain at the maximum UCS of unreinforced LCC specimens (with 0%
fiber content) and εcu is the axial strain at the maximum UCS of the fiber-reinforced LCC
specimens.

The resilient modulus (Mr) is a measure of the soil elastic response under stress
(AASHTO Test Method T307 2005), which is expressed as [3]:

Mr(MPa) = 0.124 × UCS(kPa) + 68.8 (3)

Bulk modulus (K) is the ratio of change in overall stress to the change in volumetric
strain [80,81], which is determined as:

K =
σ

ΔV
V

=
σ

εxx + εyy + εzz
=

Es

3(1 − 2ϑ)
(4)

where ΔV
V is the relative volume change, σ is hydrostatic pressure, εxx, εyy, and εzz are

direct strains, and υ is Poisson’s ratio [81].
Shear modulus was measured using the following equation [82]:

G(MPa) =
σxy(

εxy + εyx
) =

σxy

2εxy
=

σxy

γxy
=

Es(kPa)
2(1 + ϑ)

=
Es(kPa)

3
(5)

where σxy is shear stress, ε is shear strain, and γxy = εxy + εyx = 2εxy [82].
Strain energy was measured as the area under the stress–strain curve [83,84]. The stiffness

ratio and strength ratio for measuring the effects of fiber content (FC) on the stress–strain
behavior of the soil and the failure mechanisms were obtained using Equations (6) and (7):

Rqu
=

UCS(FC �=0)

UCS(FC=0)
(6)

REu =
Es(FC �=0)

Es(FC=0)
(7)

where UCS is the maximum unconfined compressive strength and Es is secant Young’s
modulus, which is the slope of the linear part of the stress–strain curve.

The brittleness index (Ib) is an indicator for the classification of soil strain softening
severity and contractiveness. The brittleness index was determined using Equation (8) by
calculating the variance between the peak and critical undrained shear strengths that are
normalized by the peak undrained strength.

Ib =
qp − qr

qp
(8)
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where qp is the peak stress and qr is the critical undrained shear strength obtained from
UCS curves.

The results provided in Tables 4 and 5 show the relationship between the strain energy
(energy absorption of LCC samples) and fiber content of samples cured for different days
at both curing conditions. The testing outcomes show that an increase in the fiber content
increased the area under the stress–strain curve. This effect can be seen in all specimens
with different curing times and curing conditions. The strain energies of LCC specimens
containing 0.5%, 1%, and 2% fiber contents in 3-day, oven-curing conditions increased by
6.54%, 35.73%, and 52.70%, respectively. This is because, by adding fibers to LCC specimens,
the flexibility increased and the samples could resist greater strains.

Figure 7 shows the secant modulus versus the fiber content at different curing periods
for ambient-cured and oven-cured samples, respectively. The results show that, at any
curing time and curing condition, by increasing the fiber content, the secant modulus
decreased because the contact behaviors between the cement and soil particles were de-
creased by the addition of fiber. This finding agrees with the conclusions drawn in previous
studies [72,79,85,86].

(b) 

Figure 7. Relationship between secant modulus and fiber content of the LCC specimens in (a) ambient-
curing and (b) oven-curing conditions.
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Figure 8 shows the deformability index versus fiber content at different curing con-
ditions. For samples under 3-day, oven-cured and 7-day, ambient-cured conditions, by
increasing the fiber content, the deformability index increased. However, for specimens
under the 7-day, oven-cured and 28-day, ambient-cured conditions, the deformability index
increased by increasing the fiber content from 0% to 0.5%; moreover, it remained constant
due to an increase in the fiber content from 0.5% to 2%. Therefore, using more than 0.5%
fiber content did not affect the deformability index of the LCC specimens. The deformability
of the fiber-reinforced LCC specimens increased regardless of the curing period and curing
condition because the fiber increased the flexibility and deformability of the specimens.

Figure 8. Relationship between deformability index and fiber content of specimens with different
curing times and conditions.

According to Figure 9, it can be seen that with an increase in the amount of fibers
and the age of the samples, the area under the stress-strain diagram, which is the energy
absorbed by the material, is increased. Also, increasing the curing temperature is an
important factor that increases the ability of materials to absorb energy. As can be seen
in Figure 9, the samples that were cured at a higher temperature had a greater ability to
absorb energy than the samples that were cured at the laboratory temperature. In other
words, the ability of the samples to absorb energy was increased with increasing the curing
temperature, age and fiber content.

Figure 9. Relationship between strain energy and fiber content of specimens with different curing
times and conditions.
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5. Mathematical (Phenomenological) Model

According to the UCS test results, the mechanical properties of the LCC samples were
affected significantly by the fiber content, curing condition, and curing time. Saberian
et al. [4,15] and Cong et al. [87] used the power function expressed by Equation (9) to
predict the results as this function provides excellent matches between the experimental and
predicted results. Similar to Equation (9), a power function was introduced in the current
study to predict the experimental results. In the proposed model, FC is the percentage of
fiber content and CD is number of curing days. The brittleness index, deformability index,
secant modulus, bulk modulus, resilient modulus, and shear modulus of fiber-reinforced
LCC specimens, as well as the parameter of the FC/CD, were variables for predicting UCS.

UCS = a × Cb (9)

where C is equal to FC/CD; a and b (dimensionless parameter) are fitting parameters.
Based on the testing outcomes presented in Tables 4 and 5 and Equation (8), Figures 10–15

present the fitted curves for the relationships of compressive strength, Es, K, Gs, Mr,
and Ib versus the FC/CD of the LCC specimens. It can be seen that the fitted curves in
Figures 10–15 have good accuracy.

Figure 10. Fitted curves of UCS development as a function of FC/CD in oven- and ambient-cured
conditions.

Figure 11. Fitted curves of Es development as a function of FC/CD in oven- and ambient-cured
conditions.
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Figure 12. Fitted curves of bulk modulus development as a function of FC/CD in oven- and ambient-
cured conditions.

Figure 13. Fitted curves of Gs development as a function of FC/CD in oven- and ambient-cured
conditions.

Figure 14. Fitted curves of resilient modulus development as a function of FC/CD in oven- and
ambient-cured conditions.
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Figure 15. Fitted curves of brittleness index development as a function of FC/CD in oven- and
ambient-cured conditions.

6. Conclusions

This research investigated the effects of curing times, curing conditions, and polyamide
fiber contents on the mechanical characteristics of lime–cement concrete (LCC). According
to the findings, the conclusions are summarized below:

• The optimum fiber content to increase the UCS of LCC is 1%. Increasing the fiber
content from 1% to 2% led to a decrease in the UCS due to a reduction in cohesion;

• The energy absorption in LCC increased with increasing fiber content. In addition,
LCC with a higher fiber content (i.e., over 1%) showed more ductile post-peak behavior
compared to LCC with a lower fiber content;

• Curing times and conditions have significant effects on UCS values. Specimens
cured in oven conditions showed higher UCS values compared to the ambient-cured
specimens;

• The application of polyamide fibers, in general, showed a positive impact on improving
the mechanical properties of LCC. However, the secant modulus of specimens for any
curing condition and curing period decreased by increasing the fiber content;

• The deformability index of specimens for any curing condition and curing period
increased by increasing the fiber content;

• Based on the laboratory test results, simple models were developed to predict the
mechanical properties of LCC samples in relation to fiber content and curing days.
Their prediction accuracy is reasonably good.

It is recommended that future studies be conducted to study the impact of fiber content
on the flexural strength and workability of LCC specimens. Also, the durability of the fiber-
reinforced LCC samples in exposure to wetting–drying and freezing–thawing conditions
can be investigated.
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Abstract: Nowadays, admixtures are used with the aim to provide strength and durability to concrete
with less water use. New and low-cost admixtures gained a large amount of consideration to mitigate
the problems associated with concrete’s durability and service life without upsetting its strength
properties. The current work investigates the effect of three types of acetates on the workability,
density, and compressive strength of concrete, which is used in structures of the Iraqi ports that suffer
from corrosion damages and deterioration owing to the aggressive marine environments. Potassium
acetate (KA), calcium acetate (CaA), and ethyl acetate (EA) are incorporated with different doses
(1.38–5.6 wt.% of cement) in concrete mixtures using different water/cement ratios (0.48–0.54) based
on an espoused central composite experimental design. The experimental results confirmed that the
average workability increased with increasing the acetate dose, particularly with CaA. The density
and compressive strength of 28 days of water-cured mixtures increased with increasing acetate dose
following the order: Ca > K > Ethyl acetate and decreased with increasing w/c ratio. The high rise
in compressive strength and workability linked to control mixtures was 30.8% and 77.3% as well as
15.7% and 64.3% for the mixtures incorporated with 5.6 wt.% CaA and KA, respectively. While it was
14.2% and 58.3% for the mixtures incorporated with 3.5 wt.% EA. RSM was employed to optimize and
model the design and hardened properties of concrete mixtures. ANOVA results predicted the same
trend, which was obtained from the experimental results. The mathematical models were valued
with high-regression coefficients. The highest compressive strength of 42.68 MPa has been achieved
for a concrete mixture of 0.48 w/c ratio by the incorporation of 5.1 wt.% CaA through a model with
R2 96.97%. The relatively low-cost acetate admixtures, particularly CaA, seemed promising for the
fabrication of concrete with outstanding properties.

Keywords: acetates; compressive strength; concrete; optimization; response surface methodology;
workability

1. Introduction

Iraq owns many commercial ports with distinguished rural locations. They occupy
an effective position in the national economy. The ports are designated for commercial
purposes (import and export). They are located in the Basra governorate, on the right bank
of the Shatt al-Arab, such as the port of Al-Maqil, Abu Flus, Umm Qasr, and Khor al-Zubayr.
Although the Iraqi ports have an important geographical location in world trade, as they
are considered the ideal way for transit traffic trade between East and Southeast Asia
and Europe, the ports have suffered many challenges including environmental stresses,
resulting in corrosion damages and deterioration of the structures of the ports exposed
to the aggressive marine environments, in particular, the high salinity of seawater with
an average of about 40.5 g/kg [1]. Therefore, it became essential and economical to plan
port activities in order to reduce port activity disruption by preserving port infrastructure,
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rather than demolishing and reconstructing the damaged facilities. This can be practiced
by applying some concrete corrosion mitigation procedures using anti-corrosion materials
as concrete admixtures.

It is well-confirmed that materials are one of the most important considerations for
solving the shortcoming in concrete. In severe exposure conditions, the specification and/or
use of unsuitable materials can lead to poor durability; therefore, using efficient materials
in construction has become the most innovative method used for construction projects. In
addition, using low water-to-cementitious materials ratio and supplementary materials will
provide denser and more durable concrete equated with representative Portland cement
concrete [2].

Several additives have been applied to obtain low permeability, high density, and
load-carrying capacity, as well as consent for the building of durable and high-strength
concrete structures. Among those additives are nanoparticles including nano-silica (nano-
SiO2), nano-alumina (nano-Al2O3), nano-ferric oxide (nano-Fe2O3), nano-titanium oxide
(nano-TiO2), carbon nanotubes (CNTs), graphene and graphene oxide [2–4]. Moreover,
nanopolymers were found to participate in self-healing mechanisms [5,6], as well as re-
warding an improved product layer on the steel surface and calcium content in the bulk
matrix [7].

Among other additives are corrosion inhibitors which are added in slight amounts
to extend the corrosion start time and avoid the onset of corrosion in reinforced concrete
structures [8]. These include inorganic inhibitors, such as nitrates, chromates, molybdate,
phosphate, carbonates, polyphosphates, and silicates [9–13], as well as organic inhibitors
including amines and alkanol amines and their salts. The organic inhibitors can inhibit
steel corrosion through an adsorption mechanism by forming a thin layer of shielding
barrier film on the surface of the rebar [11,14]. Moreover, corrosion inhibitors may be
embedded in microcapsules that could be added into fractured concrete and successfully
passivated or maintained the inactiveness of the rebar when the concrete is damaged [15].
However, controlling the concrete, such as using low w/c ratios, increasing cement content
in the concrete composition, and optimizing the inhibitor doze leads to better anticorrosion
resistance [16].

In addition, the growth and operative application of chemical admixtures in concrete
technology resulted in new advancements in the formulation and application of cement and
concrete composites. The incorporation of a small amount of admixture could effectively
adjust the performance of cement-based materials. The improvement includes the physical,
mechanical, durability, rheology, and hydration properties [17]. The functional groups of
admixtures are generally categorized into hydroxyl, carboxyl, amino, and sulfonic acid [18].
However, it was pointed out that modifying and improving the performance of hydroxyl-
or carboxyl-containing admixtures could be carried out by esterification [19].

Superplasticizers are one of the admixtures that act to modify the concrete workabil-
ity, and at the same time, increase the strength of concrete. They neutralize the surface
attractions between cement particles resulting in a less open structure that requires less
water/cement ratio; therefore, increasing the strength and durability of concrete. However,
most of the superplasticizers used are synthetic and more expensive than other types of
concrete admixtures [20].

On the other hand, new green and low-cost admixtures that can work efficiently in the
presence of water are developed by some researchers. Those additives are added to mitigate
the problems associated with concrete’s durability and service life without upsetting its
strength properties [21,22].

From a different perspective, RSM is an efficient statistical tool that has been widely
used and successfully employed to set the experimental design and models that mathemat-
ically describe the effects of the operating parameters on the process’s responses. Literature
information on using RSM in the optimization and modeling of concrete mixture design
and properties is highlighted in the methodology and results in parts of the current work.
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There are limited studies regarding increasing the durability of concrete by incorpo-
rating acetates as an admixture. The literature studies are concentrated on using sodium
acetate (CH3COONa) [23–27]. However, the studies lack investigation and optimization of
the effect of other types of metal acetates and organic acetates on the strength and physical
characteristics of cementitious materials.

The objectives of the current work are to pave the way for the application of acetates
as admixtures in the construction of Basrah port infrastructure by providing scientific
knowledge about the standardized procedures used to fabricate and test the properties
of reinforced concrete specimens incorporated with diverse kinds of acetates, as well as
to determine the optimum features of acetates to achieve high strength and durability
properties. The current part of the work focuses on using potassium acetate, calcium
acetate as inorganic acetates, and ethyl acetate as organic acetate in unreinforced concrete.
The research studies the effect of acetate type and amount, and the water-to-cement ratio
on workability, density, and compressive strength. The effect of the variables is optimized
and modeled using a two-factorial central composite experimental design.

2. The Experimental Part

2.1. Materials

Ordinary Portland cement (OPC) confirming Iraqi specifications (Iraqi standards
2019) [28], natural sand passing through a 2.36 mm sieve, gravel passing through a 20 mm
sieve, and tap water were used as concrete main ingredients. Potassium acetate (KA),
calcium acetate (CaA), and ethyl acetate (EA) with an assay of ≥99% are purchased from
Fluka™ Chemicals and Reagents for Analytical Chemistry and used as admixtures. The
mixture proportions (1:2:4) for concrete were used. Fresh concrete mixtures were prepared
using 90% of the total amount of water needed for the concrete mix. The remaining amount
of water was used to dissolve the predetermined amount of the acetate. The acetate solution
was added to the fresh concrete mixture. All samples were mixed in a laboratory drum
mixer. Concrete mixtures incorporated with different types (Ka, CaA, and EA) and doses
(1.38–5.6 wt.%) in concrete mixtures using different water/cement ratios (0.48–0.54) based
on an espoused central composite experimental design were formulated, molded, and
cured in water at room temperature for 28 days and then tested. Three samples were
formulated for each test taking into account the average value. Control samples without
acetates were formulated, molded, cured, and tested similarly for comparison purposes.
Figure 1 shows images of some aspects of the experimental work.

Figure 1. (a) Slump test, (b) mold preparation, (c) a typical casted specimen, (d) cured specimens.

2.2. Methodology

Response surface methodology (RSM) is a powerful methodology that uses statistical
techniques based on the partial factorial design that is employed to optimize and model
specific responses influenced by the process operating variables. The attractive feature of

63



Sustainability 2023, 15, 10608

RSM made the tool popular and has significant potential [14,29,30]. The importance of RSM
could be summarized by its applications in various processes for designing simultaneous
runs, which could be performed quickly ensuring savings in the process time, expense,
and effort. In the current work, mathematical and statistical software was used as a tool
to identify the relationships between the type and content of the acetate additives and
the water/cement ratio of the concrete mixtures as independent operating parameters on
workability, density, and compressive strength as dependent variables (responses), and to
optimize and establish the mathematical models that describe the mentioned relations. The
methodology used is carried out by using appropriate design and analysis of experiments
in an empirical way based on a two-factorial central composite design followed by the
response surface methodology.

The individual and interactive effects of the content of the acetates and water/cement
ratio on the responses were studied through 10 experimental runs. The mathematical
empirical model is fitted to evaluate the impact of each independent operating parameter
on the responses. The empirical model is demarcated as:

Y = β0 + β1X1 + β2X2 + β11X12 + β22X22 + β12X1X2 (1)

The response (Y) is correlated to the set of regression coefficients (β): The model
intercept is (β0); β1 and β2 are linear terms; β12 is the interaction term; β11 and β22 are
quadratic coefficient terms. The software portable statgraphics centurion 15.2.11.0.exe was
used for the regression and graphical analysis of data.

The three types of acetates were incorporated with different doses (1.38–5.6 wt.%) in
concrete mixtures using different water/cement ratios (0.48–0.54) based on the adopted
central composite experimental design. Table 1 shows the experimental design with the
actual operating parameter levels and the response values.

Table 1. The adopted experimental design includes the actual levels of the operating parameters as
well as the average values of the responses.

The Operating variables
Exp. No.

1 2 * 3 4 5 6 7 8 9

(Acetate/cement) % wt. 3.50 3.50 2.00 5.00 2.00 5.60 5.00 1.38 3.50

W/C 0.48 0.51 0.49 0.49 0.53 0.51 0.53 0.51 0.54

Type of
acetate Concrete Property

Exp. No.

1 2 * 3 4 5 6 7 8 9

K
acetate

Compressive strength (MPa) 38.90 32.45 35.80 37.00 25.29 33.61 29.12 29.80 25.02

Density (g/cm3) 2.39 2.37 2.37 2.41 2.38 2.408 2.376 2.393 2.365

Slump (cm) 2.00 4.00 3.50 4.50 2.00 3.00 4.50 2.00 5.00

Ca
acetate

Compressive strength (MPa) 42.88 40.50 39.98 41.97 35.82 40.89 37.22 38.31 33.60

Density (g/cm3) 2.39 2.37 2.37 2.40 2.37 2.385 2.38 2.36 2.37

Slump (cm) 3.0 3.5 7.0 10.0 15.0 18.0 8.0 4.0 6.0

Ethyl
acetate

Compressive strength (MPa) 35.20 33.9 32.10 29.70 27.29 26.10 32.90 28.99 27.30

Density (g/cm3) 2.43 2.37 2.42 2.43 2.39 2.397 2.405 2.393 2.399

Slump (cm) 2.50 3.00 5.00 3.00 5.00 3.50 5.00 4.00 4.50

(Without
acetate) Compressive strength (MPa) 29.36 29.36 28.31 25.96 24.88

* Repetitions.

2.3. The Properties Investigated

The workability of fresh concrete mixtures is the measure of the ease with which the
concrete composites flow and consolidate. Workability is a critical factor that affects the
long-term performance of hardened concrete, which may complicate the compaction of
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cement composites due to the trapping of air spaces that highly affects the mechanical
performance [31].

Standard flow tests for measuring the workability were conducted immediately after
mixing freshly mixed concrete composites using a slump cone. The cone was filled in three
layers and manually tamped 25 times. After filling all the layers and cleaning around the
slump cone, the slump cone was removed within 3 to 5 s in a straight ascending direction.
Slump reading is the difference in height of the slump cone and average of the height of
the concrete specimen. The average of four measurements represented the test findings.

Dried concrete cubes of 150 × 150 × 150 mm that are cured purely in water for 28 days
were tested for density. The volume of the cubes was accurately measured after weighing
the cubes. The density of the concrete specimens was obtained as the average of the three
test results.

A compressive strength machine control model 50-C23C02 with a 2000 KN load
capacity was used to test the compressive strength of 150 × 150 × 150 mm concrete cubes.
The load was applied at a constant rate until the specimen failed. The compressive strength
of concrete was obtained as the record of the failure load. The average of the three test
results represented the average compressive strength.

3. Results and Discussion

3.1. The Experimental Results

Compressive strength is the main property that affects the fundamental behavior
of construction elements. The experimental findings concerning the average values of
compressive strength of concrete mixtures cured for 28 days are shown in Figure 2. The
mixtures were formulated with different w/c ratios and incorporated with different types
and doses of acetates. The results confirmed that the compressive strength of concrete
could be increased by the incorporation of the three acetates of admixtures compared to
the control samples; however, the mixtures incorporated with calcium acetate seemed to
exhibit the highest compressive strength followed by the mixtures with potassium acetate
than ethyl acetate. In general, the compressive strength increases with increasing the dose
of the three types of acetate; however, concrete mixtures incorporated with ethyl acetate
exhibited maximum compressive strength at a content of 3.5% (Figure 2).

Figure 2. Compared to control specimens, the variation of compressive strength with acetates content
for mixtures of (w/c = 0.51).

In general, the interaction between cement and admixtures is a surface phenomenon.
Some evidence of chemical interactions between the cementitious phase and acetates was
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acknowledged and documented [18,32,33]. Acetates, such as KA, CaA, and EA that are
used in the current work undergo hydrolysis when dispersed in an alkaline medium.
The alkaline medium in the cement pastes is the Ca(OH)2-saturated pore solution. The
dissolution of cement grains leads to the release of Ca+2. The alkaline hydrolysis of the
acetate admixture leads to the release of acetate anion CH3COO−. The combination of
the calcium and acetate ions resulted in the formation of the organic salt (calcium acetate).
Figure 3 shows a scheme of the interactions described above.

Figure 3. Scheme of the interactions of acetate admixtures with cement.

The chemical interaction could result in changes in the morphology and composition
of the hydrated cement phases and increase the amounts of the hydrates which enhance
the strength of the dried mixtures.

It indicated that the order of increasing the compressive strength of concrete mixtures
was incorporated with Ca > K > Ethyl acetate. The situation may be attributed to the size of
the acetate partner (Ca, K metal atoms, and the organic ethyl group) and its chemical nature,
which are the factors that may play an important role in boosting the compressive strength.
Regarding the size of the acetate partner, the smaller the size of the acetate partner, the
more the enhancement in the tendency of linkages that lead to a more compacted concrete
morphology. The small size of the calcium atom (Ca+2 radius = 114 pm) was compared to
the K atom (K+1 radius = 152 pm) [34], and the larger size of ethyl group may be behind
the aforementioned order of compressive strength of the mixtures which are formulated
in the current study. Concerning the nature of the acetate partner, the stronger chemical
bonding of the inorganic Ca and K metal ions with cement ingredients compared to the
weaker physical linkages of the organic ethyl group is also one of the causes behind the
higher compressive strength values of the mixtures incorporated with Ca and K acetates.
The supreme increase in compressive strength linked to conventional mixtures was 30.8%
and 15.7% for the mixtures incorporated with 5.6% CaA and KA, respectively. While it was
14.2% for the mixtures incorporated with 3.5% ethyl acetate.

The findings of the experimental work for the variation of compressive strength of
concrete with w/c ratio revealed that strength rises with the declining w/c ratio using
the three types of acetates. A typical illustration showing the tendency of decreasing the
compressive strength of concrete mixtures using similar acetate content (3.5%) with the
increasing w/c ratio is clarified in Figure 4.
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Figure 4. Compressive strength set against w/c ratio for concrete mixtures incorporated with 3.5%
cement weight of the acetates.

A high w/c ratio causes aggregate segregation from the cement paste. Moreover, not
consuming water by the hydration reaction may lead to microscopic pores (bleeding) and
shrinkage resulting in declining the concrete strength.

Figure 5 shows the average workability results for the fresh concrete mixtures of
w/c ratio of 0.51 containing different types and contents of acetates. It is noticed that
increasing the content of acetates in the concrete mixtures augments its consistency. Notable
compacted composites with no observable cracks were obtained.

Figure 5. Average workability versus acetate content in concrete mixtures (w/c = 0.51) incorporated
with different acetates.

The increase in workability is more announced for the mixtures incorporated with
the metallic calcium and potassium acetates. The reason may be attributed to the fact that
when the acetates dissociate in water, CH3COO− ions form. The metal ions already present
in the cement, such as Na+ and Ca+2 will react with the acetate ions. The product of this
reaction comprises crystals of metal acetate. The dissociated K+ and Ca+2 ions will react
with free water and produce KOH and Ca(OH)2. Moreover, acetic acid (CH3COOH) is
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produced by the reaction of free water with CH3COO− ions. Suppose a large quantity
of acetate admixture is added to the mixture. In that case, the formation of acetic acid in
the mixture may delay the hydration process and increase the workability of the concrete
mixtures. Similar findings were reported in [25]. The result of the dissociation of ethyl
acetate also produces acetic acid that contributes to delaying the hydration reaction as well
as increasing the mixture’s workability.

The experimental results for the slump shown in Table 1 revealed that at a w/c ratio of
up to 0.51, the increase in the calcium acetate content resulted in an increase in the slump.
Moreover, the situation may be attributed to the adsorption of the hydrolyzed Ca ions from
CaA on the surface of the cement particles owing to the concentration incline of Ca ions
between the cement particles and liquid, in order that the cement particles become well
dispersed due to mutual repulsion, causing the increase in slump. However, at a high w/c
ratio (0.53 for experiment Nos. 5 and 7) the results revealed that increasing calcium acetate
content (from 2% to 5%) gave rise to the decrease in slump. The decrease in slump may be
attributed to the interaction effect of the two variables. The dilution effect of the high-water
content may cause the desorption of Ca ions from the surface of cement particles leading to
less-dispersed cement particles. Lowering the dispersity of the cement particles leads to
a decrease in the slump values (workability). Therefore, it can be deduced that both the
acetate content and w/c ratio govern the hydration process.

3.2. ANOVA Results

Analysis of variance (ANOVA) results for compressive strength are illustrated in
Figures 6–8. The results confirmed that the acetate type, acetate amount, and w/c ratio re-
markably affect compressive strength. The findings are reflected in the plots resulting from
the analysis of the experimental compressive strength results by the RSM software. Pareto
charts which show the absolute values of the properties show that the impact of the two
operating parameters on compressive strength is significant (the effects extend past the ref-
erence line). However, the effect of the acetate content is more significant for EA (Figure 8a),
while for CaA and KA, the w/c ratio seemed more significant (Figures 6a and 7a). The
situation may be related to the chemical nature of the acetates. Ka and CaA are mineral
acetates that have a good affinity to water, while EA is a non-metallic acetate that has an
organic part of poor affinity to water. The mean effect plots indicated that compressive
strength is highly affected by the w/c ratio, which decreases with increasing w/c ratio,
in particular at higher w/c ratios. A dramatic decrease was observed for the mixtures
with KA and CaA (Figures 6b and 7b), while mixtures with EA showed a flat maximum
(Figure 8b). The reason for growing the strength by increasing the acetate amount may
be due to the reaction of calcium hydroxide present in concrete with K and Ca in water.
The product of this reaction is silica gel that will grow into solid crystals that adhere to the
walls of the pores after hydration giving the concrete rigidity and strength. However, the
compressive strength rises with increasing the content of EA up to a maximum and then
decreases (Figure 8b), while for CaA and KA, the mixture of compressive strength rises
with increasing the acetate content in a closely linear mode (Figures 6b and 7b). Decreasing
the compressive strength of the mixtures incorporated with EA after the maxima may be
attributed to the fact that at higher concentrations of EA, the repulsion forces between
the organic EA which has low solubility in water and the polar constituents of concrete
mixture will increase, leading to more porous and less compacted concrete microstructure.
In agreement with our findings, it was reported that adding acetate could increase the
content of ettringite and portlandite in the concrete [35].

Furthermore, the interaction plots display the mean effect of acetate content versus
the w/c ratio at each level. No interaction effects of the operating variables for compressive
strength were observed for the mixtures incorporated with CaA and KA (Figures 6c and 7c).
The situation is reflected by the parallel lines of the effects. While the interaction plots
reflected remarkable interaction effects for the compressive strength of the mixtures in-
corporated with EA, in particular at a w/c ratio above 0.48 (Figure 8c). The situation
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is visualized by the cross lines that suggest the interaction. The behavior above is more
apparent throughout the contours shown in the two-dimensional (2D) plot (Figure 8g). The
elliptical shapes of the contours indicate the variable’s substantial interactions.

The normal probability plot presented in (Figures 6d, 7d and 8d) revealed the model’s
effectiveness by displaying the adjacent positions of the points to the straight lines. The
three-dimensional (3D) response surface plots (Figures 6f, 7f and 8f) illustrate the conception
of the response surface and the style of the compressive strength performance in terms of
the two operating factors.

Figure 6. Plots of Pareto chart (a), main effects (b), interaction (c), normal probability (d), response
surface (e), residual (f), and contour (g) for compressive strength of concrete mixtures incorporated
with potassium acetate (KA).
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Figure 7. Plots of Pareto chart (a), main effects (b), interaction (c), normal probability (d), response
surface (e), residual (f), and contour (g) for compressive strength of concrete mixtures incorporated
with calcium acetate (CaA).

The contour plots show how varying the two operating variables affects the predicted
compressive strength values, which are represented as colors. Figures 6g and 7g show
the two-dimensional (2D) contour plots for KA and CaA mixture. The figures reflect less
effective interactions between the variables. The non-elliptical shapes of the contours
specify the situation.

The plots of the residuals (Figures 6e, 7e and 8e) verify the validity of the regression.
The random scattering of residuals versus predicted reflects that the errors are independent.
The fall of the points randomly on both sides of (0) demonstrates the normal distribution of
the points. The results obtained affirm that the espoused model can be utilized to detect the
optimum compressive strength and that it is appropriate for usage. The methodology was
applied successfully to optimize and model the properties of concrete composites including
compressive strength [36–39].

The empirical regression model equations, regression coefficients, and the optimum
compressive strength values and operating variables for the mixtures formulated with
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different acetates are listed in Table 2. The R2 is reasonable for fitting uniformity. The
high-regression coefficient proves that the estimated models are accurate and can explain
the experimental results successfully.

Figure 8. Plots of Pareto chart (a), main effects (b), interaction (c), normal probability (d), response
surface (e), residual (f), and contour (g) for compressive strength of concrete mixtures incorporated
with ethyl acetate (EA).

Table 2. The empirical regression model equations, regression coefficients, and the optimum com-
pressive strength values and operating variables for the mixtures formulated with different acetates.

Acetate Type
The Generated Empirical Regression Model
Equation

Regression
Coefficient R2 (%)

Optimized Compressive
Strength Value (MPa)

Optimized Operating
Variables

Ca Compressive strength = −665.62 + 2871.01 W +
4.63 A − 2932.86 W2 − 4.92 W A − 0.22A2 96.97 42.68 w/c = 0.48 and CaA

content = 5.1%

K Compressive strength = 20.70 + 339.75 W −
8.99 A − 640.64 W2 + 21.67 W K − 0.17 A 2 99.89 38.76 w/c = 0.48 and KA

content = 4.24%

Ethyl Compressive strength = −898.76 + 3728.86 W −
7.52 A − 3828.22 W2 + 50.0 W A − 2.62 A2 91.41 38.31 w/c = 0.51 and EA

content = 3.45%

Where W = W/C, A = acetate content (wt.%)
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ANOVA results for bulk density confirmed that the acetate type, acetate content, and
w/c ratio remarkably influence density. However, the effect of acetate content is more
significant (Figures 9a, 10a and 11a). The mean effect plots indicated that density declines
with the rising w/c ratio and increases with increasing the acetate amount, particularly
at high-acetate contents (Figures 9b, 10b and 11b). The rise in density may be ascribed to
the decrease in air in the cement matrix as acetates fill the empty spaces within the pore
structure. The higher density values may be due to the improvement in the hydration
process and subsequently the increase in the hydration products was compared with those
of control samples.

Figure 9. Plots of Pareto chart (a), main effects (b), interaction (c), normal probability (d), response
surface (e), residual (f), and contour (g) for bulk density of concrete mixtures incorporated with
potassium acetate (KA).
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Figure 10. Plots of Pareto chart (a), main effects (b), interaction (c), normal probability (d), response
surface (e), residual (f), and contour (g) for bulk density of concrete mixtures incorporated with
calcium acetate (CaA).

The interaction plots reflected no remarkable interaction effects of the operating
variables for density (Figures 9c, 10c and 11c). However, an interaction effect of the
acetate content and w/c was observed for mixtures incorporated with KA at a higher
w/c ratio (Figure 9c). The significant interactions are highlighted throughout the change
in the contours to shape approximately the half ellipse and total eclipse as illustrated in
(Figures 9g and 11g) representing the (2D) contour plots, respectively.

The normal probability plot presented in Figures 9d, 10d and 11d, and the plots of
the residuals (Figures 9f, 10f and 11f) show the same trend established for compressive
strength, which specifies the model’s validity and precision describing the experimental
results for bulk density.
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Figure 11. Plots of Pareto chart (a), main effects (b), interaction (c), normal probability (d), response
surface (e), residual (f), and contour (g) for bulk density of concrete mixtures incorporated with ethyl
acetate (EA).

The empirical regression model equations, regression coefficients, and the optimum
bulk density values and operating variables for the mixtures formulated with different
acetates are listed in Table 3. The high-regression coefficients of the estimated models
confirm the model’s precision. However, less significant differences in the optimum values
were estimated for bulk density compared to those estimated for compressive strength.
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Table 3. The empirical regression model equations, regression coefficients, and the optimum bulk
density values and operating variables for the mixtures formulated with different acetates.

Acetate Type
The Generated Empirical Regression Model
Equation

Regression
Coefficient R2 (%)

Optimized Density
g/cm3

Optimized Operating
Variables

Ca Density = 5.93225 − 14.18 W + 0.064 CaA +
14.06 W2 − 0.13 W CaA + 0.0008 CaA2 96.83 2.42 w/c = 0.48 and CaA

content = 5.6 %

K Density = 3.70748 − 5.94 W + 0.15 KA + 6.72
W2 − 0.37 W KA + 0.006 KA2 97.17 2.45 w/c = 0.48 and KA

content = 5.6%

Ethyl Density = 17.8716 − 59.82 W − 0.048 EA +
57.97 W2 + 0.017 W EA + 0.006 EA2 94.33 2.47 w/c = 0.48 and EA

content = 5.6%

Where W = W/C, CaA = Calcium acetate content (wt.%), KA = Potassium acetate content (wt.%), EA = Ethyl acetate content (wt.%)

3.3. Microstructure Analysis

The interpretation of microstructure imaging has become well-recognized as a tech-
nique for studying the microstructure of cement and concrete composites. It is soundly
established that the hydration of cement paste develops its microstructure. The hydrous
cement grains form by the reaction of anhydrous cement grains with water. The products
of the hydration reactions are the alite or tricalcium silicate, belite or dicalcium silicate,
and calcium hydroxide. The alite and belite are accountable for the formation of the C-S-H
gel. The calcium silicate hydrate is produced principally around the cement grains, while
calcium hydroxide is deposited in the water-filled pores [40]. In this study, SEM images of
different magnifications (the two tops are in lower magnification) were obtained for the
hardened cementitious part of the control samples and acetate-modified samples. Typical
SEM images for the control sample are shown in (Figure 12, top and bottom left). The figure
indicates the formation of cement hydration products. Calcium hydroxide crystals are
represented by areas of light gray with irregular shape, calcium silicate hydrate is signified
by areas of dark gray, while the pores are displayed by black areas [41].

The top and bottom right of Figure 12 shows the typical SEM images for the hardened
cementitious part of a sample incorporated with CaA. The figure illustrates less porous and
denser microstructure resulting from the addition of the acetate. The denser microstructure
may be owing to the high adhesion between CaA and the cement hydration products.
The packed microstructure gives rise to a decrease in the volume of capillary pores in
the sample incorporated with CaA. The modified microstructure enhanced by acetates
enables the attainment of building materials with higher density, strength, and durability
characteristics. Incorporating the acetates in the mixtures leads to reducing voids in
concrete, thereby decreasing the porosity [42] and avoiding the diffusion of any fluids.

Figure 12. Cont.
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Figure 12. Hardened cementitious part of control sample (top and bottom left), sample incorporated
with CaA (top and bottom right).

4. Conclusions

The effective application of chemical admixtures in concrete technology resulted in
a new development in the formulation and usage of cement concrete materials. Small
amounts of admixture can efficiently adjust the cement-based materials’ performance.
This study is a part of research aimed at examining the effect of the incorporation of
potassium acetate (KA), calcium acetate (CaA), and ethyl acetate (EA) in concrete as anti-
corrosion admixtures, and its impact on other concrete properties, mainly workability and
compressive strength. The current work focuses on studying the impact of the merging
of admixtures on the workability, density, and compressive strength of concrete based
on the acetate dose and water/cement ratio. The experimental and the RSM analysis
results confirmed that the relatively low-cost acetate admixtures, in particular CaA seemed
promising for the manufacturing of concrete with notable workability and mechanical
strength. The high rise in compressive strength linked to control mixtures was 30.8% for
the mixtures incorporated with 5.6 wt.% CaA. Optimum compressive strength of 42.68,
38.76, and 38.31 MPa, and density of 2.42, 2.45, and 2.47 g/cm3 were estimated for concrete
mixtures incorporated with CaA, KA, and EA, respectively using 0.48 w/c ratio. The
promising results paved the way to continue the study in order to explore the impact of
the admixtures on the water permeability and corrosion resistance of reinforced concrete
incorporated with the optimum content of the acetate admixture, which could be used in
Basrah marine construction applications.
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Abstract: This study aimed to analyze the outcomes of stress intensity factor (KI) and new bond
strength tests of oil well cement (class H) with a water-to-cement ratio (w/c) of 0.38. Mechanical
properties of the cement paste, such as the compressive and flexural strengths, were tested and
qualified at 1, 7, and 28 days of curing. The relationship between the elastic modulus and axial
strain using the differential of the Vipulanandan p-q model for the cement paste was obtained.
The stress intensity factor of the cement paste was between 0.3 and 0.6 MPa.m, and the crack tip
opening displacement (CTOD) was between 2.798 and 6.254 μm at three different ratios between
the initial notch height (a) and the thickness of the beam (d) (a/d = 0.3, 0.4, and 0.5). The nonlinear
Vipulanandan p-q model was used to model the compressive and flexural stress–strain behavior of the
cement at three curing times. The bonding strength between the cement and steel tube representing
the casing in the borehole was 0.75, 1.89, and 2.59 MPa at 1, 7, and 28 days respectively.

Keywords: mechanical properties; fracture mechanics; curing age; bonding strength; models

1. Introduction

Each cement particle forms a type of growth on its surface during hydration. It grad-
ually spreads until it adheres to the growth of other adjacent cement particles, resulting
in progressive stiffening, hardening, and strength development [1]. Even if cement is a
well-consolidated material, the chemistry of cement (and the chemistry inside cement)
remains very complex and nonobvious. What is certain is that the hydration mechanism
plays a pivotal role in the development of cement with specific final chemical compositions,
mechanical properties, and porosities. This document provides a survey of the chemistry
behind such inorganic materials. The text has been organized into five parts describing:
(i) the manufacturing process of Portland cement, (ii) the chemical composition and hydra-
tion reactions involving Portland cement, (iii) the mechanisms of setting, (iv) the classi-
fication of the different types of porosities available in cement (with particular attention
given to the role of water in driving the formation of pores), and (v) the recent findings on
the use of recycled waste materials in cementitious matrices (with a particular focus on
the sustainable development of cementitious formulations). In this study, the influence
of water on the main relevant chemical transformations occurring in cement emerged
with the formation of specific intermediates/products that might affect the final chemical
composition of types of cement. Within the text, a clear distinction between setting and
hardening is provided. Water’s physical/structural role in influencing the porosities in
cement is analyzed, providing a correlation between types of bound water and porosi-
ties [2,3]. In the petroleum industry, cement has been used in oil well operations. Cement
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is typically utilized to fill the annular space between the casing and rock formation by
displacing the drilling fluid. In addition, cement will support the casing and protect it
against corrosion and impact loading, restrict the movement of fluids between formations,
and isolate productive and nonproductive zones. Oil well cement is used under different
exposure conditions than the cement used in the conventional construction industry. The
strength of oil well cement usually depends on factors such as time and conditions of
curing, environmental conditions, slurry design and use of additives, and any additional
treatments to the cement [4].

Cementing primarily aims to completely and irreversibly isolate the formation behind
the casing. The success of a production operation of a well is almost entirely predicated
on the quality of the primary cementing work. A full hydraulic seal is present between
the formation and the casing across all the zones of interest [3]. Cementing also creates a
hydraulic seal, which stops fluids from moving between producing zones in the borehole
and escaping to the surface. In addition, it prevents the steel casing from rusting when
exposed to formation fluids [5]. Over time, the cement is subjected to stresses due to
pressure integrity tests, an increase in mud weight, casing perforation, well stimulation, the
production of oil or gas, and an increase or fluctuation in the wellbore temperature [3,6].
Recent case studies on cementing damages found several problems that have caused varied
cementing process delays [2,3]. These problems caused the cementing procedures to run
longer than expected. Controlling fluid loss to rock and soil formation and effective well
cementing have become essential challenges in oil well construction to maintain wellbore
integrity [6]. This is because changing downhole environments threatens the integrity of
the wellbore. Consequently, comprehensive monitoring and control of the entire oil-well-
cementing process are necessary to ensure the cement maintains its integrity throughout its
useful life [7,8].

The safety and effectiveness of the CO2 injection procedure for geologic carbon storage
depend on the integrity of the cement, which offers zonal isolation and mechanical support.
This research focused on radial cracking in cement after CO2 injection and interfacial debond-
ing at wellbore contacts. It applied the energy release rate (ERR) definition to describe how
fractures spread. The suggested model used the finite element approach and calculated the
ERRs of both fractures using realistic wellbore layouts and injection settings. Additional
parametric research revealed how the fracture geometry, the cement’s mechanical and ther-
mal characteristics, and the crack size affected crack propagation. According to simulation
findings, with normal cement characteristics, interfacial and radial fracture ERRs would be
more than 100 J/m2. The Young’s modulus, Poisson’s ratio, and thermal conductivity of
the cement were the next most significant influences on the ERR. Other crucial factors in
regulating fracture propagation are the cracks’ starting sizes and locations.

Furthermore, nonuniform in situ loads would accelerate fracture propagation at
the interfaces. These important results might contribute to the improvement of cement
sheath design and guarantee the long-term integrity of wells used for geological carbon
storage. [1,9,10]: (i) cracking the cement sheath could allow fluids to migrate radially and
vertically; and (ii) plastic deformation in the cement sheath could also allow fluids to
migrate radially and vertically (Figures 1 and 2). A cement or concrete fracture manifests as
cracking as an indication of internal stress or deterioration. Cement and concrete cracking
is common, but they should never occur and usually mean more significant problems.
Cement and concrete crack and break down into their respective stages, and cracking
or fracturing in cement and concrete occur in three distinct phases. It is essential to
distinguish between the mode of crack initiation and how this occurs at the microscopic
level, the subsequent paths of propagation, and the ultimate macroscopic crack pattern.
Strain and stress concentrations resulting from the incompatibility of the aggregate and
paste components’ elastic moduli are primarily responsible for forming small fissures or
microcracks in fresh, hardened cement and concrete. The following are the different phases
of concrete and cement cracking. In the first step, strain concentrations at the aggregate–
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paste interface can occur before loading due to shrinkage or thermal movements in the
cement or concrete [3,11,12].

  
(a) (b) 

  
(c) (d) 

Figure 1. Debonding at Steel–Cement Interface. (a) Cracks in Cement Sheath, (b) Plastic Deformation
in Cement Sheath, (c) De-bonding at Rock–Cement Interface, and (d) Debonding at Casing–Cement
Interface [13].

Figure 2. Fracture Modes of Materials. Tearing Mode [13].

In Phase I, cracks start microscopically at specific locations all over the specimen
where the tensile strain is the highest. The lack of further crack growth at this load level
demonstrates the stability of the cracks. Once the load is increased, initially stable cracks
begin propagating in Phase II. Due to the likelihood of overlap between stable crack
initiation and crack propagation, the transition between Stages I and II will be gradual
(see Figure 2 for a visual demonstration). In Stage II, the crack system multiplies and
spreads slowly and steadily, so propagation stops if loading stops and the stress level is
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constant [13]. The pressures acting from both sides of the sheath, the outside formation
pore pressure, and the inside pressure transmitted from the casing and other axial loadings
are the causes of the stresses induced in wellbore cement. Axial loadings can cause these
stresses [14].

In most cases, it causes the material to transform into a different shape. The cement
sheath can debond at the following interfaces [11]: cracking of the cement sheath, which
could allow radial and vertical migration of fluids (Figure 1a); plastic deformation in the
cement sheath, which could allow radial and vertical migration of fluids (Figure 1b); the
rock–cement interface (Figure 1c); and the cement–casing interface (Figure 1d). In addition,
the pressure and thermal cycle damage the cement sheath’s integrity (sealing integrity and
mechanical integrity), leading to gas leakage. The failure mode of a downhole cement
sheath can be divided into four categories: (1) debonding/micro annulus at the interface
of the cement sheath, (2) shear/tensile failure of the cement sheath, (3) radial cracks of
cement sheath, and (4) plastic deformation of the cement sheath [10,13]. Researchers have
used Linear Elastic Fracture Mechanics (LEFM) parameters and Elastic-Plastic Fracture
Mechanics (EPFM) parameters in the literature to characterize the fracture resistance of
cement paste, mortar, cement concrete, polymer concrete, and rocks. Figure 2 shows that
the fracture mechanics field considers three distinct crack propagation modes. Mode I, the
opening crack propagation model, is caused by a tensile stress field. The shearing or sliding
mode that results from in-plane shear is Mode II. Mode III, also known as the tearing mode,
is caused by shear outside the material’s plane [15]. In engineering practice, the stress
state near the tip of a sharp crack is more useful. In a linear elastic material, the stress
intensity factor (KI) characterizes the crack tip conditions [13–15]. If KI is known, simple
equations can be used to determine how the stress is distributed at the crack tip. No study
was conducted on evaluating the fracture behavior of oil well cement at different heights of
the initial crack.

Vipulanandan, C., and Dharmarajan [15,16] studied the Mode I fracture regarding the
applicability of the critical stress intensity factor (KIC) and/or critical crack-up opening
displacement (CTODc) for epoxy and polyester polymer composites (PCs). Single-edge
notched beams were used to study unreinforced and glass-fiber-reinforced polymer com-
posite systems at room temperature in three-point and four-point bending. The crack
extension during the pre-peak stress was calculated using the crack mouth opening dis-
placement (CMOD) technique. The effective crack’s tip was determined by the critical
stress intensity factor, and the elastic crack tip opening displacement served as a proxy
for the critical crack extension. The performance of this model was compared to other
models provided for metals and cement concrete to calculate the elastic CTOD from the
observed elastic CMOD. The test findings showed that the initial notch depth did not
affect the two fracture characteristics. The two fracture characteristics predicted the notch
sensitivity of polyester and epoxy polymer concrete. Resistance curves were created for
a 4% glass-fiber-reinforced polyester PC based on the stress intensity factor and crack
tip opening displacement [16]. Feng et al. [17] studied and thoroughly characterized the
fracture mechanics of Portland cement mortars reinforced with multiwall carbon nanotubes
and carbon nanofibers. To strengthen cement mortars with well-dispersed carbon nan-
otubes and carbon nanofibers, the critical values of the stress intensity factor, strain energy
release rate, crack tip opening displacement, and critical crack length were experimen-
tally found. A three-point closed-loop bending test was performed on prismatic notched
specimens of neat mortars, mortars reinforced with 0.1 weight percent carbon nanofibers,
and mortars reinforced with 0.1 and 0.2 weight percent multiwall carbon nanotubes. The
crack mouth opening displacement was used as the feedback signal. The two-parameter
fracture model was then used to calculate the fracture parameters of the nano-reinforced
mortars [18]. The results of assessing parameters like compressive strength, modulus of
elasticity, compressive toughness, flexural strength, flexural toughness, flexural residual
strength, and fracture energy on steel and polypropylene fiber reinforced concrete that will
be used in industrial ground floor slabs. The characterization approach included creating
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cylindrical and prismatic specimens of fiber-reinforced concrete with nine different kinds
of fibers, including four synthetic or polypropylene and five steel fibers. On the basis of a
design for concrete with a 40 MPa flexural strength used for industrial ground floor slabs,
non-reinforced concrete samples were also mixed as a reference. Based on the findings, it
was concluded that the length and shape of fibers have an impact on the development of
flexural strength as well as some other mechanical properties of concrete, such as ductility,
since concrete samples made with steel fibers with hooks at their extremes exhibited better
adhesion to concrete, while straight copolymer fiber and wavy polymer fiber displayed
better overall performance. Finally, it was shown that the values of compression toughness
and flexural toughness exhibited a strong association [19].

Cracks are commonly found in cement and concrete structures. They are undesirable
features that may be brought about by environmental causes, workmanship, natural causes,
as well as the age of the concrete element. It is, therefore, essential that the causes and
consequences of cracking are well understood so that suitable remedial measures can be
adopted. Once the cement sheath seal fails, it will lead to issues such as fluid leakage and
sustained casing pressure. Cyclic loading will cause cumulative plastic strain and strength
degradation of cement stone, a relatively dangerous working condition for the downhole
cement sheath.

This study evaluated and modeled the mechanical behaviors of oil well cement, such
as the stress intensity factor, compressing, and flexural stress–strain under cycling load.

Research Significance

This study aimed to assess the mechanical performance of an oil well cement, including its
bonding, compressive, and flexural strengths. Among the specific objectives were the following:

i. Identifying the mechanical properties of oil well cement at various curing times.
ii. Researching Mode I and evaluating the fracture properties of oil well cement using

three different a/d ratios.
iii. Using the nonlinear Vipulanandan p-q to test and model the stress–strain behavior of

oil well cement under compression and flexural stresses.
iv. Constructing a new model to predict the modulus of elasticity of cement under

varying strains.
v. Conducting a new protocol test to determine the bonding strength between the cement

and steel casing in the oil well.

2. Methodology

2.1. Cement Characterization

The cement composition was analyzed at 25 ◦C using XRD (Figure 3). The sample
holder was packed to within 3 mm of its capacity with 2 g of cement powder. The XRD
was evaluated at intervals of 0.02 from 10 to 90◦. Scanning electron microscopy (SEM) was
used to obtain information about the cement’s morphology (Figure 4).

2.2. Sample Mixture

The samples were prepared following API standards with a w/c of 0.38. The results
were verified by testing at least three samples for each condition.

2.3. Compressive Strength Test (ASTM C 39)

Compression tests were conducted on cement samples after 1, 7, and 28 days of
curing using a hydraulic compression testing machine. The strain gauge used in this study
had a 60 mm length and a resistance of 120 Ω. A cylindrical mold measuring 50 mm in
diameter and 100 mm in height. A stress–strain test was carried out at three different curing
ages using a hydraulic compression testing system with a loading speed of 0.15 MPa/s.
Specimens were instrumented with a strain gauge for lateral strain and an extensometer
to measure axial strain to determine Poisson’s ratio. The accuracy of the extensometer
was checked with an axial strain gauge. Specimens were cast into appropriate molds for
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the intended tests and then cured at room temperature in a relative humidity box with a
humidity of at least 95%. The samples were demolded after 24 h and stored in the same
conditions until testing.

 
Figure 3. XRD for class H oil well cement.

 
Figure 4. SEM for class H oil well cement.
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2.4. Bonding between Steel Casing–Cement

Figure 5 depicts the experimental setup to evaluate the shear bonding between the
steel casing and the cement. The steel casing was loaded up until it was flush with the
cement. At a w/c of 0.38 and curing times of 1, 7, and 28 days, the applied load pushed the
steel casing through the cement sheath. A portion of the steel enclosure was shifted aside
(dia.: 45 mm; height: 74 mm). The load was applied to the steel casing until it reached the
cement level (Figure 5b). The applied load pushed the casing through the cement sheath.
Figure 5c shows the specimen at failure. The steel casing was moved to one side. After
debonding from the cement sheath, the applied load acted against the friction between the
steel–cement interface.

  
 

(a) (b) (c) 

Figure 5. The specimen used to measure shear bonding between the steel casing and cement: (a) sample
before the test, (b) specimen under the pull-out machine; (c) shear failure between casing and cement.

2.5. Flexural Strength Test

The ASTM C293/C293M-10 standard [20] called for a three-point bending test. The dimen-
sions of the specimen beam were 280 × 76 × 76 mm. A Vernier caliper was used to measure
the specimen’s dimensions for stress analysis. Strain gauges were installed on the tension and
compression fibers near the midspan. Equation (1) was utilized in the strength calculation:

σf =
3PL
2bd2 (1)

where σf is the flexural stress, P is the applied load, L is the span length, b is the width of
the specimen, and d is the depth of the sample. The strain was determined for each fiber by
using strain gauges.

2.6. Fracture Toughness and CTOD

At least three samples were tested for each criterion, and the mean of those results
is presented. A data-acquisition system was used to record the load (P), crack mouth
opening displacement (CMOD), and load point deflection. The load cell’s voltage output
was used to determine the ideal value for the applied load. The strain was calculated from
the two-wire DC resistance output of the strain gauge. Mode I fracture properties (Figure 2)
were investigated using the beam specimen. As shown in Figure 6, a band saw was used
to create a notch with a depth of 3 mm. A three-point loading setup was used to find the
fracture toughness and crack tip opening displacement (CTOD) of different types of oil
well cement. A clip on the CMOD gauge was used to measure the crack mouth opening
displacement. Knife edges were used to clip the CMOD gauge to the pre-crack. At the
same time, the resistance and pulse velocity was monitored to characterize the crack using
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a nondestructive method. Midspan deflection also was monitored using LVDT. Using a
three-point loading setup, the oil well cement was tested for fracture toughness and crack
tip opening displacement (CTOD). The crack mouth opening displacement was measured
using a clip-on CMOD gauge. The CMOD gauge was clipped to the pre-crack with the
blades of knives. Figure 7 shows the overall experimental setup, which utilized a clip-on
CMOD gauge to derive KI values. The schematic diagram of load vs. CMOD is presented
in Figure 8.

 
Figure 6. Making a notch in the specimen using hand saw.

 
Figure 7. Schematic diagram of the experimental setup to find KI.
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Figure 8. Schematic diagram of load versus CMOD with the components of CMODT.

For any geometries, Equation (2) provides the stress intensity factor KI:

KI = σ
√

aF(α) (2)

where σ is the bending stress calculated as shown in Equation (1), F(α) is a finite width and
loading geometry correction factor, and “a” is the height of the crack. For the three-point
loading bending test, F(α) is given in Equation (3):

F(α) =

[
1.99 − α(1 − α)

(
2.15 − 3.93α+ 2.7α2)][

(1 + 2α)(1 − α)
3
2
] (3)

where α is a factor that depends on the crack length. Equation (4) defines α as:

α =
(a + H0)

(d + H0)
(4)

where Ho is the clip gauge holder thickness, as shown in Figure 8. In Equation (4), ‘a’ must
be calculated from a numerical iteration procedure using Equation (5):

ae = a0

[
CU

C0

][
V(α0)

V(αe)

]
(5)

where initial compliance Co is given by Equation (6):

Co =
CMOD

P
(6)

Unloading compliance Cu was measured at about 95% of the peak load, and V(α) is
given by Equation (7):

V(α) = 0.76 − 2.28α+ 3.87α2 − 2.04α3 +
0.66

(1 − α)2 (7)

Variations in the load (P) versus the crack mouth opening displacement (CMOD) of the
class H oil well cement in the experiment are shown in Figure 8 for the initial notch-to-depth
ratios (a/d) of 0.3, 0.4, and 0.5 [18].
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3. Results, Analysis, and Discussion

3.1. XRD and SEM

Major ingredients of the cement (Class H) included dicalcium silicate (Ca2SiO4), trical-
cium silicate (Ca3SiO5), magnesium sulfate (MgSO4), calcium aluminoferrite (Ca2FeAlO5),
calcium sulfate (CaSO4), and quartz (SiO2) (Figure 3).

Figure 4 displays the results of the SEM analysis, which revealed that the diameter
sizes of the cement particles ranged from 2.55 to 48.61 μm.

3.2. Vipulanandan p-q Model

The Vipulanandan p-q model was used to predict the stress–strain behavior of the
soils, rocks, and piezoelectrical resistivity [21]. The ratio of the secant modulus to the initial
tangential modulus is given by parameter q in Equation (8) (Table 1). The value of the
model parameters was determined by minimizing the error in the stress–strain relationship.
The model predicts a linear material up to peak stress when q equals 1. A smaller q value
indicates a greater presence of nonlinear behavior. However, the post-peak behavior is
controlled by the parameter p, while the pre-peak behavior is only moderately affected
by it. Initially, the tangent and secant moduli were estimated to determine q. Then, the p
values were adjusted to the lowest possible RMSE (Figure 9). Parameter q was defined as
the ratio of the secant modulus at peak stress to the initial tangent modulus. Parameter
p was obtained by minimizing the error in the predicted stress–strain relationship. The
parameters p and q are influenced by the curing time of the cement. The shape of the
stress–strain curve before and after the peak can be changed based on the p and q values,
as shown in Figure 9.

σ =

ε
εf
∗σf

q + (1 − p − q) ε
εf
+ p

(
ε
εf

) (p+q)
p

(8)

Figure 9. Compressive stress–strain behavior of the cement paste.

By differentiating Equation (8) and using the same p and q parameters for the stress-
strain models in Equation (8), the modulus of elasticity of the cement paste versus strain
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can be predicted using Equation (9) (s is the axial stress, σf and εc are the stress at failure
and the corresponding strain, and p and q are model variables (Table 1)):

dσ
dε

=

q∗
[

1 −
(

ε
εc

) (p+q)
p

]
∗
(
σc
εc

)
[[

q∗(1 − p − q) ∗ ε
εc

]
+ p∗( ε

εc
)
(p+q)

p

]2 (9)

The model evaluations in Equations (10) and (11) are the coefficient of determination
and the root mean square error, respectively:

R2 = 1 −
∑n

i=1

(
yexperimental − ypredicted

)2

∑n
i=1

(
yexperimental − mean

)2 (10)

RMSE =

⎛
⎜⎝∑n

i=1

(
yexperimental − ypredicted

)2

N

⎞
⎟⎠

0.5

(11)

3.3. Compressive Strength

The compressive stress–strain relationship for cement was predicted using the Vip-
ulanandan p-q stress-strain model. The compressive strength (σf) of the cement after 1,
7, and 28 days of curing was 10.6, 15.8, and 18.3 MPa, respectively (Figure 9). The axial
strain of the samples at failure varied between 0.21 and 0.3% (Table 1). The coefficient of
determination (R2) was 0.99 (Table 1). Differentiating Equation (8), the modulus of elasticity
of the cement versus axial strain can be calculated using Equation (9), as shown in Figure 10.
The compression modulus of elasticity of the cement at 1 and 28 days of curing times is
summarized in Table 1. The same p and q values were obtained to predict the stress–strain
behavior of the cement shown in Figure 9 and were used to predict the modulus of elasticity
of the cement shown in Figure 10.

Ε

ε

Figure 10. Relationship between axial strain and modulus of elasticity of the cement.

3.4. Fracture Properties of Cement

This study investigated the influence of utilizing a different a/d on the fracture
behavior of cement at three different curing times and using the single-edge notch beam
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in three-point bending determined parameters such as the s KI (mode 1), which has been
frequently measured and widely reported for other mortars and concrete [13,22–24].

The experimental observations included the crack mouth opening displacement (CMOD),
load versus load point displacement, and crack development due to applied loads.

3.4.1. Experimental Calculations

At different load levels (applied load), the following parameters could be calculated:

i. Crack length (a);
ii. Crack extension (Δa = crack length − initial crack length = a − ai);
iii. Stress intensity factor (KI);
iv. Crack tip opening displacement (CTOD).

It should be mentioned that at peak load, the stress intensity factor and crack length
were called the critical stress intensity factor (KI) and effective crack length, respectively.

3.4.2. Calculation Procedures

For a three-point bend test specimen, by using the concept of the linear elastic fracture
mechanic (LEFM), the crack length can be obtained from the relationship between the elastic
crack mouth opening displacement (CMODe) and the corresponding crack length (a), as
shown in Equation (12).

CMODe = 4σ a
V(∝)

É
(12)

where:
σ is the net stress, which is equal to 6 M/bd2;
M is the applied pure bending moment;
∝ is equal to (a + H◦)/ (d + H◦);
a is the crack length;
É for the plane, the stress is equal to E (Modulus);
É for the plane, the strain is equal to E/

(
1 − v2);

v is Poisson’s ratio;
V(∝) can be calculated by using the following empirical formula:

V(∝) = 0.8 − 1.7 ∝ +2.4 ∝2 +0.66 / (1− ∝)2 (13)

The elastic crack mouth opening displacement could be determined at various loading
levels if the crack grew slowly. Accordingly, using Equation (15), the corresponding crack
length (a) could be evaluated. For a given measured load (P), the crack length (a) could be
evaluated by applying a numerical iterative procedure such that the crack length (a) could
be assumed in Equation (15) to obtain the CMOD calculated and then be compared with
the CMOD measured. The procedure had to be repeated until the measured and calculated
values of CMOD were in agreement.

Since the effective crack length ae was the sum of the initial notch plus an effective
crack extension at the peak load, it can be mentioned that if the material behaved elastically
up to the peak load without any crack extension, the relationship between the load and
CMOD would be linear. However, suppose any displacement occurred due to unloading
the specimen just before and immediately after the peak load. In that case, the displacement
could be considered an inelastic displacement associated with the response of the notched
beam. Studies have indicated that at peak load, the total CMOD (CMODT) is composed of
the elastic displacement (no crack extension—CMOD e◦ ), inelastic displacement (CMOD∗),
and elastic displacement due to slow crack growth (CMOD e

s).
The nonlinear displacement observed in the P-CMOD response could be attributed to

creep and slow crack growth. To apply LEFM, the inelastic displacement (CMOD∗) had to
be extracted from the total CMOD (CMODT) at peak load. The elastic (CMODe) at peak
load was found by unloading the specimen immediately after peak load using the initial
compliance (Ci) and the unloading compliance (Cu).
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Where (Ci) is equal to (CMOD/P) and (Cu) is measured as about 95% of the peak load
in Equation (15); by using the results, the effective crack length (ae) could be determined
using the following relationship:

ae = ai

(
Cu

Ci

)[
V(∝i)

V(∝e)

]
(14)

where ai is the initial crack length.
A numerical iterative procedure had to be used to estimate the effective crack length

using Equation (14); thus, for a beam of cross-section (b x d) with crack length (a), the
stress intensity factor (KI) for the four-point bending could be calculated by applying the
equation as follows:

KI = σ
√

a y
( a

d

)
(15)

where y(a/d) is a correction factor for finite width and loading geometry. For three-point
bend tests:

y(∝) =
[
1.99− ∝ (1− ∝)

(
2.15 − 3.9 ∝ +2.7 ∝2

)]
/[(1 + 2 ∝)(1− ∝)

3
2 ] (16)

Based on Equation (14) and by using the effective crack length ( ae), which was
determined using Equation (15); instead of crack length (a) and peak load (P), the critical
stress intensity factor (KIc) could be determined.

Figure 11 displays the load versus CMOD for each a/d at three curing times. The
CMODe was reduced by 39% when the a/d was increased from 0.3 to 0.5 (Figure 12a),
and the value of the CMODe increased by 11 to 36% when the curing time was increased
from 1 to 28 days at the same a/d. Figure 11 depicts a linear relationship between the
load and CMOD, assuming the material exhibited elastic behavior up to the peak load
without any crack extension. This inelastic displacement (CMOD*) abruptly released the
specimen after the peak load. The elastic displacement (no crack extension—CMODe

o),
inelastic displacement (CMOD*), and elastic displacement due to slow crack growth at
maximum load made up of the CMODT (CMODe

s). The specimen was unloaded at 95% of
the peak load to obtain the total elastic CMOD (CMODe = CMODe

o + CMODe
s). Figure 12a,b

shows the relationships between curing time and COMDe and KI of oil well cement at three
different a/b, respectively.

3.5. Flexural Stress–Strain

Equation (1) was used to model the flexural stress–strain behavior of the cement with a
w/c of 0.38 up to 28 days of curing. When the cement was left to cure for 7 days, there was
a 12% increase in flexural strength compared with 1 day of curing. After 28 days, there was
a 15% increase in flexural strength compared with 7 days of curing, as shown in Figure 13.
The Vipulanandan p-q model performed well in predicting the experimental data, with R2

and RMSE values between 0.99 and 0.98 and 0.03 and 0.03 MPa, respectively (Table 1).

Table 1. Model parameters for stress–strain for oil well cement (w/c = 0.38).

Curing
Age (Day)

σf (MPa) εf (%) Ei (MPa) p q
RMSE
(MPa)

R2 Figure No.

C
om

pr
es

si
ve 1 10.6 ± 2 0.28 ± 0.01 9670 ± 21 0.034 ± 0.01 0.36 ± 0.02 0.128 0.99

Figure 97 15.8 ± 1 0.3 ± 0.02 12,000 ± 25 0.03 ± 0.02 0.36 ± 0.02 0.02 0.99

28 18.3 ± 1.5 0.21 ± 0.02 19,360 ± 20 0.160 ± 0.03 0.87 ± 0.04 0.11 0.99

Fl
ex

ur
al 1 1.36 ± 0.02 0.041 ± 0.002 - 71,199.4 ± 100 0.316 ± 0.02 0.03 0.99

Figure 137 2.32 ± 0.01 0.101 ± 0.001 - 71,214.6 ± 95 0.082 ± 0.01 0.05 0.99

28 3.0 ± 0.02 0.02 ± 0.002 - 71,138.8 ± 105 0.550 ± 0.03 0.10 0.99
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(a) 

 
(b) 

Figure 11. Cont.
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(c) 

 

μ

Figure 11. Relationship between axial strain and modulus of elasticity of cement: (a) a/b = 0.3 m; (b)
a/b = 0.4; (c) a/b = 0.5.

(a) 

μ

Figure 12. Cont.
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(b) 

Figure 12. Variations in a/d ratio for oil well cement for (a) CTODe and (b) KI.

 

σ ε

Figure 13. Flexural stress–strain for the oil well cement at three different curing times.

The KI increased as the notch-to-depth ratio grew (Figure 14b). In this study, the KI
ranged from 0.33 to 0.612 MPa.m0.5. The results of this study were consistent with previous
reports that the KIC of cement pastes, cement mortars, and cement concretes can range
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from 0.1 to 1.7 MPa.m0.5. It was hypothesized that the wide variety of KI values was due to
the variations in the material that caused scatter in experimental results and the limitations
in the applicability of fracture mechanics concepts. The KI of the cement paste decreased
with the ratio of a/d; also, the KI increased from 0.33 at 1 day of curing to 0.398 and
0.4112 MPa.m0.5 when the curing time was increased to 7 and 28 days, respectively.

 
(a) 

(b) 

Figure 14. Correlations between flexural strength and (a) CTODe and (b) KI.
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The following correlations were developed between the CTODe and KI with the
flexural strength (σf) of the cement paste (Figure 14):

CMODe = 0.91σf + 2.65 R2 = 0.65 (17)

KI = 0.1σf + 0.29 R2 = 0.71 (18)

3.6. Bonding Strength

It is essential to consider not only short-term well integrity factors such as cement
quality and pumpability at the time of cementing operation but also the long-term integrity
of the cement sheath, including the cement/casing bonding throughout the well’s life and
developing a high bonding strength between the cement and steel. The casing between
the cement and the formation on the other side is an essential property determining the
life of oil and gas wells. This new protocol test measured the bonding strength between
the steel tube and the oil well cement at three curing times (1, 7, and 28 d). The respective
bonding strengths were 0.35, 1.39, and 3.59 MPa for the three curing times (Figure 15). The
steel casing was moved to one side. After debonding from the cement sheath, the applied
load acted against the friction between the steel–cement interface. Mechanical properties
were tested by conducting compression, indirect tension, flexural, fracture toughness, and
steel casing–cement bonding tests.

w/c=0.38 

Figure 15. Relationship between bonding strength and curing time.

4. Conclusions

This study aimed to determine the mechanical properties of an oil well cement paste
and its fracture behavior. The following conclusions were obtained from this study.

1. The compressive and flexural strengths for the oil well cement at a w/c of 0.38
increased from 10.6 to 18.3 MPa and from 1.36 to 3 MPa, respectively, when the curing
time was increased from 1 to 28 days of curing.

2. Studies of fractures showed that the KI values ranged from 0.3 to 0.6 MPa.m, and the
CMOD values ranged from 2 to 6 m.

3. Increasing the ratio of the crack mouth depth and the thickness of the beam (a/d)
from 0.3 to 0.5 decreased the CMODe and the KI by 39–50% and 33–37% based on
curing time, respectively. Based on the flexural strength of the oil well cement, the
CMODe and KI could be estimated from the developed linear relationship.
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4. Based on the R2 and RMSE, the Vipulanandan p-q model accurately predicted the
tested oil well cement’s compressive and flexural stress–strain behaviors.

5. More studies on the effect of the w/c on the bonding, compression, and flexural
strengths of oil well cement should be conducted to justify the behavior of the oil well
cement under different environmental conditions in an oil well.
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Abstract: The present research investigates the mechanical and physical properties of recycled
aggregate concrete (RAC) modified with micro-silica (MS) and recycled tire steel fiber (RTSF). Natural
coarse aggregates (NCA) were completely replaced by recycled coarse aggregates (RCA) to prepare
RAC. High-strength RAC mixes were prepared by replacing 5% and 10% of Portland cement with
MS. With each level of MS, RTSF was incorporated as 0%, 0.5%, 1 and 2% by volume fraction. In
addition to mechanical properties, ultrasonic pulse velocity (UPV), electrical resistivity (ER), and
water absorption (WA) of the mixes were also evaluated. The performance of modified RAC mixtures
was also compared with plain natural aggregate concrete (PNAC). The experimental investigation
revealed that RTSF substantially increased the tensile strength of RAC, whereas MS improved the
durability of RTSF-reinforced RAC. RAC made with 1% RTSF and 10% MS showed 54% more
splitting-tensile strength compared to the PNAC. The WA capacity of RAC incorporating 10% MS
was 15–22% lower than that of the PNAC.

Keywords: waste tyres; construction waste; water absorption; supplementary binder; steel fiber;
optimization; fibers and environment

1. Introduction

Many countries are suffering a scarcity of space to landfill construction and demolition
(C&D) wastes. Uncontrolled urbanization has caused a massive boom in the construction
industry. The state-of-the-art structures are replacing the insufficient and older ones and
consequently, it led to the increased generation of C&D wastes. Due to the scarcity of
landfilling space in urban regions, C&D waste is normally dumped along with domestic
waste which causes severe environmental and social issues. Globally, around 40 major
countries produce more than 3 billion metric tons of C&D waste per year [1]. The most
effective method to deal with a massive quantity of C&D waste is to recycle it as construction
aggregate and use them in the construction of buildings and roads [2]. Reusing C&D waste
as construction aggregate is a win-win model to save both environment and humans from
the adverse impacts of the construction industry.

Sustainability 2023, 15, 8642. https://doi.org/10.3390/su15118642 https://www.mdpi.com/journal/sustainability
99



Sustainability 2023, 15, 8642

In the past decade, researchers advanced their interest in appraising the performance
of structural concrete produced with recycled coarse aggregates (RCA). Successful applica-
tions of RCA have been reported in rigid concrete pavements and building structures [3,4].
Hoffman et al. [5] (2012) assessed the performance of reinforced concrete (RC) elements
with RCA. They reported that RC beams made with RCA show insignificant changes in
shear strength compared to those made with natural coarse aggregates (NCA). The life cycle
assessment studies have confirmed the environmental benefits of RCA application in struc-
tural concrete [2,6]. Not only recycled aggregate concrete (RAC) has a lower CO2 footprint
than conventional plain natural aggregate concrete (PNAC) [7], but it also helps in avoiding
the potential increase in toxicity of soils due to uncontrolled disposal of C&D wastes [6,8,9].

Due to the existence of adhered mortar, RCA is weaker than NCA. Therefore, RAC has
inferior properties compared to natural aggregate concrete (NAC) for the same volume of
aggregate. To address the drawbacks of RAC, researchers have preferred using additional
cementitious materials like silica fume/micro-silica, metakaolin, slag, fly ash, etc. [10–13]
and fiber reinforcements (i.e., glass, steel, macro-synthetic fibers, etc.) [14–17]. SCMs are
highly useful in enhancing the durability characteristics of RAC such as imperviousness
against harmful fluids [14,18], acid attack resistance [14,19], chloride-ion permeability resis-
tance [11,19], etc. High-performance admixtures like silica fume or micro-silica (MS) have
shown positive effects on the strength enhancement of RAC, in addition to its phenomenal
contribution to durability [11,20–22].

Fiber reinforcement overcomes the inherent brittleness of plain concrete. It is an
excellent option to advance the tensile and flexural strength of RAC [23,24]. The effect of
several types of fibers i.e., steel, glass, polypropylene, hybrid fibers, etc. have been studied
on the performance of RAC [14,16,25–27]. Generally, fiber-reinforcement significantly
enhanced the tensile ductility, shrinkage and abrasion resistance and impact toughness of
concrete [28–30]. It has shown a positive role in some durability aspects, such as control
over the degradation and abrasion of plain concrete surfaces [31,32]. The acid-attack
durability of plain RAC has been reported to improve due to the addition of steel and glass
fibers [14,33]. Therefore, the use of fibers can increase the life of a structure and minimize
the maintenance cost.

Despite numerous benefits, especially in terms of improved ductility behavior and
toughness, artificial fibers are expensive and possess a high CO2 footprint compared to
the SCMs and conventional constituents of concrete. For instance, artificial steel fiber
(ASF) at a 1% volume fraction can increase the cost of concrete by twice, as shown by
literature [34,35]. The carbon footprint of plain concrete increased by more than 50% at
1% volume of ASF [34,36]. Therefore, ASF, despite its phenomenal utilization ratio in
tensile ductility [25], is an expensive option to upgrade the performance of RAC. Other
than artificial fibers, cheap alternatives for fiber-reinforcements are recycled tyre steel fibers
(RTSF) [37–39] and organic fibers [40,41] which are currently being examined for their
effects on the mechanical and durability properties of concrete.

RTSF is recovered from the steel bead wires of scrap tyres, and it possesses high
tensile strength and toughness comparable to ASF since new tyres are manufactured with
high-grade tension steel wires [42]. The flexural behavior, residual strength and energy
absorption capacity of RTSF-reinforced concrete and ASF-reinforced concrete is almost
similar [39,43]. Hence, RTSF is a suitable, eco-friendly, and low-cost fiber reinforcement.
Until now, very few studies [44,45] have appraised the performance of RAC incorporating
RTSF. Existing studies showed [44,45] that using 0.5–1% volume RTSF notably increased the
splitting-tensile strength (f ctm) and flexural strength of RAC, while it showed a marginal
effect on the compressive strength (f cm).

The coupling effects of MS and RTSF on the performance of RAC have never been
studied. Since modern structures require high strength, excellent durability, and ductility
behavior, therefore, the performance of RAC must be studied with the combined incorpora-
tion of MS and RTSF. The durability and ductility benefits of SCMs and fiber, respectively
can be combined by the simultaneous addition of MS and RTSF in RAC. Eventually, it
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would lead to the development of low-cost and sustainable high-performance RAC. There-
fore, the present study is devoted to examining the mechanical and physical properties of
RAC with different levels of MS (0, 5, and 10%) and RTSF (0, 0.5, 1, and 2%). Mechanical
properties included f cm (7, 28, 90, and 180 days) and f ctm (28 and 90 days). Physical
properties included ER, WA, and UPV were assessed at the age 28 and 90 days. Statistical
correlations between mechanical and physical parameters were analysed.

2. Materials and Methods

2.1. Materials
2.1.1. Cement and Micro-Silica

Portland cement of ‘53 Grade’ was utilized as the main binder to prepare all concrete
mixes. The properties of Portland cement complied with ASTM C150 [46]. The properties
of cement are given in Table 1. Commercially available high-performance MS was used as
a partial replacement for cement. It has a silica oxide (SiO2) content of approx. 98.5%. The
specific gravity (Gs) and specific surface area of MS particles were 2.18 and 27,000 m2/kg,
respectively. These properties of MS came with technical datasheet. The particle size
distribution of cement and MS samples is illustrated in Figure 1.

Table 1. Chemical, physical and mechanical properties of cement.

Chemical Properties % Composition

Lime (CaO) 63.15
Alumina (Al2O3) 5.24

Silica (SiO2) 19.6
Iron Oxide (Fe2O3) 4.36
Magnesia (MgO) 0.76

Loss in the ignition (LOI) 1.13

Physical Properties Result

Specific gravity 3.11
Specific surface area (m2/kg) 371

Initial setting time (h) 1.45
Final setting time (h) 2.93

7-days f cm 45.5
28-days f cm 52.4

 
Figure 1. Gradation of binding materials.
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2.1.2. Aggregates

For fine aggregates, siliceous sand from ‘The Lawrancepur’ quarry was used. This
sand is used for the production of high-strength concrete in Pakistan. For NCA, crushed
dolomitic sandstone of Kirana-Hills was used to prepare PNAC. The maximum aggregate
size was 12.5 mm for NCA. The general properties of aggregates are given in Table 2.
For the gradation of aggregates, ASTM C33 [47] was followed. For the determination of
specific gravity (Gs) and WA, ASTM C127 [48] and ASTM C128 [49] were adopted for
coarse aggregates and fine aggregates, respectively.

Table 2. Characteristics of aggregate samples.

Aggregate Type
Grain Size (mm)

24-h’ WA (%) Gs FM
Max. Min.

Sand 4.75 0.075 0.81 2.68 2.91
Crushed sandstone 12.5 2.36 0.93 2.73 -

RCA (Crushed-concrete waste) 12.5 2.36 3.56 2.57 -

RCA was derived from old high-strength concrete samples aged approx. 2 years. The
aged samples were manually crushed to prepare. The samples were crushed and graded
according to the size of NCA. The absorption capacity of RCA is almost four times higher
than that of the NCA. Therefore, RCA was used in saturated surface dried (SSD) conditions
to prepare concrete mixes. The properties of RCA are given in Table 1. Gradation charts of
aggregates are shown in Figure 2.

 
(a) (b) 

Figure 2. Aggregate gradation. (a) Fine aggregate. (b) Coarse aggregate.

2.1.3. Fiber Reinforcement

Steel chord wires of scrap tyres were manually shredded to prepare RTSF. The produc-
tion of RTSF includes (1) manual extraction of chord wires from tyre waste, (2) burning of
residual rubber particles to avoid the negative effect of weak rubber on the bond strength
of RTSF, and (3) cleaned chord wires chopped into lengths varying between 25 mm and
37 mm. The density of RTSF is around 7700 kg/m3. Due to the use of high-quality raw
steel in the tyre, RTSF possesses good ductility and a high tensile strength comparable to
an artificial steel fiber (ASF) [44]. The RTSF sample is shown in Figure 3.
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Figure 3. RTSF sample.

2.1.4. Plasticizer

For the mixing and curing of all mixtures, tap water was used. The effect of fibers
on workability was minimized using a high-performance chemical admixture named
Viscocrete 3110.

2.2. Details and Preparation of Concrete Mixtures

A total of thirteen mixes were investigated in this research, see Table 3. The first con-
crete mix “PNAC” was prepared with NCA to represent the control mix. After conducting
trials, PNAC was designed as a high-performance concrete yielding slump of 200 ± 10 mm
and f cm of 70 MPa at 28 days. RAC was produced by complete replacement of NCA with
RCA, to maximize the recycling of C&D waste. The complete details about proportioning of
concrete ingredients are given in Table 3. A total of twelve RAC mixes were designed with
various contents of MS and RTSF. MS was used as 0, 5, and 10% by volume substitution of
cement. The incorporation levels of MS were decided by simultaneously considering the
performance of concrete in fresh and hardened states [11,50] and the economy. With each
level of MS, RAC was reinforced with the four different volume fractions of RTSF i.e., 0, 0.5,
1, and 2%. These doses of RTSF were selected to evaluate the effect of a wide range of fiber
content on the mechanical performance of RAC. Superplasticizer (SP) was employed to
maintain the desired workability at a low water-binder ratio of 0.3.

Table 3. Design of concrete mixtures.

Mix ID RTSF (%) MS (%)
Cement
(kg/m3)

MS
(kg/m3)

RTSF
(kg/m3)

Fine
Aggregate

(kg/m3)

Coarse
Aggregate

(kg/m3)

Water
(kg/m3)

SP
(kg/m3)

PNAC 0 0 505 0 0 812 935 151.5 2
RAC/R0 0 0 505 0 0 812 860 151.5 2

RAC/R0.5 0.5 0 505 0 39 806 854 151.5 2
RAC/R1 1 0 505 0 78 799 847 151.5 2.5
RAC/R2 2 0 505 0 156 786 834 151.5 2.5

RAC/R0/M5 0 5 480 19 0 812 860 151.5 2.5
RAC/R0.5/M5 0.5 5 480 19 39 806 854 151.5 3
RAC/R1/M5 1 5 480 19 78 799 847 151.5 3
RAC/R2/M5 2 5 480 19 156 786 834 151.5 3.5
RAC/R0/M10 0 10 455 37 0 812 860 151.5 3

RAC/R0.5/M10 0.5 10 455 37 39 806 854 151.5 3
RAC/R1/M10 1 10 455 37 78 799 847 151.5 3.5
RAC/R2/M10 2 10 455 37 156 786 834 151.5 3.5
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The mixing of fresh batches was completed in four stages (1) Firstly, all solid ingredi-
ents were dry blended at 40 rpm speed for 2 min; (2) In the second stage, half the amount of
SP and water were added to the dry mix, mixing has proceeded at 40 rpm for 2 min. (3) In
the third stage, the remaining halves of SP and water were added to the mixer, and the
mixing speed was increased to 60 rpm, and it lasted for 2 min. Plain mixes were processed
in the three stages; however, fiber-reinforced mixes have proceeded for the fourth stage.
(4) In the final/fourth stage, required quantities of fibers were added gradually to the
plain fresh concrete, while mixing continued at a speed of 80 rpm for 4 min. After the
completion of mixing, Abram’s cone slump test was performed on all mixes according
to ASTM C143 [51]. RAC mixes incorporating 0% and 0.5% RTSF showed slump values
between 200–220 mm. While highly reinforced RAC mixes showed slump values between
130–200 mm. Three replicate samples of all mixes were made for the determination of a
property at a given age. Samples were cast in the steel molds and kept for 24 h to set and
eventually immersed for curing in the tap water.

2.3. Testing Methods

Several performance indicators of concrete such as f cm, f ctm, density, WA, ER, and
UPV were evaluated to investigate the effects of MS and RTSF on RAC. For each type of
parameter/property, three replicate samples of all mixes were tested at the specified ages,
and their average result is reported in this research with standard deviation values. The
f cm of each mix was evaluated at the age of 7, 28, 90, and 180 days. For this purpose,
100 mm cubical specimens of concrete were tested according to ASTM C39 [52]. The f ctm
of all mixes was evaluated at the age of 28 and 90 days. For the splitting-tensile test,
100 × 200 mm cylindrical samples were prepared and tested according to ASTM C496 [53].

The density of each mix was measured to investigate the effect of RTSF and MS on
the unit weight of RAC. For the evaluation of dry bulk density, 100 mm cubical samples
were tested according to ASTM C948 [54]. The same samples were used to find out the WA
capacity as per ASTM C948. The WA of each sample was measured at the age of 28 and
90-Days. To investigate the influence of RTSF and MS on the corrosion-risk potential of
RAC, an ER test was performed on 100 mm cubical samples according to ASTM C1876 [55].
For the assessment of changes in the porosity of RAC due to the addition of RTSF and
MS, an ultrasonic pulse velocity (UPV) test was conducted on 100 mm cubical samples
according to ASTM C597 [56]. The ER and UPV of each mix were determined at the age of
28 and 90 days.

3. Results and Discussions

3.1. Density

The effect of MS and RTSF addition on the density of RAC is shown in Figure 4. As
expected, the density decreased with the full replacement of NCA with RCA. This was
because RCA had less dense or porous attached mortar which had a density lower than the
natural aggregate. Therefore, RAC resulted in a 3.2% lower density than the PNAC. The
addition of MS had shown a slight increase in the density of RAC. The particles of MS were
smaller than that of the cement, therefore, MS can accommodate the spaces between cement
particles and pores inside RCA. The filling effect of MS particles can improve the density of
RAC [13]. Moreover, the addition of MS had the potential to reduce the free portlandite in
the binder matrix and convert it into useful and dense calcium silicate hydrate (C-S-H) gel.

The addition of RTSF could cause a noticeable increment in the density of RAC for a
given percentage of MS. At the addition of 2% RTSF, the density of RAC almost became
equal to that of the PNAC. This was because the density of steel chords was about 3.5 times
higher than that of plain concrete, therefore, a rising volume fraction of RTSF caused
noticeable increments in the density. Therefore, RAC incorporating 10% MS and 2% RTSF
exceeds in density compared to the PNAC mix.
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Figure 4. Effect of varying contents of MS and RTSF on the density of RAC.

3.2. Compressive Strength

The f cm results of all mixes at 7, 28, 90, and 180 days are shown in Figure 5. The f cm
of RAC was around 15% lower than the PNAC. This is because plain RAC had a lower
density than NAC. The voids present in the adhered mortar of RCA had a high amount of
absorbed water in the saturated surface dry state. Therefore, the overall void content of
RAC was high and could cause a reduction in the density and strength of concrete. Other
than that, interfacial transition zones (ITZs) within RCA could played a negative role in
reducing the strength of concrete [11], as ITZs acted as weak links in any concrete matrix
under compressive loads. To elaborate, ITZs were regions where the properties of the RCA
and the surrounding old cement paste were different. The ITZs were weaker than the rest
of the concrete matrix, making them more prone to cracking or failure under stress.

MS addition caused notable improvements in the f cm of RAC at the age of 90 and
180 days. The f cm of RAC at 5% and 10% MS incorporation experienced an improvement
of about 8 and 16%, respectively. At 10% MS incorporation, RAC showed f cm similar to
the PNAC. MS addition promoted the growth of CSH-gel, which could cause an increase
in the strength of RAC, especially at later ages. Past literature [13,50] had reported that
MS overcame the strength deficit of plain RAC compared to the PNAC. The ITZs between
RCA and the binder matrix could also strengthen due to cross-reactions at ITZs between
portlandite present in RCA and micro-silica particles in the binder matrix. Moreover, pores
present inside RCA can also be penetrated by fine silica particles, which could also lead to
the strengthening of ITZs between RCA and the binder matrix. Hence, MS addition could
be beneficial to the strength of RAC.

The increase in RTSF content from 0 to 2% showed a mixed effect on the f cm of
RAC. The addition of 0.5 and 1% RTSF showed 4–6% increments in the f cm, while the
2% RTSF addition showed no notable change in the f cm. The changing behavior of f cm
with the rising fiber content could be explained as fiber-reinforcement affected the f cm in
two opposite ways (1) confinement effect and control over the premature cracking and
brittle failure may contribute positively to the strength [23,26] (2) while poor dispersion may
lead to the increase in air voids of concrete detrimental to the f cm [57]. It was hypothesized
that at a high fiber volume, the accumulation of RTSF filaments could cause a reduction in
the utilization of fibers. Previous studies [44,45] confirmed that RTSF incorporation of up
to 1% volume fraction can increase the f cm by up to 5–8%.
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(a) (b) 

 
(c) (d) 

Figure 5. Compressive strength (f cm) of RAC with the varying content of MS and RTSF at the age of
(a) 7-Days (b) 28-Days (c) 90-Days and (d) 180-Days.

Simultaneous incorporation of MS and RTSF led to noticeable improvements of 18–29%
in the fcm of RAC compared to plain RAC (i.e., RAC/R0). Mixes containing 5% MS and
1% RTSF showed fcm similar to the PNAC. While mixes made with 10% MS and all RTSF
(0.5, 1, and 1.5%) contents showed higher strength compared to PNAC. Among all mixtures,
the maximum fcm, 7.6–8.5% higher than PNAC, was shown by RAC made with 10% MS
and 1% RTSF. The MS incorporation seems to improve the strength of the matrix through the
filler effect and pozzolanic reaction. while RTSF could improve the strength by offering crack
resistance. The maximum contribution of MS in RAC was noticed at the age of 180 days.
This could be because the pozzolanic reaction between silica particles and portlandite was
slow and took a long duration. At the age of 180 days, the f cm of RAC increased by about
20% at the addition of 10%. Moreover, MS addition also seemed to increase the efficiency
of RTSF. For example, mixes incorporating MS showed more net achievement in the f cm
due to 1% RTSF than the mixes without MS. This can be related to the improvement in
dispersion and bond of RTSF with plain matrix owing to improved strength and dense
packing of binder particles with MS addition. The improvement in the efficiency of artificial
steel fibers with MS addition was also noted in previous study [50]. The strengthening of
the binder improved the bond performance of fiber filaments and plain matrix [58].
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3.3. Splitting Tensile Strength

The f ctm of the PNAC mix and RAC with different contents of MS and RTSF is shown
in Figure 6. Complete substitution of NCA with RCA showed a reduction of 13% in
f ctm. This seemed to be the result of the low-density mortar present in RCA. Previous
studies [26,44,45] reported a decline of around 15–20% in f ctm when RCA was used as a
full replacement for NCA. MS led to notable increments in the f ctm of RAC. At 28 days, the
tensile strength of RAC was increased by 9% and 8.3% at 5% MS and 10% MS incorporation,
respectively. While, at 90 days, RAC experienced increments of 13% and 14.7% respectively
due to 5% and 10% MS addition. The high percentage of MS (i.e., 10%) showed a major
contribution to the tensile strength at 90 days due to the slow development of C-S-H in
pozzolanic reactions. The plain mix of RAC containing 10% MS showed tensile strength
comparable to that of the PNAC mix. MS addition could result in the strengthening of the
plain matrix and improve the bond between the RCA and binder matrix of RAC [11]. This
may have resulted in the improvement of the tensile strength of plain RAC.

(a) (b) 

Figure 6. Effect of varying contents of MS and RTSF on the f ctm of RAC at the age of (a) 28 and
(b) 90-days.

Compared to MS, RTSF showed a substantial increase in the f ctm of plain RAC. At
28 days, RTSF incorporation at 0.5, 1, and 1.5% volume fractions correspondingly caused
increments of 17, 26, and 23% in the f ctm of plain RAC. While at 90 days, the efficiency of
RTSF was further improved notably, for example, 0.5, 1, and 2% RTSF contents caused f ctm
of RAC to increase by 23%, 33%, and 28%, respectively. As the concrete aged, it seemed
to strengthen the binder matrix hence the bond between fibers and concrete could also
strengthen, which may have resulted in the increased efficiency of RTSF. Available studies
have [59,60] reported the tensile strength increase of about 20–30% at 1.5% incorporation of
shredded RTSF. The efficiency of RTSF declined at a 2% volume fraction and it seemed to
be related to the increase in porosity or air voids due to lack of proper dispersion of fiber
filaments at a high fiber volume [50].

Figure 7 shows the f ctm of RAC with various levels of RTSF and MS relative to the
PNAC. High-level net gains in the f ctm of RAC were noticed when RTSF was incorporated
along with MS. For example, 1% RTSF addition showed about a 40% increase in the f ctm of
RAC when used in conjunction with 5% MS, while it showed about 26% increase in the
f ctm when used without MS. Similar improvements were noticed with other combinations
of MS and RTSF as well. Thus, MS could increase the utilization of RTSF towards the
ductility of RAC. The improvement in fiber efficiency with MS addition could be credited
to the increased bond strength at the ITZs between fiber filaments and plain matrix. The
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strengthening of the bond seemed to be effective and ensured the high pull-out strength of
fibers in binders containing MS [58]. The results of f ctm also highlighted the importance of
RTSF alone, which can notably change the tensile strength even at 0.5% volume fraction.
All RAC mixes incorporating RTSF showed higher tensile strength than PNAC at both ages
of testing. Furthermore, conjunctive addition of MS with RTSF could lead to RAC with
possibly high tensile strength than PNAC. As can be noted in Figure 8, RAC containing 1%
RTSF and 5–10% MS outperformed PNAC by exhibiting 38–41% more f ctm.

f

Figure 7. Variation of normalized fctm (fctm_mix/fctm_PNAC) with changing RTSF and MS contents.

3.4. Water Absorption

The effect of MS and RTSF contents on the WA capacity of RAC is shown in Figure 8.
WA measures the permeable porosity of concrete which is an indirect assessment of dura-
bility against the ingress of harmful substances into concrete. The results showed RAC had
an 18–23% higher WA than that of the PNAC mix. This notable increase in the WA capacity
could be attributed to the presence of adhered mortar on the surface of the RCA particles.
The inclusion of RCA as a replacement for natural coarse aggregate could increase both
pore connectivity and pore volume.

The inclusion of MS can notably reduce the WA capacity of RAC. For example, 5% and
10% MS addition caused 33% and 45% reductions in the WA capacity of RAC, respectively.
As MS has extremely fine particles compared to cement, therefore, it could have efficiently
increased the imperviousness of the plain matrix. Besides that, MS particles can also reduce
the permeation of water along the weak ITZs between RCA and the binder matrix. The
presence of fine particles of MS seems to be the tortuosity of permeable paths within a
material, which ultimately may lead to the creation of an impermeable microstructure [18].
This is worth mentioning here, that RAC with 5% MS showed a 10% lower WA capacity
than that of the PNAC mix at 90 days. Whereas RAC with 10% MS showed a 15% and 22%
reduction in WA w.r.t PNAC mix at the age of 28 and 90 days, respectively. Thus, MS could
notably control the negative effect of RCA on imperviousness.

The addition of RTSF without MS showed mixed effects on the WA capacity of RAC.
Initially, WA was reduced at 0.5% RTSF, then absorption capacity started increasing with a
further rise in RTSF compared to plain RAC and the maximum WA was observed at 2%
RTSF. The positive effect of a small volume of fibers could be credited to the increased
control of fibers over the aggregate sinking, and slurry flow which may eventually reduce
cracks due to the drying shrinkage [61]. Alsaif et al. [62] reported that using artificial steel
fibers could result in a 13% decline in the WA capacity of concrete. While at a high volume
of fibers, the difficulty in compaction and improper dispersion issue could increase the
void pockets in the concrete and it eventually caused the WA increase [19]. Mixes of RAC
with combined incorporation of MS and RTSF showed smaller WA capacity as compared
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to PNAC mix except for the RAC with 5% MS and 2% RTSF (RAC/R2/M5). The influence
of MS was found to be dominant to reduce the WA in the mixes with both MS and RTSF.
RAC with 10% MS and all contents of RTSF can yield notably lower WA than that of the
PNAC mix.

(a) (b) 

Figure 8. Effect of RTSF and MS on WA capacity of RAC measured at (a) 28 days, and (b) 90-days.

3.5. Ultrasonic Pulse Velocity (km/s)

Changes in homogeneity and porosity of concrete can be assessed by the UPV test.
The effect of RTSF and MS contents on the UPV of RAC was shown in Figure 9. All UPV
values were pertaining to concretes of high strength and good quality as no experimental
UPV value was below 3500 m/s. Since RCA had high porosity than NCA, RAC showed a
lower UPV value than the PNAC mix. The possible porosity increase delayed the time of
travel of pulse waves from a transmitter to the receiver poles of the UPV test apparatus.
However, MS addition could cause an increase in the UPV of concrete. This indicated that
the homogeneity and imperviousness of RAC can be increased with MS incorporation.
Similar to the present study, Kou et al. [11] reported that UPV gain of RAC was increased
with MS addition. Fine MS particles may consume free portlandite, strengthened the binder
matrix, and bond between RCA and the binder matrix. The reduction in the distance
between particles and improved packing of constituent particles could also cause gains of
UPV in RAC mixes.

(a) (b) 

Figure 9. Effect of varying contents of MS and RTSF on UPV of RAC at the age of (a) 28 and
(b) 90-days.
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Unlike MS, RTSF incorporation showed a decline in UPV. Although RTSF had a high
density, it cannot notably change the porosity of the plain matrix. Besides that, fiber
filaments seemed to introduce heterogeneity in the RAC matrix and could possibly cause
UPV to decline. Fibers oriented in a different direction may also deflect the pulse waves
slowing the propagation time of pulse waves. Yazici et al. [63] noted that the addition of
steel fiber can cause a 1–9% decline in the UPV of concrete when fiber content was increased
from 0.5 to 1.5%. This could have been caused by the increase in the porosity due to the
increasing difficulty in compaction with the rise in fiber content. A major decline in UPV
due to RTSF was noticed in RAC without MS. While minor UPV decline was observed in
RAC with MS. The interaction of the binder matrix with RTSF may be poor when MS was
not used. This may create more voids due to RTSF incorporation in mixes without MS. On
the other hand, fine MS particles can ensure a strong interaction between the binder phase
and fiber filaments. Thus, the intensity of the negative effect of RTSF on the void ratio
could be minimized with the application of MS. A little UPV change due to RTSF variation
in MS-containing mixes also indicated that the mineral admixture incorporation improved
the dispersion of fiber filaments.

3.6. Electrical Resistivity

The durability of steel-reinforced concrete against corrosion can be estimated via
different techniques. ER is a non-destructive evaluation that allows a simple assessment
of the corrosion risk potential of concrete according to existing classifications [64]. The
variation of ER of RAC against different contents of RTSF and MS is shown in Figure 10.

(a) (b) 

Figure 10. Effect of RTSF and MS contents on ER of RAC measured at (a) 28-days and (b) 90-days.

It was observed that RAC had a lower ER than that of the PNAC mix. This can be
caused by the presence of high porosity in RCA which facilitates penetration of ions. Also,
a high amount of moisture in RAC allowed faster penetration of electricity [65]. However,
RAC showed ER values around 120 Ωm that pertains to concrete with ‘no probability’ of
corrosion [64]. This may be credited to the low-water binder ratio used to develop the
high-strength concrete in this study. While mixes with ER values of 120 to 50 Ωm and
below 50 Ωm had a ‘probable risk to rebar corrosion and ‘vulnerable to rebar corrosion’,
respectively [64]. Thus, RAC containing RTSF without MS had a ‘probable risk’ of corrosion.
The ER was reduced further, with the rise in RTSF content. This could be blamed on the
high electrical conductivity of steel fibers. While a mild increase in the porosity of concrete
due to high fiber volumes can also lead to an increase in the corrosion risk potential of
concrete [66]. Afroughsabet et al. [25] reported that the ER value of concrete was reduced
from 75 to 20 Ωm upon the addition of 1% volume of steel fiber.

The addition of 5% and 10% MS had proven extremely useful in increasing the ER of
RAC. In other words, the corrosion-risk potential of RAC can be minimized considerably
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by incorporating MS in the binder. The pozzolanic influence of MS may reduce the free
portlandite and produce secondary C-S-H gel. MS seemed to help in producing a dense
microstructure that disrupted the free movement of ions present in pore solution triggered
by electrical currents. Kou et al. [67] reported that the ingress of chloride ions was inter-
rupted due to the incorporation of pozzolanic admixtures (i.e., MS, fly ash, and slag). The
ER of RAC/R0/M5 and RAC/R0/M10 was about 2.2 and 3.3 times higher than that of the
PNAC mix. Thus, the studied RAC made with 5% or 10% MS addition had no probable
risk of corrosion.

The manufacture of steel fiber-reinforced RAC made with RTSF having a ‘low’ or
‘no probable’ risk of corrosion was achieved with the application of MS. The noticeable
reduction in the porosity, as indicated by the results of WA, reduced the penetration of
electrical current and compensates for the high electrical conductivity of steel fibers. It
is also worth mentioning here that, although ER was a quick and convenient measure of
the corrosion-risk potential of concrete, it can overestimate the influence of steel fibers on
the corrosion risk of concrete [19]. Therefore, a reliable assessment of the corrosion risk
potential of steel fiber-reinforced concrete can only be made by conducting a chloride ion
diffusion test or immersion method [68]. As steel fibers caused little change in porosity [14],
therefore, they are also anticipated to show little influence on the chloride-ion penetration
resistance of concrete.

4. Conclusions

This paper studied the effect of different RTSF and MS contents on the mechanical and
physical parameters of RAC at different ages. The following key findings can be drawn
from experimental results:

• The overall density of RAC may be increased by the incorporation of both RTSF and
MS. However, the increase in fiber content could increase the voids/pore connectivity
in the plain concrete matrix. Seemingly, owing to the filling action and pozzolanicity,
MS addition showed minor improvements in the density of concrete.

• The optimum dosage of RTSF can be taken as ‘1%’ considering the maximum improve-
ment in f cm and f ctm. RAC made with 10% MS and 1% RTSF could show 7.6–8.5%
higher f cm compared to PNAC.

• The f ctm of RAC with all contents of RTSF was found to be higher compared to the
PNAC. At the age of 90 days, RAC made with 10% MS and 1% RTSF could result
in 54% more f ctm than PNAC. MS inclusion could result in improvement in the
utilization of RTSF towards the ductility of RAC. The increased fiber efficiency with
MS addition seemed to be linked with the increased bond strength at the ITZs between
fiber filaments and plain matrix.

• Even though 2% RTSF did not cause a noticeable improvement in mechanical perfor-
mance but samples with 2% RTSF can yield showed smaller crack widths after peak
load than samples with low levels of RTSF.

• The efficiency of RTSF can be increased by improving the mechanical properties with
MS incorporation and increase in age.

• The UPV of RAC was slightly reduced due to the RTSF addition. Therefore, UPV
could not be taken as a good measure to estimate the mechanical properties of steel
fiber-reinforced concretes.

• Fine MS particles can ensure a strong interaction between the binder phase and fiber
filaments. Thus, the intensity of the negative effect of RTSF on the void ratio can be
minimized with the application of MS.

• The absorption capacity of RAC notably can be decreased due to MS addition. At 10%
MS addition, RAC exhibited 15–23% lower WA than PNAC.

• The corrosion-risk potential of RAC could increase with RTSF incorporation. While
MS could notably enhance the ER of RAC. The corrosion-risk potential of RAC made
with 5 and 10% MS was ‘not probable’. MS seemed to be effective in controlling the
corrosion resistance of RAC made with RTSF.
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Abstract: The brittleness of plain concrete (PC) is a result of its lack of tensile strength and poor
resistance to cracking, which in turn limits its potential uses. The addition of dispersed fibres into the
binding material has been demonstrated to have a positive impact on the tensile properties of PC.
Nevertheless, using new or engineered fibres in concrete significantly increases the overall cost and
carbon footprint of concrete. Consequently, the main obstacle in creating environmentally friendly
fibre-reinforced concrete is the traditional design process with energy-intensive materials. This study
investigated how the engineering properties and life cycle impact of concrete were influenced by
varying the volume fractions of jute fibre (JF). The impact of incorporating silica fume (SF) as a partial
replacement of Portland cement was also studied. The studied parameters included mechanical
behaviour, non-destructive durability indicators, and the life cycle impact of concrete using JF and
SF. The efficiency of JF in mechanical performance improved with the increase in age and with
the addition of SF. When using both SF and 0.3% JF, there was an improvement of around 28% in
the compressive strength (CS). When 0.3% JF was added, in the presence and absence of SF, the
splitting tensile strength (STS) improvement was around 20% and 40%, respectively. The addition of
JF improved the residual flexural strength (FS) and flexural ductility of PC. The SF addition overcame
the drawbacks of the poor resistance of JF-reinforced concrete (JFRC) against water absorption (WA)
and rapid chloride ion penetration (RCIP).

Keywords: cellulose fibre; cement replacement; fibre reinforcement; flexural ductility; life cycle;
engineering properties

1. Introduction

High-performance concrete (HPC) is created with the specific purpose of being more
resilient and having greater strength compared to conventional PC systems. HPC achieves
its high CS by utilizing a low water-cement (w/c) ratio, high cementitious material content,
low aggregate volume, and “supplementary cementitious materials” (SCMs), resulting in a
denser microstructure [1]. It is commonly understood that PC has a quasi-brittle nature,
meaning that its brittleness increases as its strength increases [2]. Consequently, the primary
concerns when using high-strength grades of PC are the increased brittleness and reduced
ability to withstand cracking and spreading [3]. Cracking in PC can occur from various
causes, including tensile loads and micro-cracks resulting from plastic and/or autogenous
shrinkage during pre-hardening or drying shrinkage in the hardened state [4,5]. Inherent
cracks allow harmful fluids to penetrate, compromising the durability of the concrete
structure by subjecting it to detrimental chemicals [6,7]. Improving the tensile performance,
crack resistance, and strain-hardening response of PC is a significant area of focus in the
field of concrete technology [8].

Incorporating dispersed reinforcement/fibres into the PC matrix can address the
problem of brittleness, resulting in a material with enhanced tensile strength, impact
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resistance, and energy/shock absorption capacity [9–12]. The impact of fibres on concrete’s
properties depends on multiple factors, including the material properties of the fibres,
the size and shape of the fibres, the concentration and orientation of the dispersed fibres
within the PC matrix, and the interfacial properties of the fibre–matrix interaction [13–16].
The impact of fibres on the characteristics of concrete is influenced by various factors,
such as the fibre’s material properties, as well as its size and shape [17,18]. Typically,
engineered fibres, which are new or unused, are traditionally produced from materials
such as glass, steel, polymers, and carbon fibres [19,20]. However, the manufacture and
processing of these fibres require significant amounts of energy, resulting in substantial
greenhouse gas emissions. There is a growing interest in evaluating natural plant-based
fibres as an alternative to engineered fibres in concrete, given the environmental concerns
associated with the manufacturing and processing of the latter [12,21,22]. Plant-based fibres
are obtained from renewable, inexpensive, and recyclable sources, i.e., plants. Various kinds
of plant fibres, such as sisal, coir, jute, wheat straws, hemp, etc., have been investigated as
potential fibre reinforcements in concrete [12,23–25].

Jute fibre (JF) is regarded as an affordable and extremely durable natural fibre, among
other plant-based fibres. Approximately 81% of the world’s overall jute production is
attributed to India and Bangladesh [26]. JF typically comprises plant components such as
“cellulose” and “lignin”. It possesses various beneficial properties, such as axial tensile
strength, modulus of resilience, re-useability, a long life, and bio-degradation, among others.
These properties make it a more advantageous option than other plant-based fibres [22,27].

Numerous studies have been conducted thus far to explore the characteristics of
concrete reinforced with JF. Zakariya et al. [28,29] conducted a study on how different
percentages and lengths of JF affect the properties of normal concrete. According to the
research, the inclusion of JF at a smaller volume percentage led to an improvement in the
strength parameters of the concrete, including CS, FS, and STS. The study also found that the
optimal efficiency of JF occurred at fibre lengths of 10–15 mm. Ozawa and colleagues [30]
discovered that the addition of 0.075% JF to HPC can rectify its brittle behaviour and serve
as a protective measure against fire spalling. Sridhar et al. [31] reported that incorporating
JF at a rate of 1.5% by weight of cement in normal-strength concrete (NSC) resulted in a 18%
net increase in CS and a 25% increase in FS. Another study [22] reported that the highest
enhancements in CS were observed at a volume percentage of 0.25% of JF, whereas the
maximum improvements in flexural–tensile strength were observed at a volume percentage
of 0.5% of JF. There have been numerous studies that have confirmed the favourable impact
of JF inclusion on the mechanical characteristics of concrete. However, the effects of JF on
parameters related to durability have not yet been established. According to Gulzar et al. [6],
the inclusion of JF had unfavourable effects on the properties of ordinary concrete related
to permeability. As the volume of JF increases, the porous nature of plant fibres leads to a
decline in the concrete’s ability to resist water absorption and chloride ion penetration. The
inclusion of SCMs as a part binder in concrete, such as fly ash or SF, can help in controlling
the worse impacts of plant fibres on the durability of material [6,7].

Previous research showed that the absorption-related characteristics of JF-reinforced
concrete have not been adequately addressed. JF is a low-cost and greener alternative
to synthetic fibres, and it offers high tensile strength. Moreover, no reliable information
was found on the flexural response and life cycle impact of JFRC. It is widely recognized
that the alkaline environment of cement can cause corrosion of the components of plant
fibres [32]. The addition of a secondary binding material, such as SF or rice husk ash, to
cement has been shown to mitigate the corrosive impact of an ‘alkaline’ environment on the
plant fibres. The “pozzolanic reactions” convert free calcium-hydroxide (CH) into calcium-
silicate-hydrate (C-S-H) [21,33]. There is limited research available on the modification of
JF-reinforced concrete using SF.

This study aimed to examine the impact of various JF volume percentages on the
mechanical, durability, and life cycle aspects of concrete, with and without SF as an SCM.
The study examined the mechanical properties of the mixtures, including CS, flexural
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(load–deflection characteristics, ductility, residual strength), and tensile strength. This
study conducted various tests to assess the durability behaviour of JFRCs, such as WA by
immersion (%), RCIP/electric flux (Coulombs), ER, and UPV, to evaluate the durability of
the modified JFRC mixtures. The findings of this research could provide useful knowledge
on how to efficiently incorporate plant fibres in the design of concrete with improved
flexural–tensile performance and resistance to weathering agents. JFRC possesses both
economic and environmental significance. The use of JF as reinforcement reduces the
cost of concrete production while potentially providing improved strength and durability.
Additionally, JF is a renewable/reproduceable resource (unlike manufactured fibres), and
their use in concrete helps to reduce carbon emissions, making it an eco-friendly alternative
to traditional reinforcement materials. Besides, the natural synthesis of JF allows the
absorption of CO2 from the atmosphere. Therefore, plant-based/agro-fibres are suitable for
a sustainable built environment.

2. Materials and Methods

2.1. Constituent Materials

As per ASTM C150 [34], Portland cement with a strength grade of 53 was utilized as
the primary binder. The cement used in the study had a specific surface area (fineness) of
356 m2/kg and an apparent density of 3.13 g/cm3. Table 1 presents the oxide percentages
of the cement used in the study. SF was also utilized as an SCM. Figure 1 displays an
SEM image of the small particles of SF. The “apparent-density” and “surface-fineness” of
SF was determined to be 2.33 g/cm3 and 27,000 m2/kg, respectively. Figure 2 shows the
particle-size distribution of the binders used in the study.

Table 1. Oxide composition of OPC.

Oxide (%)

SiO2 17.44
CaO 65.17

Al2O3 4.61
MgO 2.16

 

Figure 1. SEM results of SF sample.

This research used fine and coarse, for the mixtures. Siliceous sand with a “bulk-
density” of 1.63 g/cm3 was used as the “fine” aggregate, while crushed dolomite aggregate
with a “particle-density” of ‘2.68 g/cm3’ was used as the “coarse” aggregate. Aggregates
that were “fine” and “coarse” had a 24 h WA capacity of “0.98%” and “1.12%”, respectively.
The gradation test results are depicted in Figure 3.
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Figure 2. Particle size distribution of cement and SF.

 

(a) (b) 

Figure 3. The particle size distribution of aggregates. (a) Fine; (b) coarse.

The research involved the production of JF using jute sacks that were no longer usable.
The sacks were converted into fibres with varying lengths between 12 and 18 mm. As
a result, the fibres utilized in the study were classified as recycled fibres. The average
length of 15 mm was chosen as the optimal length for JF based on previous research, which
demonstrated similar lengths of JF resulted in improved mechanical performance [28].
It was discovered that the average diameter of JF was approximately 0.1 mm. JF had
an apparent density of 1.45 g/cm3, and its tensile strength was 410 MPa. The general
characteristics of JF are depicted in Figure 4. To reduce the amount of water used and
produce concrete with a low water-cement ratio (w/c), a polycarboxylate-based plasticizer
was utilized.
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Figure 4. Jute fibre (JF).

2.2. Design and Preparation of Concrete Mixtures

Table 2 presents the names and proportions of the various components used in the
mixture. Various trials were conducted to establish the optimal mixture ratio for the
control concrete (JF 0) with the goal of attaining a CS of “60 MPa” and a slump range of
180 ± 30 mm. The mixtures had JF at three different volume percentages: 0.15%, 0.3%, and
0.5%. However, any volumes of JF higher than 0.5% were not considered as they have been
reported to have negative effects on mechanical strength [22,28].

Table 2. Design of mixtures.

Mix
Names

JF (%)
Type I Cement

(kg/m3)
SF (kg/m3)

Fine Aggregate
(kg/m3)

Coarse Aggregate
(kg/m3)

Water
(kg/m3)

SP (kg/m3) JF (kg/m3)

JF0 0 550 0 640 1073 182 3.03 0.00
JF0.15 0.15 - 0 - - - - 2.16
JF0.3 0.3 - 0 - - - - 4.32
JF0.5 0.5 - 0 - - - - 7.20

JF0/SF 0 495 - - - - - 0.00
JF0.15/SF 0.15 - - - - - - 2.16
JF0.3/SF 0.3 - - - - - - 4.32
JF0.5/SF 0.5 - - - - - - 7.20

Two sets of JFRCs were manufactured, with one using OPC only and the other re-
placing 10% of OPC with SF. The addition of SF to the mixture would serve two purposes:
a “pozzolanic” effect and “mineral-filler” effect, as well as a reduction in the damaging
impact of the highly alkaline cement on the plant fibre [35].

Figure 5 illustrates the process of mix preparation. The mechanical drum mixer was
used to dry-mix the binders and aggregates for 4 min. During the next 4 min duration,
water was added gradually to the dry mix along with the required amount of SP (at a rate
of 3 litres per cubic meter). During the last stage of the mixing process, the fibre was slowly
added to the wet mix over the course of 4 min. During all stages, the speed of mixing
was around 20 rpm. After measuring the slump value of the fresh concrete, the mixture
was then poured into moulds of different standard shapes. To ensure consistency across
all mixtures, a vibrating table was used to compact the samples with a fixed vibration
duration of 30 s. The compacted specimens were carefully shielded with a highly durable
and waterproof membrane and then stored in a temperature-controlled environment for
an exact duration of 24 h to ensure optimal setting conditions. After carefully removing
the specimens from the moulds, they were placed in a water tank at a precisely controlled
temperature of 25 ± 3 degrees Celsius to guarantee optimal curing conditions for the
specified duration of testing.
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Figure 5. Mixing procedure.

2.3. Determination of Concrete Properties or Engineering Performance

Fresh concrete properties, namely fresh density, air content, and slump, were assessed.
Air content and Abram’s cone slump tests were conducted by following ASTM C231 [36]
and ASTM C143 [37].

To determine the CS of the concrete specimens, “cubic” samples measuring 100 mm
were tested according to the guidelines specified in the ASTM C39 standard [38]. The
testing process involved applying a compressive force to the samples until they failed, and
the maximum load that the specimens could bear before collapsing was recorded as the CS.

The STS of the concrete specimens was determined by testing “cylindrical” samples
measuring “100 mm in diameter” and “200 mm in height” in accordance with the ASTM
C496 standard [39]. The testing process involved applying a tensile force to the samples
along the vertical axis until they failed. The maximum tensile load that the samples could
withstand before failure was recorded as the STS or indirect tensile strength.

The FS of the concrete specimens was determined by testing “beam” samples measur-
ing “100 mm in width”, “100 mm in depth”, and “350 mm in length”, in accordance with
the ASTM C1609 [40]. The testing process involved applying a load to the centre of the
beam until it failed, and the maximum load that the beam could bear before collapsing was
recorded as the FS. The load vs. deflection behaviour was also noted for specific mixtures
(JF0.3, JF0.5, JF0.3/SF, and JF0.5/SF).

After 28 days of curing, the WA capacity of the concrete specimens was determined by
immersing “disc-shaped” samples measuring “100 mm in diameter” and “50 mm in height”
in water for a 24 h period in accordance with ASTM C948 [41]. The immersion method
involved weighing the dry samples before and after immersion in water to determine the
amount of water absorbed by the samples.

The 28-day RCIP values of the concrete specimens were determined by testing disc-
shaped samples measuring “100 mm in diameter” and “50 mm in height”, in accordance
with ASTM C1202 [42]. This test is used to assess the ability of the concrete to resist the
penetration of chloride ions, which can cause corrosion of reinforcing steel and affect the
durability of the concrete structure. The RCIP test involves applying a voltage across the
concrete sample and measuring the electrical charge/flux (Coulombs) passing through it.

The ER of the concrete mixtures was determined by testing cubic samples measuring
“100 millimetres” on each side in accordance with ASTM C1876 [43]. The ER test is used to
assess the ability of the concrete to resist the flow of electric current and is related to various
properties such as permeability, durability, and corrosion resistance. In this test, a small
electrical potential (60 V) is applied to the sample, and the resulting current is measured.

To evaluate the quality of the concrete, a UPV test was conducted. UPV values are
known to be indicative of the concrete’s strength, porosity, internal defects, and permeability.
For this test, “100 mm cubic” samples were used, and the procedure followed ASTM
C597 [44].
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2.4. Life Cycle Assessment or Environmental Performance

The study evaluated the environmental impact (EI) of various concrete mixtures by
analysing their global warming potential (GWP) resulting from carbon dioxide (CO2)
emissions. To assess the EI, the functional unit considered was one cubic meter (m3) of
concrete. Therefore, the analysis focused on determining the EI of producing one cubic
meter of concrete.

The research investigated the EI of the materials used to make concrete, from when
they are extracted from the Earth to when they are delivered to the concrete plant. Ad-
ditionally, the study assessed the EI of the concrete production process, including the
“extraction” of raw materials (B1), the “transportation” of processed materials (B2), and
the actual “manufacturing” process (B3). In other words, the study aimed to analyse the
environmental impact of the entire life cycle of concrete production, from start to finish.
This kind of analysis is important for understanding the potential environmental impact of
construction materials and processes and for identifying ways to reduce that impact.

To assess the EI resulting from the “processing” of “raw materials” (B1), the study
utilized a database containing the GWP values (kg-CO2/kg). These values were obtained
from a previous study conducted by Braga et al. [45]. The EI of SF used in the concrete
mixtures was obtained from a study by Hájek et al. [46]. The data for the EI of the raw
materials used in the concrete mixtures are presented in Table 3. The collected data were
adapted based on the cradle-to-gate scenario. The EI of JF was taken as similar to that of the
recycled coconut fibre, since, in this research, JF was considered as a recycled material [47].
The study considered the environmental impact of transporting the concrete mixtures by
lorry, which was calculated to be 6.57 × 10−5 kg-CO2 per kilogram per kilometre. Table 4
provides information on the distances between the “concrete plant” and the “sources of
raw materials”, which were used to determine the EI of transporting the raw materials.
The distances were utilized to evaluate the EI of the constituent materials’ transportation.

Table 3. EI of raw materials (kg-CO2/kg).

Material GWP (kg-CO2/kg)

OPC 0.898
Siliceous sand 0.002

Dolomite sandstone 0.053
SP 0.002

Water 0.000
SF 0.0011
JF 0.36

Concrete preparation 4.65
Transportation impact 0.0000657

Table 4. Transportation distances.

Material Distance from Mixing Plant (km)

OPC 397
SF 178

Siliceous sand 456
Dolomitic sandstone 246

SP 177
JF 15

Water 0

3. Results and Discussion

3.1. Engineering Performance
3.1.1. Air Content

The effect of JF and SF incorporation on the air content of fresh concrete is illustrated
in Figure 6. It can be noticed that, for both SF- and non-SF-containing mixtures, the “air
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content” increased with the increasing percentage of JF. The addition of plant-based fibres
to concrete can increase its air content due to the interaction and cohesion between the
fibres and the fresh concrete mixture. The fibres act as obstacles, hindering the movement
or flow of the fresh concrete mixture, which in turn can create voids in the mix. These voids
can trap air and increase the overall air content of the concrete. The lack of workability
and balling effect caused by the presence of JF increases the air content in the compacted
concrete. Similar findings have been reported by the use of coconut fibre in fresh con-
crete [48]. The inclusion of SF as the cement replacement material marginally decreases the
air content of fresh concrete. This can be attributed to the filling effect of extremely fine
SF particles that occupy the free spaces between cement particles, thus resulting in a more
compacted concrete.

Figure 6. Effect of JF and SF incorporation on the air content of fresh concrete.

3.1.2. Fresh Density

The results of the fresh density tests are presented in Figure 7. The fresh density of
concrete is of great practical significance since it is widely used to assess the quality and
yield. It can be noted that plant-based JF reduces the fresh density of concrete with the
increasing percentage. Up to a 1% decline in the fresh density of concrete was observed
when the JF content was used up to a 0.5% concentration. This is primarily linked to the low
density of JF filaments as compared to the binder matrix. Since low-density JF filaments
replace the dense cementitious matrix in the concrete, it is not possible to control the loss in
density due to the incorporation of the lightweight fibres.

Figure 7. Effect of JF and SF incorporation on the density of fresh concrete.
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Contrary to JF incorporation, SF addition increased the fresh density of concrete by
7 kg/m3. As SF particles are extremely fine as compared to OPC particles, therefore, these
can occupy the volume between OPC particles, resulting in increased compaction and
densification. SF is a highly reactive pozzolan that can improve the packing density of
the concrete particles, leading to a denser mixture [49]. The fine particles of silica fume
can fill the voids between the larger particles of the other components, resulting in a more
compact mixture.

3.1.3. Slump

The effect of JF and SF addition on the workability of fresh concrete is depicted in
Figure 8. The addition of JF to a concrete mixture can generally make it more viscous
and less fluid, reducing its workability due to possible clustering of thin JF filaments. JF
incorporation can increase the friction between concrete particles, making it harder to
mix and move the concrete. However, it can be noted that, despite the decline in the
workability, the slump value of all fibre-reinforced mixes remained within the target slump
range of 150–210 mm. This is because the control fresh concrete was produced with a
carefully designed dosage of a high-range water reducer, which allowed for the possible
workability loss due to the incorporation of JF. The concrete yielding a slump in the range
of 150–230 mm can be used as a pumpable concrete.

Figure 8. Effect of JF and SF incorporation on the slump of fresh concrete.

The incorporation of SF led to a small decline in the workability of the fresh concrete.
The addition of SF to a concrete mixture can have a negative impact on workability due
to its high surface area and fineness as compared to OPC particles, which can cause the
concrete to become thicker, cohesive, and less fluid. SF particles can absorb water, resulting
in a reduction in the water content available for cement hydration and increasing the
demand for water. Therefore, the use of SP provides control over the significant loss of
workability due to SF addition. SP does not only control the negative effects of SF and
JF incorporation on the workability, it also helps in the dispersion of SF particles and JF
filaments to ensure more homogenous and enhanced properties of the concrete [50].

3.1.4. Compressive Strength

Figure 9 depicts how the CS of concrete is influenced by inputs such as the presence
of varying percentages of JF and SF. The impact of different volumes of JF on the CS of
concrete was not consistent. At 28 days, there was a slight increase of “4.0%” and “4.8%”
in CS when “0.15%” and “0.3%” volumes of JF were added, respectively. On the other
hand, the CS of concrete at 91 days showed a higher increase. There was an increment of
“5.5%” and “9.7%” when “0.15%” and “0.3%” of JF were added, respectively. The reason
for the increase in CS when 0.15% to 0.3% of JF was added is due to the enhancement of the
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“transverse” distortion resistance of the plain concrete [22,51]. There is also a theory that
the moist JFs can aid in the internal curing of the concrete’s microstructure, which may lead
to an increase in its strength [3]. Due to the lower density and higher surface area of JFs,
their incorporation at higher rates may have a detrimental effect on the density of concrete.
Therefore, when a 0.5% volume of JF was added, there was no significant change observed
in the CS at both 28 and 91 days of testing.

 

(a) (b)  

Figure 9. Compressive strength results: (a) CS results with SF and varying JF content; (b) change in
CS with respect to JF0.

When a 10% volume of SF was added to the concrete, there was a significant increase in
the CS. At 28 and 91 days, there was an increase of 15.4% and 19.7% in CS, respectively. The
reason behind this increase in strength was attributed to the pozzolanic reaction between
the portlandite (CH) and SF particles, which led to the additional growth of C-S-H in
the concrete. SF contributes to the increase in strength, not only through the pozzolanic
reaction, but also by reducing the pores between cement particles, which leads to the
solidification and strengthening of the microstructure.

When JF and SF were incorporated together, their combined effect showed a synergistic
increase in the CS of the concrete. When a 0.3% volume of JF and a 10% volume of SF were
added individually, there was a net increase of 5% and 15%, respectively, in CS at 28 days.
However, when they were added together, there was a synergistic effect, which resulted in
a much greater net increase of 26% in CS. When a 10% volume of SF and a 0.3% volume
of JF were added together, there was a significant increase in CS compared to the control
mixture. At 28 and 91 days, there was a net increase of 26% and 31%, respectively. The
observation of similar synergistic effects between SF and other volumes of JF suggests that
the efficiency of JF as a fibre reinforcement increases as the strength grade of PC improves.
The enhancement in the fibre–matrix interfacial strength due to the incorporation of SF in
the binder matrix may explain this phenomenon [52]. An important point to mention is
that the increase in CS resulting from the addition of JF also increased as the concrete aged.
For example, with the addition of 0.3% JF, the strength of the concrete increased by 4.8%
and 9.8% (compared to the control mixture) at 28 and 91 days, respectively. This indicated
that the strength improvement due to JF incorporation continues to increase with the aging
of the concrete (not indefinitely).

3.1.5. Splitting Tensile Strength

The impact of adding JF and SF on the STS of concrete mixtures is presented in
Figure 10. The figure shows that the inclusion of JF resulted in significant increases in
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the STS value of concrete. At different volumes of incorporation of JF, there were notable
increases in the STS value of concrete, as seen in Figure 10. Specifically, there were net
increases of “8.6%”, “18.4%”, and “19.8%” in the STS value of the concrete at “0.15%”,
“0.3%”, and “0.5%” JF incorporation, respectively. The strength values of the concrete also
showed notable improvements with an increase in JF content, particularly in the 91-day
STS. Islam and Ahmed [22] reported that the addition of 0.5% of JF led to a net increase of
approximately 20% in the splitting tensile strength of normal-strength concrete. Zakaria
and colleagues [28] reported that the addition of 0.15–0.25% of JF resulted in a 16–20%
improvement in the STS of PC. The incorporation of JF in concrete is believed to enhance
the resistance of concrete against the onset and propagation of cracks. This can be explained
by the fact that JFs can bridge the micro-cracks in the concrete matrix, which can lead to an
increase in the crack-bridging capacity of the concrete. As a result, the stress concentration
around the cracks is reduced, which can prevent the further growth and development
of cracks. This mechanism ultimately leads to an improvement in the tensile strength of
the concrete. Additionally, the improved interfacial bonding between the fibres and the
cement matrix due to the pozzolanic reaction can also contribute to the increased tensile
strength of the concrete [53]. The study found that the highest STS value was observed
in the concrete containing a 0.5% volume of JF. However, it was noted that the percent
difference in the STS value between the concrete mixtures containing a 0.3% and a 0.5%
volume of JF was not significant. In other words, while increasing the volume percentage of
JF resulted in higher STS values, the improvement in STS between 0.3% and 0.5% was not
as significant as the improvement seen between lower percentages of JF. This suggests that
the optimal volume percentage of JF may depend on various factors, such as the specific
application and required strength of the concrete. Based on the results, it can be concluded
that incorporating 0.3% vol. of JF in the mixture can provide optimum benefits in terms
of the efficient utilization of fibre material and maintaining the workability of the fresh
mixture. Therefore, this volume percentage can be considered as the ideal amount of JF to
be added to the concrete mixture.

 

(a) (b) 

Figure 10. Splitting tensile test results: (a) STS results with SF and varying JF content; (b) change in
STS with respect to JF0.

At 28 and 91 days, the strength of concrete was improved by 7% and 10.4%, respec-
tively, compared to the control mixture, when SF was added to it. When both JF and SF were
added to the concrete mixture, their combined effect showed a coupling and synergetic
effect on the STS of the concrete. This means that the combined effect was greater than the
sum of the individual effects of JF and SF. In other words, the use of JF and SF together
resulted in a greater improvement in the STS of the concrete than using either one of them
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alone. This highlights the potential benefits of using multiple materials to enhance the
properties of concrete. The combination of JF and SF in the concrete mixture resulted in
a coupling and synergetic effect on the STS. Specifically, when 0.3% JF and 10% SF were
added together, there was a net improvement of 32% in STS (which was 7% higher than the
improvement achieved by using SF alone) at 28 days, and a net improvement of 42.2% in
STS (which was 9% higher than the improvement achieved by using SF alone) at 91 days.
This showed that the combined use of JF and SF can lead to significant improvements in the
short-term and long-term strength of concrete. Adding SF to the concrete mixture enhances
the pull-out strength of fibre filaments [52]. The higher STS of the concrete was a result of
the formation of C-S-H and an improved JF–matrix interface, which led to an increase in
the micro-hardness and a stronger bond between the fibres and the matrix.

3.1.6. Load versus Deflection

The effect of JF and SF incorporation on the load–deflection behaviour of the concrete
is shown in Figure 11. It is distinct that the incorporation of SF had a slight influence
on the peak load and no contribution towards the post-peak deflection behaviour of the
concrete. Adding SF contributed to the strength improvement through pozzolanic reactions
by creating more C-S-H gels. However, the incorporation of JF significantly changed
the load–deflection behaviour of the concrete. JF0.3 and JF0.5 generally demonstrated
greater ductility compared to traditional PC, allowing them to withstand more extensive
deformations before collapsing. This is because the JF filaments distributed within the
concrete help to distribute loads more evenly and bridge small cracks that could form
under external loads [54].

(a) 

(b) 

Figure 11. Load deflection behaviour of concrete with (a) different JF contents and 0% SF and
(b) different JF contents and 10% SF.
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The load–deflection curve of JFRC may exhibit plateaus or yielding, which correspond
to the formation of new cracks and fibre pull-out events. The final failure of JFRC may
occur due to the rupture of JF filaments or the complete separation of JF filaments from the
matrix. The increase in JF content had a minor improving effect on the peak load sustained
by JFRC. However, the increase in the fibre content ensured the delay in the failure of
JFRC. This is because, at higher fibre contents, more fibres are present to restrict the crack
movements and allow for a more ductile response than concretes with low fibre contents.

The incorporation of SF into JFRCs led to a further increase in the peak load and
improved the post-peak deflection behaviour. The longer stems of the post-peak load–
deflection were observed for JFRC mixtures incorporating SF. This can be attributed to the
improvement in the bond performance of JF due to the solidification and densification of
the concrete matrix with SF addition. Thus, SF can help improve the overall load–deflection
behaviour of JFRCs.

3.1.7. Flexural Strength or Modulus of Rupture

Figure 12 presents a visual representation of how incorporating JF into concrete, with
and without SF, affects the FS of the material. Adding a 0.3% and a 0.5% volume of JF
to the concrete resulted in a net increase of approximately 16% in the FS of the material
after 28 days. The addition of a 0.3–0.5% volume of JF to the concrete resulted in a net
improvement of approximately 20% in the flexural strength (FS) of the material after
91 days. Concrete samples showed further improvements in strength at later ages. As the
concrete aged, the chemical reactions within the mixture continued to occur, resulting in the
formation of stronger bonds between the cement particles and other materials including
the fibre reinforcement within the mixture. This finding corroborates the findings of a prior
investigation [55], which revealed that the increase in FS resulting from the addition of JF
can be attributed primarily to the reinforcement of the concrete against the initiation and
propagation of cracks. The incorporation of JFs helps to distribute stress more uniformly
throughout the concrete matrix, which reduces the likelihood of the formation of cracks and
other forms of damage. By strengthening the concrete and reducing the risk of cracking,
the JFs helped to increase the FS.

 

(a) (b) 

Figure 12. Flexural test results: (a) FS results with SF and varying JF content; (b) change in FS with
respect to JF0.

It is worth noting that the difference in the percentage of improvement in FS resulting
from the addition of a 0.3% and a 0.5% volume of JF was not significant. Hence, a 0.3%
volume of JF may be regarded as the optimum amount to be added to the concrete mixture
for maximum FS enhancement.
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The FS of the concrete exhibited a net improvement of 5–10% as a result of incorporat-
ing SF as a partial substitute for OPC. In addition to enhancing the performance of OPC, the
inclusion of SF also improved the impact of JF on the FS of the concrete. The joint addition
of SF and a 0.3% volume of JF resulted in net improvements of 26% and 30% in FS at 28 days
and 91 days, respectively, compared to the control mixture. The combined inclusion of JF
and SF in the concrete mixture exhibited both a coupling effect and a synergetic effect on
the FS of the material. The addition of SF had the effect of refining the bond between the
fibre and binder matrix, which increased the pull-out strength of the fibre filaments. This,
in turn, led to additional enhancements in the tensile and flexural strength of the concrete.
Previous research has demonstrated the synergistic effects of incorporating SF into the
concrete mixture with both micro and macro fibres. These findings suggest [56,57] that
the inclusion of SF in combination with other reinforcing materials, such as JF, can lead to
significant improvements in the strength of concrete, making it more resistant to cracking
and other forms of damage.

3.1.8. Residual Strength and Flexural Toughness

The residual flexural strength (RS) and flexural toughness (FT) of concrete mixtures are
presented in Figures 13 and 14, respectively. RS refers to the flexural strength of FRC after
the initial cracking of the concrete. It is usually measured from the loads corresponding
to 0.5 mm, 1 mm, and 2 mm deflections. However, in this study, JFRCs failed before
2 mm deflection; therefore, the RS measurement was limited to 0.5 mm and 1 mm only.
The addition of JF filaments helps to bridge micro-cracks, preventing the cracks from
propagating further and leading to a more gradual loss of strength after cracking. As a
result, JFRC exhibited a higher RS compared to JF0. Due to the addition of 0.3% and 0.5%
JF, the RS (0.5 mm) were 2.30 and 3.28 MPa as compared to 0 MPa RS of the plain JF0,
respectively. Despite a nominal effect on the peak FS, the incorporation of 0.5% JF had
a prominent effect on the RS at 1 mm deflection. JF0.3 and JF0.3/SF failed before 1 mm
deflection, while JF0.5 and JF0.5/SF retained a notable RS at 1 mm deflection.

Figure 13. Effect of JF and SF addition on the residual strength.

FT refers to the ability of a concrete to absorb energy under “flexure” or “bending”
and is an important property for many structural applications. JFRCs exhibit increased
FT due to the bridging effect of the fibres, which redistributes stress around the crack and
prevents further crack propagation. This results in a higher energy absorption capacity
and increased ductility, allowing the JFRC to deform more before failing. For instance,
JF0.3 and JF0.5 yielded 3.22- and 6.4-times higher FT as compared to JF0, respectively. The
incorporation of SF also increased the FT of JFRCs. For instance, JF0.3/SF and JF0.5/SF
showed FT values 5.35- and 7.31-times higher as compared to JF0, respectively.
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Figure 14. Effect of JF and SF addition on the flexural toughness.

3.1.9. Water Absorption Capacity

The durability of concrete is impacted by the movement of fluids through the pores
that are connected to the concrete’s surface. The volume of permeable voids, known as WA,
can be used as an estimate of the durability of concrete. Essentially, the more permeable
voids there are, the less durable the concrete is likely to be. Therefore, controlling the
number of permeable voids in the concrete can help improve its durability. A test was
carried out to measure WA, which represents the volume of permeable voids in concrete, at
two different time intervals: 28 and 91 days. The results of the test are presented in a graph
and figure labelled as Figure 15. This figure provides a visual representation of how WA
changes over time due to the mixture design inputs such as JF volume and SF incorporation.

 

(a) (b) 

Figure 15. Water absorption test results: (a) WA results with SF and varying JF content; (b) change in
WA with respect to JF0.

The observation was made that, when the volume of JF was increased from 0.15% to
0.5%, the volume of permeable voids in the concrete (represented by WA) increased by
approximately 16%. This suggests that the addition of JF may have a negative impact on
the durability of the concrete by increasing its permeability. The increase in WA observed
when JF was added to concrete is believed to be caused by an increase in the connectivity
of the microstructure of the concrete with its outer surface. In other words, the addition of
JF may lead to a more porous concrete microstructure, allowing fluids to move more easily
through the material and increasing its permeability [12]. As the number of fibre filaments

129



Sustainability 2023, 15, 8465

in the concrete increased, more access points were created on the surface of the material,
which can facilitate the movement of water into the concrete matrix.

The addition of SF resulted in a significant decrease in the volume of permeable voids,
as represented by the WA capacity, in both plain and fibre-reinforced concrete mixtures.
Specifically, the WA capacity decreased by 25.1% and 29.9% at the ages of 28 and 91 days,
respectively. These results demonstrated that the incorporation of SF can be an effective
way to improve the durability of JFRCs by increasing their resistance to the transport
of fluids through their microstructure. The micro-particles of SF are believed to arrange
themselves between the cement particles in the concrete mixture, which helps to densify
the microstructure of the material. This can lead to a reduction in the volume of permeable
voids and a corresponding decrease in the concrete’s permeability. Additionally, the
increased growth of calcium-silicate-hydrate ( C-S-H ) that occurred when SF was added
to the mixture can also contribute to a reduction in the connectivity between capillary
channels, further reducing the permeability of the concrete. Specifically, the WA values of
the fibre-reinforced concrete containing JF (JFRC) mixtures were 30–40% lower than those
of the control mixture.

3.1.10. Rapid Chloride Ion Permeability

Figure 16 displays the results of rapid chloride ion permeability (RCIP) testing con-
ducted on various concrete mixtures. It can be observed that the RCIP values of the control
concrete fall within the range of 1000 to 2000 Coulombs. RCIP testing is often used to assess
the durability of concrete by measuring its resistance to the penetration of chloride ions,
which can contribute to corrosion and other forms of damage in concrete structures. The
moderate range of chloride permeability exhibited by the control concrete, as indicated by
the RCIP values falling within the range of 1000 to 2000 Coulombs, is typically associated
with concrete that has a low water-binder ratio, typically less than 0.4 [58]. These RCIP
values are typically associated with high-strength and high-performance concretes [59].
The results indicated that there was a notable increase in RCIP with the increase in JF
content. Specifically, when a 0.5% volume of JF was incorporated into the mixture, there
was an observed increase in the RCIP value of approximately 43% compared to the control
mixture. The observed increase in chloride permeability with the addition of JF can be
attributed to an increase in the permeable porosity of the concrete, which allows for faster
movement of chloride ions. As previously discussed, plant-based fibres such as JF are
inherently porous in nature, and their incorporation into the concrete matrix can negatively
impact its imperviousness [7,48].

Figure 16. RCIP of studied concrete mixtures.

The addition of SF was found to be effective in reducing the RCIP value of the concrete.
The observed reduction in the RCIP value with the incorporation of SF can be attributed

130



Sustainability 2023, 15, 8465

to its superior filler effect, which helps to control the free movement of chloride ions in
the concrete matrix. This is because SF has been shown to enhance the chloride binding
capacity of the microstructure, effectively reducing the permeability of the concrete to
chloride ions. The results indicated that the addition of SF led to a significant decline in the
RCIP value of the concrete, with a reduction of approximately 32% compared to the control
mixture without SF. Previous research [59,60] has shown that SCMs such as SF and rice
husk ash have a significant effect on the permeability-related properties of concrete. The
study conducted by Kou et al. [59] reported a reduction of approximately 25% in the RCIP
value of concrete with the incorporation of 10% SF. The negative impact of JF on the chloride
permeability resistance of concrete can be mitigated by incorporating SF into the mixture.
By adding SF to the JFRC mixtures, lower RCIP values were obtained compared to the
control mixture. This implies that the use of SF can be an effective strategy for improving
the durability and resistance of fibre-reinforced concrete to chloride ion penetration, which
can enhance its lifespan and performance in various applications.
3.1.11. Ultrasonic Pulse Velocity

UPV, or ultrasonic pulse velocity, is a non-destructive technique used to evaluate the
quality and integrity of concrete. It is used to detect any cracks or defects present in the
concrete and to determine the homogeneity of the hardened concrete. UPV is a valuable
tool for assessing the overall condition of concrete structures without causing any damage.
The range of UPV values between 3.5 km/s and 4.5 km/s is generally associated with
normal-strength or medium-strength concretes of good quality [61]. These values indicated
a relatively homogeneous and sound concrete structure without any significant cracks or
defects. To clarify, UPV values above 4.5 km/s are typically associated with high-strength
concrete and ultra-high-performance concretes (UHPCs) that have a low water-binder
ratio, indicating excellent quality. The UPV test results are presented in Figure 17, and as
expected, the incorporation of JF had a negative impact on the UPV value. For example,
when the JF content was increased from 0.15 to 0.5%, the UPV value decreased by 2.31%.
The decrease in UPV due to the addition of plant-based fibres is a common phenomenon as
these fibres have a lower density and cellular microstructure, which lead to a reduction in
the overall density of concrete [12,62]. The UPV test results confirmed that the high fibre
contents had a negative impact on the WA, RCIP, and CS results of the concrete. This is
because the presence of plant-based fibres in concrete reduces its density and homogeneity,
leading to a decline in the UPV values.

 

(a) (b) 

Figure 17. UPV test results: (a) UPV results with SF and varying JF content; (b) change in UPV with
respect to JF0.

131



Sustainability 2023, 15, 8465

Adding SF increased the UPV value of the concrete by 2.6%. This increase can be
attributed to the filler effect of SF, which helps improve the connectivity and homogeneity
of the concrete. This, in turn, leads to a higher UPV value, which is above 4.5 km/s and is
typically associated with excellent-grade concrete systems that have a low water-binder
ratio, such as high-strength concrete. The compactness and reduction in pore size of the
cementitious matrix around the fibres offsets the reduction in overall density caused by the
presence of fibres in concrete [63].

3.1.12. Electrical Resistivity

ER is a crucial factor in determining the durability of concrete since the risk of corrosion
in reinforced concrete is largely dependent on it. Figure 18 shows the ER measurements of
all the concrete mixtures. Adenaert [64] suggested that, if the ER value of concrete is lower
than 50 Ωm, then the steel reinforcement is at high risk of corrosion. However, if the ER value
ranges between 50 and 120 Ωm, then the concrete is likely to be affected by corrosion in the
long run. ER values above 120 Ωm are indicative of concrete with very low corrosion risk.
The results indicate that all concrete mixtures had ER values greater than 50 Ωm. However,
the PC mixtures exhibited higher ER values than their respective fibre-reinforced mixtures.
The results showed that both plain concrete mixtures, with and without SF, are considered
as durable and capable of protecting the steel reinforcement against corrosion. It should be
noted that the incorporation of 10% SF into PC led to a 60% increase in ER. The increase in
ER values of concrete containing SF can be explained by the filling of pores with micro-silica
particles and hydration products. The C-S-H gel, which contributes significantly to the strength
of concrete, reduces the formation of capillary pores, increases the volume of solid phases inside
the microstructure, and ultimately, enhances the durability of concrete, including its resistance
to corrosion [65]. The results indicated that the incorporation of JF has a negative impact on the
corrosion-resistance potential of concrete, as evidenced by the results of WA and RCIP testing.
Fibre-reinforced mixtures are more susceptible to corrosion due to the ability of the pore-solution
to flow through the porous cellular internal structure of the fibres. Concrete mixtures with
a 0.15% volume of JF, both with and without SF, have ER values above 120 Ωm, which are
considered safe against corrosion. The results obtained from the durability tests, namely WA,
RCIP, and ER, highlight the importance of SF in preserving the overall durability of JFRC.

Figure 18. ER results of concrete mixtures.

3.2. Life Cycle Assessment Results

The global warming potential (GWP) of all studied concrete mixtures is illustrated
in Figure 19. It can be observed that the incorporation of JF had a slight impact on the
cradle-to-gate GWP of the concrete. Negligible reductions were noticed in GWP due to the
increasing incorporation of JF. This is because JF possesses a very low GWP itself, and it
replaces some volume of aggregates in concrete, which results in the marginal decline of
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GWP. Contrary to JF inclusion, the incorporation of 10% SF as a cement substitution resulted
in the 8% decline of the total GWP. Replacing OPC with SF in concrete can have a positive EI
in several ways. SF is a by-product of the production of silicon and ferrosilicon alloys, and
using it in concrete can help to reduce waste and limit the need for disposal. Additionally,
the production of SF requires significantly less energy compared to cement production,
resulting in reduced carbon emissions and energy consumption. By replacing a portion
of the OPC with SF in concrete, the overall cement content of the mixture can be reduced.
This can reduce the GWP of concrete as cement production is a significant contributor
to greenhouse gas emissions (GHEs). Furthermore, SF can improve the durability and
strength of concrete, allowing for thinner and lighter structures, which can further reduce
the EI associated with construction.

Figure 19. GWP of concrete mixtures with JF and SF incorporation.

The EI per unit CS, STS, and FS of each mixture is presented in Figure 20. These results
show how much GWP is caused by the unit strength gained by each mixture studied.
According to the results, it can be observed that the GWP per unit strength reduced with
the rising JF content. GWP/STS and GWP/FS were highly sensitive to the JF addition,
whereas GWP/CS was mildly influenced by the presence of JF. This is because JF yielded
more benefit in the case of STS and FS, and it was mildly effective at enhancing the CS. On
the other hand, SF addition was highly effective at reducing the GWP of concrete for unit
CS, FS, and STS. The addition of 10% SF reduced the STS- and FS-related GWP by 16% and
14%, respectively, whereas JF0.5/SF yielded STS- and FS-related GWP corresponding to
being 34% and 30% lower as compared to JF0.

Figure 20. GWP per unit strength of mixtures.
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4. Conclusions

Based on the results and discussion presented in this study, the following significant
conclusions can be drawn regarding the impact of JF addition on various mechanical and
durability properties of concrete, with and without SF:

• The inclusion of JF is harmful to the workability, and it increased the air content of
the fresh concrete. The use of SF can be helpful in improving the fresh density and air
content of fresh JFRC mixtures.

• The addition of 0.3% JF resulted in an overall improvement in compressive strength of
5–10%. The combination of 10% SF and 0.3% JF led to a remarkable improvement of
26.5% and 30.6%, respectively, compared to the control sample.

• The addition of SF in the binder further improved the STS gain from adding fibre.
When a 0.3% JF volume and 10% SF were added, the STS increased by 32% and 37%,
respectively, compared to the control sample.

• The increase in JF content improved the overall flexural response of the concrete. The
flexural ductility and post-peak deflection behaviour were improved with the increase
in the JF content from 0.3% to 0.5%. JFRCs with high fibre content also showed notable
yielding before experiencing the strain-softening response.

• The best improvements in both STS and FS were achieved with a 0.5% JF dosage,
but the difference in the net improvement between 0.3% JF and 0.5% JF was not
significant. Therefore, it can be concluded that a 0.3% JF dosage is optimal in terms of
both mechanical and economic performance.

• At both 28 and 91 days, the addition of 0.5% JF and 10% SF increased the FS of the
concrete by 27% and 32%, respectively. The inclusion of 0.5% JF improved the FT of
the concrete by 6.4-times and 7.3-times with 0% and 10% SF addition, respectively.

• Increasing the volume of JF from 0.15% to 0.5% resulted in a 16.5% increase in the
water absorption (WA) capacity of the concrete. The addition of SF helped JFRCs
achieve lower WA values compared to the control concrete.

• JFRCs showed a higher level of RCIP compared to the control concrete, regardless of
the fibre content. Nonetheless, the incorporation of SF helped to decrease the chloride
permeability in JFRCs. This is likely due to the additional growth of C-S-H and micro-
filler action, which intercept the movement of chloride ions within the microstructure
of JFRCs.

• The UPV findings indicated that the density of JFRCs is lower than that of traditional
concrete, which could be attributed to the presence of light-density and porous fibres.
Nonetheless, incorporating SF can enhance the quality of JFRCs and result in a superior
final product.

• The study found that the risk of corrosion in JFRCs increased with higher volumes of
JF, and incorporating 0.5% JF resulted in a 40% reduction in electrical resistivity (ER).
However, adding SF significantly improved the ER of JFRCs.

• The use of JF is slightly useful in reducing the volume-related emissions of concrete.
However, it can cause significant reductions in STS and FS-related emissions. Up to a
30% net reduction in the STS-related emissions was observed due to the addition of
0.5% JF and 10% SF.

Based on the extensive experimental campaign, the optimum dosage of JF can be 0.3%,
which provides the maximum mechanical strength (peak CS, STS, and FS). However, more
ductility, toughness and post-peak crack resistance in flexural loading can be attained by
using a high JF volume. The durability was compromised with the increasing JF content;
however, conjunctive use of JF with mineral admixtures such as SF is recommended to
avoid probable durability losses. It is recommended to investigate the pull-out bond
behaviour of JF in cement pastes with various water-cement ratios (w/c) and mineral
admixtures. The elevated temperature performance and autogenous and drying shrinkage
behaviour of JFRCs still need to be examined.

Furthermore, JF is susceptible to volumetric changes, due to the absorption of mois-
ture; therefore, the drying-wetting behaviour of concrete with JF reinforcement must be
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understood and investigated in future research for applications where concrete is exposed
to moisture or outdoor conditions.
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Abstract: Recently, scrap tire rubber-modified asphalt binders and pavements have been the preferred
choice of state DOTs and parties involved due to the desirable engineering, as well as economic
and environmental impacts. Rheological and mechanical properties of rubber modifications have
been the main focus of researchers for the last couple of decades. This paper investigates the rutting
potential, fatigue cracking resistance, and continuous performance grade (CPG) changes of waste tire
rubber-modified, original, and aged asphalt binders. The CPG of asphalt binders is determined at
high, intermediate, and low temperatures. A Delta T Critical comparison of the binder was carried
out to establish a relationship between measured parameters. Linear amplitude sweep (LAS) tests
at equi-stiffness temperatures were conducted to discover the fatigue life of all binders while the
multiple stress creep recovery test is performed to assess the high-temperature rutting performance of
asphalt binders as per the Superpave performance grading system at accepted regional (58 ◦C) as well
as high PG temperatures. In addition, parallel-plate geometry and concentric cylinder geometry were
used with the Multiple Stress Creep Recovery (MSCR) test to discover the impact of discrete particles
available in crumb/ground tire rubber-modified asphalt binders as per standards. The results show
that rubber modifications improved the base binder’s rutting resistance and continuous PGs without
adversely affecting the fatigue cracking resistance. Based on the mathematical expressions developed,
2.71%, 7.82%, 12.94%, and 18.05% (by weight of binder), GTR modifications improved the high PG of
the modified binders one, two, three, and four grade bumps, respectively. Similar linear correlations
with R2 0.872 and 0.6 were established for continuous low and intermediate PGs, respectively. MSCR
test results revealed that both 9% and 20% GTR modifications were achieved to enhance the H-grade
traffic level of the original binder to E-grade.

Keywords: ground tire rubber; parallel plate geometry; concentric cylinder geometry; MSCR; LAS;
continuous performance grade; Delta T Critical

1. Introduction

Asphalt modifications to enhance the load and weather-related performance of pave-
ments have been a common practice used by agencies nowadays. Ground tire rubber (GTR)
has been one of the most applied asphalt modifiers even though there are many virgin and
recycled asphalt modifiers in the market. The modified asphalt costs more than the original
one, and the actual price changes depending on the amount as well as on the type of the
modifier. Based on the literature, rubber-modified asphalts can cost 10% to 30% higher
than conventional ones [1–4] while polymer-modified asphalts can cost twice as much [5].
However, the life cycle cost of modified asphalts, in general, is lower due to enhanced
performance and fewer maintenance cycles required [6,7]. Rubberized asphalt can achieve
as good as or even better performance than pricey polymer-modified binders, making GTR
a cost-effective alternative to polymers [8–10].

Around one billion scrap tires are generated globally every year [11]. The state of
California produces over 50 million waste tires by itself [12]. When they are not properly
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discarded in landfills, the scrap tires are stockpiled or illegally dumped on the land,
creating fire hazards or housing for disease-carrying mosquitos, insects, and rodents [13].
To overcome such issues, state DOTs are searching for alternative ways to handle waste
scrap tires. In one attempt, California state law obligates Caltrans to use GTR in 35% of all
its asphalt paving projects. Moreover, it requires at least 20% rubber in the asphalt binder
used in surface courses [12]. As a result of all these requirements, it is estimated by the
California Department of Resources Recycling and Recovery (CalRecycle, Sacramento, CA,
USA) that more than 35,000 tons of crumb rubber were integrated into paving activities
in 2018. In addition, less than 25,000 waste scrap tires are anticipated in the stockpiles
of California [14].

Other than the above-mentioned engineering, economic, and environmental benefits,
some other added-value benefits of using GTR in asphalt pavements can be found in the
literature. Some of them can be listed as reducing tire pavement interaction noise [15,16],
decreasing tire wear [17], providing better ride quality [18], increasing longevity [19], soft-
ening stiff binders in high RAP pavements [20], improving aging properties [21], decreasing
ice retention [22], and increasing resistance to reflective cracking [23]. This study aims
to fill the gap in the literature by investigating the rheological and mechanical properties
of wet-process GTR-modified asphalt binders at various percentages using the CPG and
recently introduced binder performance tests such as Delta T Critical, LAS, and MSCR.
As the state DOTs have been in the transition phase to a new binder grading system, this
paper intends to establish an understanding between the old Superpave high-temperature
specification AASHTO M320 and the new MSCR specification AASHTO M322 for GTR-
modified asphalt binders. It also examined one of the main concerns regarding the use
of parallel plate geometry for binders with discrete particles, such as rubber-modified
binders, by comparing it with concentric cylinder geometry. The findings and correlations
between various parameters studied can serve as the basis for future researchers and binder
modifiers in this field.

2. Objectives and Scope

There were a few objectives of this study. The major objective was to evaluate the
rutting potential and fatigue cracking resistance of GTR-modified asphalt binders along
with the continuous low-, intermediate-, and high-performance grades. Another objective
was to establish correlations between the percent GTR modifier and all three continuous
grading temperatures. Yet, another objective was to investigate the impact of testing
geometry for binders with discrete particles as per specifications. For this purpose, MSCR
tests of modified and original binders were conducted by using both testing geometries,
namely parallel-plate and concentric cylinder. The scope of the study covered 3%, 6%,
and 9% GTR modification of the original PG58-28 binder along with the commonly used
20% GTR modification in rubberized asphalt pavements. The performance of the modified
asphalt binders relative to the original binder was tested using Delta T Critical, LAS, and
MSCR tests along with fundamental Superpave binder tests.

3. Materials and Methods

Asphalt binders with an original PG58-28 commonly used in the Midwest region of
the United States was selected as the base binder for all modifications and testing. Basic
information regarding the original asphalt binder is provided in Table 1.

GTR particles are produced at ambient temperature with the cracker mill process
(CMP), which is the most common GTR production technique. CMP uses shredded tire
pieces instead of full-size tires. Before shredding and further size reduction, fiber reinforce-
ments and steel belting are removed from the tire bodies using a series of fiber and steel
separators. In this process, scrap tire pieces pass between rotating corrugated steel drums
for size reduction. The spacing and the differential speed of the drum pairs control the
tearing of the scrap tires. GTR produced with this process has irregular shapes with larger
surface areas. Particle sizes can be achieved over a range of 425 microns to 4.75 mm. Mesh
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size #20 acquired with the cracker mill process at ambient temperature is utilized in this
study. According to the sieve analysis results, almost 100% of the GTR particles passed the
#16 sieve, a little less than 50% were able to pass the #30 sieve, and only 2.3% of the rubber
particles were retained in the #100 sieve.

Table 1. Basic properties of the original/neat/base binder.

Property Value Unit

Continuous High Grade 60.1 ◦C
Continuous Intermediate Grade 17 ◦C

Continuous Low Grade −29.1 ◦C
Viscosity at 135 ◦C & 170 ◦C 285 & 68 cP

|G*| at 10 ◦C & 70 ◦C 3,470,167 & 238 Pa
Phase Angle at 10 ◦C & 70 ◦C 62.6 & 88.8 degrees

Flash Point 312 ◦C

Ground Tire Rubber Modification Process

There are various GTR modification methods in the literature. The modification
method applied in this study is adapted from one of the GTR manufacturers in the industry,
which is similar to the ones researchers have been using in the literature as well [24]. In this
process, only low-shear mixing is used. It was conducted using a benchtop blender with
a boat motor-type propeller as shown in Figure 1a–c, which illustrates the 20-mesh size
ground tire rubber particles used in this research and a sample of a GTR-modified asphalt
binder in a concentric cylinder geometry, respectively.

 

 

(a) (b) 

(c) 

Figure 1. (a) Low-shear mixer with heating mantle. (b) GTR particles. (c) GTR-modified asphalt
binder in a CC geometry.

Rubber particles are slowly added into the preheated asphalt binder at 180 ◦C while
the mixer is set to rotate at 1000 rpm. The addition of the GTR is completed within 5 min.
the binder–rubber blend is mixed for 60 min at the same rpm value unless a vortex is
formed on the surface of the mixture. Otherwise, the speed is adjusted to ensure vortex-free
surface mixing. The temperature of the mixing system is kept at around 180 ◦C by using

141



Sustainability 2023, 15, 2880

an adjustable heating mantle for a gallon can. Circulatory heating oil baths and hot plates
can be used as well depending on the size of the containers. It is important to leave some
space in the containers to house the swollen rubber particles. Once the mixing process is
completed, the GTR-modified asphalt binder is transferred to an oven at 163 ◦C for 16 h in
an oxygen-free condition to complete the reaction between binder and rubber particles. This
process is also known as static aging. At least two batches were prepared per modification
for the repeatability of the modification process. The calculations showed the consistency
of the modification process by providing minimal variations.

4. Tests, Results, and Discussion

PG, ΔTc, LAS, and MSCR tests and calculations were conducted to understand the
relative performance of GTR-modified asphalt binders compared to each other and the
original/neat binder. Statistical methods were applied to the test results to establish
relationships between modifications and certain useful parameters such as continuous
performance and traffic grades. All tests were carried out on a minimum of two replicates
per binder batch. Hence, at least four samples per binder (either original or modified) were
tested for each test type. The basic descriptive statistical values for the test results were
computed and presented along with the data.

4.1. Continuous High-, Intermediate-, and Low-Performance Grade Tests and Results

The major focus of this research was to determine the change in all continuous grading
temperatures of GTR-modified asphalt binders relative to the base binder as the PG is
a basic step for binder classification based on AASHTO M320. The original/neat/base
binder was denoted with “0%” in the test results since there were no modifiers incorporated.
Similarly, the aged-base/original binder was denoted with “A-0%”. The aged-base binder
was prepared by only exposing the original binder to the modification process (i.e., heating
and low-shear mixing) without adding any modifier to illustrate the aging effect during
the binder modification process. Continuous PGs are selected in lieu of discrete PGs since
they provide more information and precise data about the modifications. Additionally,
they are a better fit for research that includes modifications. Asphalt binder producers,
especially, use CPG values to achieve cost-effective binder modifications. In the literature,
there are researchers who apply the CPGs to determine the required amount of asphalt
modifiers, such as styrene-butadiene-styrene (SBS) polymers, devulcanized rubber, or
their combinations to acquire the asphalt binders with desired PG values [25,26]. In
addition, some other researchers benefitted the CPG concept to compare the accuracy
of testing equipment [27]. The linear interpolation method stated at ASTM D7643 was
implemented to determine the continuous grades even though there were other methods
such as nonlinear, parabolic, and exponential curve fitting, used by researchers to calculate
the continuous grades in the literature. Based on the information provided in ASTM D7643,
a 3% GTR-modified binder has continuous grades of 66.2–31.32 (15.3) where 66.2 ◦C is the
continuous high grade (CHPG), −31.32 is the continuous low grade (CLPG), and 15.3 is
the continuous intermediate grade (CIPG).

The linear interpolation between the absolute highest passing and lowest failing
temperatures as per ASTM D7643 was applied to the data to find the critical temperatures.
There are two equations provided in the standards to determine the continuous grades.
Both equations are developed based on the two-point linear relations between the test
results and temperatures. Equation (1) uses the log10 scale for the test results and the
arithmetic scale for test temperatures, and it is applicable for all test results other than the
m-value, whereas Equation (2) uses the arithmetic scale for both parameters, and it is only
applied to determine the m-value-based critical temperature for CLPG:

Tc = T1 +

(
log10(Ps)− log10(P1)

log10(P2)− log10(P1)

)
× (T2 − T1) (1)
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Tc = T1 +

(
Ps − P1

P2 − P1

)
× (T2 − T1) (2)

where:
Tc = Continuous grading temperature, ◦C;
T1 = Lower test temperature, ◦C;
T2 = Higher test temperature, ◦C;
Ps = Required value for failing criteria based on the specifications;
P1 = Test result at T1;
P2 = Test result at T2.
Table 2 summarizes the process of determining the continuous high-grading tempera-

ture by linear interpolation method for 3% GTR-modified asphalt binder. The left part of the
table gives information about the original binder measurements while the right part shows
the test results for RTFO-aged binder along with some basic descriptive statistical values
such as average (AVR), standard deviation (Stdev), and coefficient of variation (COV).
Lastly, the bottom row provides the final continuous grading temperature (TC-final) in
degrees Celsius, which is the lower of TC-neat and TC-rtfo. To determine the CLPGs, RTFO-
aged binders were further aged inside the pressurized aging vessel (PAV) to simulate the
long-term/oxidative aging that occurs under field conditions. Before preparing the bending
beam rheometer (BBR) samples, PAV-aged binders were degassed in a vacuum oven to
minimize/eliminate the air bubbles introduced during the aging process. The BBR test
provides the low-temperature relaxation and stiffness properties of asphalt binders. Those
properties are used to examine the thermal cracking resistance of the asphalt binders. Based
on the low PG of the unmodified binder, which was −28 ◦C, BBR tests were conducted at
−12 ◦C, −18 ◦C, and/or −24 ◦C until the failure took place. As per the specifications, the
failure occurred when either the stiffness was greater than 300 MPa or the m-value was
smaller than 0.300 at the 60th second.

Table 2. Determining the continuous high grading temperature of 3% GTR-modified binder.

GTR 3% Original GTR 3% RTFO-Aged

Average of
Run 1

Average of
Run 2

AVR 1 Average of
Run 1

Average of
Run 2

AVR 1

TC-neat (◦C) 64.28 63.64 63.96 TC-rtfo (◦C) 64.75 65.01 64.87

T1 (◦C) 64.0 58 Stdev 2 T1 (◦C) 64.0 64.0 Stdev 2

T2 (◦C) 70.0 64.0 0.46 T2 (◦C) 70.0 70.0 0.17

P1 (kPa) 1.03 1.97 COV 3 P1 (kPa) 2.4 2.47 COV 3

P2 (kPa) 0.548 0.956 0.71% P2 (kPa) 1.2 1.23 0.26%

Ps (kPa) 1.0 1.0 Ps (kPa) 2.2 2.2

TC-final (◦C) 63.96

AVR 1: average, Stdev 2: standard deviation, COV 3: coefficient of variation.

Table 3, which illustrates the process of calculating the CLPG, presents the stiffness
and m-value at the 60th second recorded during BBR testing along with the application
of Equations (1) and (2). The last row in Table 3 shows the continuous low temperatures
(TC), which are the absolute smallest of TC-s and TC-m. It is important to note that con-
tinuous low temperatures (TC, TC-s, and TC-m) are not the same as continuous low PG
temperatures. The CLPGs can be acquired by adding −10 ◦C to the calculated continuous
low temperatures as stated at AASHTO M320.

The third continuous performance grade calculation was performed to discover the
CIPG of the binders. Even though the CIPG is not a part of PG designation, it is found
to evaluate the fatigue cracking behavior of the binders. CIPG is known to be the weak-
est chain of the Superpave binder performance grading. It lacks either a theoretical or
a practical basis. Intermediate PG was established as the arithmetic average of the high
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and low PG difference plus 4 ◦C according to AASHTO MPI-93. As an example, for the
PG 58−28 grade binder, the intermediate PG can be calculated as (58−28) + 4 = 19 ◦C,
which does not have any mechanistic foundations. Unlike high- and low-performance
grades, the intermediate PG test temperatures change at 3 ◦C intervals. The lower the
intermediate PG is, the more flexible the asphalt binder is, and it performs better in fatigue
cracking resistance.

Table 3. Continuous low-temperature grade construction of 3% GTR-modified binder.

GTR 3% Stiffness (S-Value) Based GTR 3% Slope (m-Value) Based

Average of
Run 1

Average of
Run 2

AVR
Average of

Run 1
Average of

Run 2
AVR

TC-s (◦C) −20.03 −20.04 −20.04 TC-m (◦C) −20.59 −20.36 −20.48

T1 (◦C) −18 −18 Stdev T1 (◦C) −18 −18 Stdev

T2 (◦C) −24 −24 0.46 T2 (◦C) −24 −24 0.16

P1 (MPa) 231 230 COV P1 (MPa) 0.319 0.313 COV

P2 (MPa) 501 503 1.53% P2 (MPa) 0.275 0.280 0.53%

Ps (MPa) 300 300 Ps (MPa) 0.300 0.300

TC (◦C) −20.04

Table 4 provides the results of continuous high-, intermediate-, and low-performance
grades of neat and modified binders in a summary form. It is worth re-emphasizing that
the A-0% binder underwent the heating and mixing process with no modifier to simulate
the impact of aging that occurred during the modifications. While it improved the CHPG
by 1.8 ◦C, it, as expected, worsened both CIPG and CLPG by 0.9 ◦C and 2.2 ◦C, respectively.
Based on the measured data, the impact of the aging was strong enough to change the PG
of the base binder from 58–28 to 58–22. Regardless of the modification type and amount,
the original binder DSR testing protocol became the governing testing to determine the
CHPG of the binders over the RTFO-aged DSR testing protocol. Similarly, m-value-based
continuous low-grading temperatures were dominant for all asphalt binders tested other
than the neat and 3% GTR-modified ones.

Table 4. Results of continuous high-, intermediate-, and low-performance grades.

Modification
Type

Continuous Continuous
Inter. PG (◦C)

Continuous
CHPG-CLPG

High PG (◦C) Low PG (◦C)

CH PG
Original

PG
RTFO
Aged

CIPG
PAV Aged

CLPG S-Based
m-Value

Based
ΔTc (◦C)

0% 60.1 60.1 61.2 17.0 −29.1 −29.1 −30.6 1.5 89.2
A-−0% 61.9 61.9 62.5 17.9 −26.9 −28.4 −26.9 −1.5 88.8
3% GTR 64.0 64.0 64.9 15.3 −30.0 −30.0 −30.5 0.5 94.0
6% GTR 68.6 68.6 69.3 14.2 −30.7 −31.3 −30.7 −0.6 99.3
9% GTR 72.3 72.3 74.3 14.6 −30.2 −32.4 −30.2 −2.2 102.5

20% GTR 83.7 83.7 86.4 13.9 −31.9 −34.8 −31.9 −2.9 115.6

Figure 2a demonstrates the impact of the GTR modification on CHPG. As the amount
of GTR modifier increased, the CHPG of the modified binders improved as well. The
3% and 6% GTR modifications achieved a one-grade bump while the 9% and 20% GTR
modifications accomplished two-grade and four-grade bumps, respectively.
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Figure 2. (a) Impact of GTR modification on CHPG. (b) Correlation between modifications
and CHPG.

To determine the exact amount of GTR modifier to attain the desired grade bump, the
correlation established in Figure 2b between the percent modifier and CHPG can be used.
Linear correlation with R2 of 0.993 implies a strong relationship between the parameters
investigated. Based on the mathematical expression formulated during the linear curve
fitting process, around 7.82% (by weight of binder) GTR is required to acquire two-grade
bumps, and 12.94% rubber is needed to reach three-grade bumps.

Different modifiers are generally used to decrease the low PG or to increase the high
PG of the asphalt binders. Multiple modifiers can be used simultaneously in the same
asphalt binder to enhance both the high and low PGs. Even though GTR modification of
the binder is generally conducted to increase the high PG of the binder to provide better
resistance to rutting without adversely affecting the low and intermediate PGs, the results
reveal that any GTR modification improved not only CHPGs but also CIPGs and CLPGs
with a clear trend. The linear relationships between the percent modifiers and CIPG-CLPG
were established to determine useful mathematical expressions.

145



Sustainability 2023, 15, 2880

Figure 3a,b illustrates the relationship between GTR modifications versus CLPG and
CIPG, respectively. Linear correlation between percent GTR and CLPG was established
with R2 equal to 0.872. Similarly, a linear correlation between the percent GTR and CIPG
was established with R2 equal to 0.6. Despite being simple, yet reasonable, correlations
for the asphalt binders, the relationship can be better represented by using different curve
fitting options and by enhancing the testing matrix. Compared to the intermediate PG
of the base binder, which was 19 ◦C, all modified binders resulted in one grade bump by
lowering the intermediate PG to 16 ◦C. The highest improvement was attained at 20% GTR
modification by lowering the CIPG 3.1 ◦C compared to the original binder.

Figure 3. Linear correlations between (a) GTR modifications and CLPG; (b) GTR modifications
and CIPG.

4.2. Delta T Critical (Delta Tc or ΔTc) Analysis

Delta TC (ΔTC-Delta T critical) was another parameter calculated during the CLPG
determinations. It is used as an indicator of the impact of aging and modifiers on binder
rheology [27]. It is a parameter state DOTs either have implemented or have been consid-
ering implementing into their specifications as another PG+ binder test. ΔTC is used to
understand the asphalt binders’ relaxation properties, which are a sign of nonload-related
cracking or aging-related embrittlement distress in the flexible pavements. The parameter
is computed using the creep stiffness and rate from BBR testing for any asphalt binder
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including neat binders, binders with additives, modified binders, and recovered binders
although it was primarily developed for neat asphalt binders [28]. However, researchers
should be cautious against using ΔTC for polymer-modified binders since it is generally
accepted that polymer-modified asphalt binders show reduced laboratory aging (RTFO and
PAV) due to their higher viscosities. The reduced aging can create a favorable condition
for stiffness by causing lower TC-s values [29]. There is ongoing research to investigate
polymer-modified asphalt binders and their relationship with ΔTC. Further research is
needed to establish a better understanding between GTR-modified asphalt binders and
ΔTC as well since the aging characteristics, especially RTFO aging, of GTR-modified binders
can show slight variations as described in the literature.

First conceptualized by Anderson et al. in 2011, ΔTc is a relatively new parameter
that has been gaining popularity due to its ability to quantify the aging propensity of
asphalt binders as well as to correlate it directly with certain types of pavement distress,
such as block cracking [28–31]. The same procedure explained in the computation of the
continuous low-grading temperature section, which is presented in Table 3, is followed
to find the critical temperatures based on creep stiffness (Tc-s) and creep rate (Tc-m) at
the end of the 60th second. Once these parameters are calculated, Equation (3) is used to
calculate the ΔTc:

ΔTc = TC−S(60s) − TC−m(60s) (3)

Depending on the Tc-s and Tc-m values, ΔTc can be positive or negative. +ΔTc is
an indicator of the fact that the binder’s low PG is governed by the creep stiffness while
−ΔTc indicates that the low PG of the binder is controlled by the creep rate. In addition,
the magnitude of the parameter provides information about the level of dominatΔTcion by
stiffness or creep rate. In addition, a warning limit of −2.5 ◦C and a failure limit of −5.0 ◦C
are suggested for 20-h PAV-aged asphalt binders. These limits are strongly related to the
basic understanding of the parameter. As binders age, Tc-m increases quicker than Tc-s and
makes the binders more m-controlled. The m-controlled binders are more brittle and less
able to relax the applied stresses, hence more prone to cracking distress. Anderson et al.
showed that there is a strong correlation between fatigue cracking (top-down cracking) and
some other pavement distresses related to poor relaxation properties and higher negative
values of ΔTc, although the ΔTc parameter was derived from the BBR testing, which was
developed for thermal cracking [28,31].

ΔTc values for modified as well as the aged and original binders are provided in
Table 4. As the amount of aging and GTR modification increased, the ΔTc parameter
became more and more m-value controlled. While the ΔTc of the original binder 0% was
1.5 ◦C, it became −1.5 ◦C for the A-0% sample and 0.5 ◦C, −0.6 ◦C, −2.2 ◦C, and −2.9 ◦C
for 3%, 6%, 9%, and 20% GTR modifications, respectively. Figure 4 illustrates two linear
correlations between ΔTc and percent GTR modification. The only difference between
these two correlations is the inclusion of 20% GTR modification results. The reason to
construct relationships with and without the 20% GTR is the fact that not all binders have
linear m-value or log-linear S-value with temperature. Moreover, as the amount of rubber
modifier increases, the stiffness values become smaller. In the case of 20% GTR, the stiffness
value was less than 300 MPa at any BBR temperature when Tc-m < 0.300 or Tc-m > 0.300,
which was a different behavior than any other modified and original binders. Hence, it was
decided to provide two linear correlations with and without a 20% GTR-modified binder.
It is worth noting that the author established linear correlations for simplicity by assuming
linear relationships between the m-value and temperature. Although both linear relations
have strong correlations, a better curve fitting other than a linear one may be possible with
the inclusion of 20% GTR modification. As can be seen from Figure 4 the first correlation
with R2 of 0.987 omitted the 20% GTR modification, and the second one with R2 of 0.845
included it.
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Figure 4. Linear correlations between ΔTc and percent GTR modifications.

4.3. Fatigue Cracking Resistance Test and Results

Superpave binder tests and the PG system were initially developed to find out the
climatic and load-related performance of asphalt binders for certain pavement distresses.
While high PG was developed for the rutting resistance, low PG was established for the
thermal cracking of asphalt pavement. Similarly, the intermediate PG of the binders was
created to provide information about the fatigue life of the asphalt binders. Although
low and high PGs quite successfully estimated the relative performance of unmodified
binders for resistance to low-temperature cracking and rutting, respectively, intermediate
PG was not as successful to determine the fatigue cracking resistance of asphalt binders
since it lacked any theoretical and practical fundamentals. Moreover, the recent changes
in binder production practices as well as the need for binder modifications to prevent the
early distress accumulation in the asphalt pavements as a result of heavier traffic volumes
developed parallel to the exponentially growing world population in recent decades made
Superpave binder tests obsolete and gave rise to the development of newer test methods
to better understand their mechanistic behavior. In an effort, a viscoelastic continuum
damaged (VECD) mechanics-based linear amplitude sweep (LAS) test was developed to
determine asphalt binders’ resistance to fatigue cracking. It is designed to evaluate the
fatigue resistance ability of asphalt binders under cyclic loading with increasing amplitudes.
LAS test can estimate the number of cycles to fatigue failure (Nf) as a function of strain
developed in the asphalt pavement at a 35% reduction in initial modulus.

Theoretically, the LAS test has two parts. The first part, frequency sweep tests, is
performed to acquire the undamaged rheological properties of the asphalt binders. In this
stage, the sample was tested at a set of standard specified frequencies between 0.2 Hz and
30 Hz at 0.1% strain amplitude. This stage is important to derive the damage analysis
parameter alpha (α). The second part of the tests is performed to determine the fatigue char-
acteristics of asphalt binders under oscillatory shear strain-controlled mode with linearly
increasing strain amplitude between 0.1% to 30% at a constant 10 Hz frequency for a total
of 3100 loading cycles. The same binder specimen is used in both stages since the frequency
sweep test does not create damage to the sample. LAS can be performed with 8-mm
parallel-plate geometry and a 2-mm working gap using readily available DSR equipment
on either RTFO- or PAV-aged asphalt binders as per AASHTO- T391 (previously TP101)
specifications. In this study, PAV-aged, degassed asphalt binders were used. The same
specification recommends testing temperature as the intermediate pavement temperature
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based on the PG grades of the binder. However, this suggestion lacks a mechanistic basis
as stated in detail at CIPG calculations. According to this recommendation, base binder,
3% GTR-, 6% GTR-, 9% GTR-, and 20% GTR-modified binders would have been tested at
19 ◦C, 22 ◦C, 22 ◦C, 25 ◦C, and 28 ◦C, respectively. Many researchers experienced the same
problem with the LAS testing temperature. They applied different methods and mechanis-
tic approaches to establish a relation for testing temperature. Some researchers suggested
using a certain temperature, such as 25 ◦C, as it corresponds to the local intermediate
temperature of the region of interest [32], while some of them selected a typical representa-
tive intermediate temperature such as 20 ◦C [33]. Some others recommended the testing
temperature as the average climatic PG minus 4 ◦C based on the linear viscoelastic range of
the asphalt binders [34]. Further studies showed that the linear viscoelastic approach was
suitable to select the LAS temperatures. It was suggested that LAS temperatures should
be selected between the temperatures corresponding to |G*| < 60 MPa at 10 Hz (approxi-
mately 2.5 MPa at 10 rad/s) to prevent excessive brittleness and adhesive failures between
parallel-plate geometry of DSR and binder specimen and to |G*| > 60 MPa at 10 Hz (about
25 MPa at 10 rad/s) to prevent the bulging and geometry changes [35]. Yet, some other
researchers proposed using temperatures at which the iso-stiffness condition occurs, such
as |G*| × sin (δ) = 6.5 MPa [36]. Typically, the LAS results at 2.5% and 5.0% strain levels
are presented considering the pavement layer stiffness. The general approach is to use
a 5.0% strain level for asphalt layers thinner than 4 inches and a 2.5% strain level for asphalt
layers thicker than 4 inches [35].

In this study, the authors selected the LAS temperatures at which |G*| × sin (δ) = 5000 kPa.
These temperatures are also known as the equi-stiffness temperatures or the temperatures
equal to the CIPGs of the binders. LAS temperatures determined using this approach satis-
fied the linear viscoelastic range of asphalt binder tests. Visual inspections also confirmed
that there was no bulging or excessive brittleness during the testing.

Figure 5 illustrates the findings of the LAS tests of GTR-modified asphalt binders as
well as the original binder at different strain levels. Data analysis of the LAS test results was
performed at 1%, 3%, 5%, and 8% applied strain levels. The aim of selecting numerous strain
levels was to better understand the fatigue performance of thinner overlays, such as 2-inch,
and thicker asphalt pavements, such as 18-inch-thick multi-lift pavements, other than only
focusing on the 4-inch thickness. Analysis of LAS results revealed that 3% GTR modification
shortened the fatigue life of the asphalt binder at all strain levels tested. However, as
the strain level increased from 1% to 8%, the difference in fatigue life diminished. At
8% strain level, both original and 3% GTR-modified were statistically indifferent. The
6% GTR modification improved the fatigue life at smaller strain levels compared to the
3% GTR-modified binder; however, it did not enhance the fatigue life at higher strain levels.
Similarly, 9% GTR modification improved fatigue life at 1% and 3% strain levels compared
to 6% GTR modification. Ultimately, 20% GTR modification almost reached three times
more fatigue life at a 1% strain level than the original binder. Both 20% GTR modified
and original binders had almost the same fatigue life cycles at a 3% strain level. However,
at higher strain levels, 20% GTR modification did not provide better fatigue life than the
original binder. It can be summarized that as the GTR percentage increased, the fatigue life
of the asphalt binders enhanced considerably at lower strain levels and worsened at higher
strain levels.

Figure 6a–d illustrates the relationship between the number of fatigue cycles to failure
and the percent GTR modification for 1%, 3%, 5%, and 8% strain levels, respectively.
Linear correlations were established between the parameters investigated at four different
strain levels. R2 values of the linear relationships for all strain levels changed between
0.9 and 0.99 implying strong correlations. While there was a positive correlation between
the fatigue live and GTR percentages at 1% and 3% strain levels, a negative correlation
occurred between the same parameters at 5% and 8% strain levels.
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Figure 5. LAS test results for different strain levels at CIPG temperatures.

  

  

Figure 6. Fatigue life vs. GTR modification at (a) 1% strain, (b) 3% strain, (c) 5% strain, (d) 8% strain.
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4.4. MSCR Rutting Resistance Test Results with Parallel Plate and Concentric
Cylinder Geometries

The original Superpave performance grading system used a dissipated strain energy
approach to determine the rutting performance of the asphalt binders. In this approach,
the |G*|/sin (δ) parameter for original and RTFO-aged binders was limited to calcu-
late the high PG temperature grade. The |G*|/sin (δ) parameter became inadequate to
accurately assess the rutting potential of asphalt binders with the recent changes in the
binder production practices and introduction of modified binders. Deficiencies related to
the |G*|/sin (δ) parameter and corresponding test methods resulted in proposing novel
test methods such as zero-shear viscosity, low-shear viscosity, and nonrecoverable creep
compliance [37]. Further studies demonstrated that the nonrecoverable creep compliance is
better correlated with the rutting performance of modified and unmodified binders [38–40].
As an alternative to PG plus tests, the MSCR test, which provides nonrecoverable creep
compliance and percent recovery at multiple stress levels, was proposed to determine the
high-temperature performance of the asphalt binders. Following a path with four phase
evolutions between 2001 and 2014 (phase I-NCHRP Project 9-10, phase II-original MSCR
test, phase III-standard MSCR test, and phase IV-modified MSCR test), the MSCR test pro-
tocol was documented at AASHTO T350 and AASHTO M332 standard specifications [37].
Similar to the LAS test to evaluate the fatigue cracking resistance of asphalt binders, the
MSCR test is another mechanistic binder performance test developed to better understand
the permanent deformation behavior of the original and modified asphalt binders. The test
is conducted using DSR equipment with parallel plate geometry and a 1 mm gap setting
at short-term aged asphalt binders. According to the MSCR testing protocol, the asphalt
binder is loaded at 0.1 kPa and 3.2 kPa stress levels. The loading pattern follows a 9 s recov-
ery after a 1 s shear creep in both stress levels. This loading pattern is repeated for 20 cycles
for 0.1 kPa and 10 cycles for 3.2 kPa. The %R-percent recovery and Jnr-nonrecoverable
creep compliance are the two main parameters recorded at the end of the test. MSCR grade
bumping is carried out based on the traffic level, and traffic grade selection is performed
using the MSCR nonrecoverable creep compliance value obtained at 3.2 kPa shear level,
Jnr3.2kPa. Traffic grade is included in the binder PG by placing one of the four-grade letters
next to the high PG temperature. The traffic letter grade can be S, H, V, or E according to
the following criteria:

� Standard Traffic: S-grade, which occurs when 2.0 kPa−1 < Jnr@3.2kPa < 4.5 kPa−1;
� Heavy Traffic: H-grade, which occurs when 1.0 kPa−1 < Jnr@3.2kPa < 2.0 kPa−1;
� Very Heavy Traffic: V-grade, which occurs when 0.5 kPa−1 < Jnr@3.2kPa < 1.0 kPa−1;
� Extremely Heavy Traffic: E-grade, which occurs when Jnr@3.2kPa < 0.5 kPa−1.

The biggest changes in the last two phases of the MSCR tests were made to the number
of creep and recovery cycles as well as the testing temperatures. While the latest version of
the standards states that the testing should be performed at regional high temperatures,
which is 58 ◦C for this study, the earlier version (AASHTO MP19 and AASHTO TP70)
suggested the test be conducted at the high PG of the asphalt binders. This temperature
change was necessary since the modified asphalt binders would never reach the high PG
temperature in regions with lower high temperatures. In this study, for a comparison
reason between previous and current MSCR protocols, the tests were performed at both the
regional and high PG temperatures. Figure 7a demonstrates the change in Jnr@3.2kPa with
percent GTR for both high PG temperature and regional temperature. Even though there
was not a clear trend for the results acquired at high PG temperatures, the nonrecoverable
creep compliance values decreased as the percent GTR modifier increased at the regional
high temperature of 58 ◦C. Thus, the comparison hereinafter focuses on the test results
obtained at 58 ◦C. All modifications reduced the nonrecoverable creep compliance values
compared to the neat binder. While the original binder with no modifications was at
the H-traffic level, both 9% and 20% GTR modifications achieved two grade bumps and
reached the E-traffic level. GTR 3% modification was not able to make a difference in the
traffic level, and 6% GTR modification accomplished one grade bump by bringing the
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traffic grade to V-level. Figure 7b demonstrates the linear correlation developed between
nonrecoverable creep compliance at 3.2 kPa and the percent GTR modifications.

 

Figure 7. (a) Change in Jnr at 3.2 kPa as GTR modification increases at regional and high PG
temperatures. (b) Correlation between Jnr at 3.2 kPa and GTR modifications at 58 ◦C.

One of the objectives of this research was to study the impact of testing geometry on
the MSCR parameters. In the literature, there has been a concern regarding the testing of
asphalt binders with discrete particles such as crumb rubber-modified asphalt binders, and
the use of concentric cylinder geometry (a.k.a bob and cup) was promoted. In addition,
AASHTO MP19 stated that the standards were not applicable for asphalt binders with
undissolved distinct particles larger than 250 microns inside. To evaluate the impact of
testing geometry on GTR-modified asphalt binders, MSCR tests were carried out with
parallel plate (PP) and concentric cylinder (CC) setups. Figure 8a shows the correlation
between nonrecoverable creep compliance values obtained at 3.2 kPa stress level for PP
and CC geometries. There is almost a perfect linear fit between measured values with R2

equal to 0.98 (0.993 with zero intercepts). This implies that either testing geometry can be
used to determine the nonrecoverable creep compliance of mesh size 20 GTR-modified
asphalt binder.
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Figure 8. (a) Linear correlation between Jnr at 3.2 for PP and CC testing geometries. (b) Nonrecover-
able creep compliance versus percent recovery graph for GTR modifications.

Figure 8b illustrates the nonrecoverable creep compliance and percent recovery values
attained at 3.2 kPa stress level for PP and CC geometries along with the AASHTO M332
elastic curve. This graph is also known as MSCR elastic curve graph, which is mainly
developed to ensure that there are enough elastic modifiers in the modified asphalt binders.
According to the AASHTO T350, binders reaching above the curve have the desired quantity
of elastic modifiers. Jnr3.2 values measured with PP and CC geometries were almost the
same for all modified binders other than 3% GTR, and percent recovery results obtained
from the CC setup were slightly higher than the PP geometry measurements for all tested
binders. This resulted in 9% GTR CC measurement reaching above the elastic curve while
9% GTR PP measurement fell below the curve while it did not affect any other test outcomes.
Regardless of the testing geometry, 20% of GTR modifications were able to pass the elastic
curve, and none of the other modifications had enough elastic modifier to reach above
the elastic curve. In addition to providing valuable information regarding the existence
of elastic modifiers, the graph is an efficient way to show the traffic grade as well. Testing
geometries had no impact on the traffic grade of the asphalt binders tested.
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5. Discussion

PG of the asphalt binders has been major selling point for manufacturers for years
based on the Superpave Binder Performance Grading system. Results of binder modifica-
tion on binder performance grade studies mostly remained confidential. In general, each
modifier is used to improve a certain property of the binders such as high PG, low PG,
elasticity, ductility, viscosity, etc. The common practice is to use combined modifiers to
enhance multiple properties, such as high and low PGs, of asphalt binders simultaneously.
GTR modifications have been practiced improving the high PG of the asphalt binders
mainly due to their preferable high-temperature/rutting performances [41]. On the other
hand, some researchers showed that GTR modifications had an insignificant impact on
the low-temperature properties [6–43]. Moreover, some other studies showed a significant
decrease in the low-temperature performance of GTR-modified binders [42]. This study
showed that GTR modification has a positive impact on both low and intermediate CPGs
of the binders. The use of continuous PGs instead of discrete ones, which were assessed
mainly in GTR modification studies in the literature, made it possible to reveal improve-
ments in low and intermediate PGs even though the enhancements were smaller and easy
to neglect when compared to high PGs. As the amount of GTR increased gradually from
3% to 20%, it was observed that all three continuous PGs improved proportionally. This
study suggests further research with GTRs higher than 20%, different rubber gradations,
and modification methods that have a great influence on the swelling or degradation
behavior of the GTR [44,45].

ΔTc was another parameter evaluated in this study for GTR-modified asphalt binders.
ΔTc is an indicator of the aging/nonload-related embrittlement in the asphalt pavements.
ΔTc was initially developed for neat binders, and it has strong correlations with certain
thermal crack types. However, the reduced laboratory aging of the modified binders due
to higher viscosities prevents establishing strong correlations for modified binders. At this
moment, the research to establish the relationship between ΔTc and polymer-modified
asphalt binders has been ongoing [28,29,46]. This applies to GTR-modified asphalt binders
as well. True aging of GTR-modified asphalt binders in laboratory conditions is challenging
to determine, and there is further research needed to establish the guidelines. It should
be noted that relations and data provided in this research for ΔTc are based on the so-
called/artificial laboratory RTFO and PAV aging of GTR-modified asphalt binders. Further
research may include increased aging time, pressure, temperature, or combinations thereof.

Fatigue cracking resistance of GTR-modified asphalt binders were analyzed using
a VECD-based LAS test at different strain values. The fatigue life of modified binders
showed an increasing trend at lower strain levels whereas they decreased at higher strain
levels. This means that GTR-modified asphalt binders can perform better at low-volume
or less traffic-loading roads better than high-volume roads such as interstates. The re-
sults do not necessarily follow the literatures’ findings. There are many research studies
showing that the addition of rubber particles improved the fatigue life of the asphalt
binders [42,47–49]. However, it was also mentioned that the rubber type, size, production
method, and mixing conditions have a considerable impact on the fatigue life [50,51]. It
should be noted that most of the research in the literature was performed using a single
LAS test temperature. In this study, LAS temperatures changed for each mixture type based
on the equi-stiffness temperatures, which complies with early literature.

MSCR test results followed the results of high CPG closely as supported by earlier
studies [52]. As the percent GTR increased, the nonrecoverable creep compliance val-
ues at both stress levels showed a decreasing trend, which conforms to the literature
findings [52–54]. On the other hand, percent recovery values increased with growing GTR
percentage. MSCR elastic curve, which is an indirect method of evaluating the elasticity of
the binders, showed that only 20% GTR modification was able to provide enough elasticity
to the binder. It also implies that as the rubber amount increases, binders become more
elastic. One of the major concerns related to use of MSCR test with GTR modified asphalt
binder was that the modified binder had larger than 250-micron discrete particles inside.
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Since MSCR uses parallel-plate geometry, the gap between the plates may hinder the actual
performance of rubber-modified binders under loading. In order to overcome this concern,
tests were conducted using concentric cylinders in addition to parallel-plate geometry. Re-
sults showed a strong correlation between the two testing geometries by suggesting the use
of either geometry for up to 20% GTR modifications. Additional research is recommended
for higher than 20% GTR modifications. Furthermore, this study suggests improvements to
MSCR specifications for a Jnr difference limit of 75%. Although the Jnr difference was lower
than 75% for up to 9% GTR modifications, it was around 177% for 20% GTR modification.
This was mainly due to the fact of insignificant nonrecoverable creep compliance at 0.1 kPa
loading for heavily modified binders such as 20% GTR modification, which complies with
literature findings as well [52].

6. Conclusions

Based on the data analysis and results obtained in this document, the following
conclusions were compiled:

• The aging during the modification process (A-0% samples) resulted in a change in the
PG of the original binder from 58–28 to 58–22. While it improved the CHPG by 1.8 ◦C,
it worsened both CIPG and CLPG by 0.9 ◦C and 2.2 ◦C, respectively.

• A linear correlation with R2 of 0.993 was established between CHPG and percent GTR
modifications. The 3% GTR modifications achieved a one-grade bump while 9% and
20% GTR modifications accomplished two-grade and four-grade bumps. Similar to the
linear correlation of CHPG, linear correlations between percent GTR and CIPG-CLPG
were established as well. While the relationship for CLPG had an R2 equal to 0.872, it
was 0.6 for CIPG.

• The ΔTc parameter reduced as the artificial aging and percent GTR modification
increased. Strong linear correlations between ΔTc and percent GTR modifications with
R2 value up to 0.987 were established.

• Based on the LAS test results, as the GTR percentage increased, the fatigue life of
the asphalt binders enhanced considerably at lower strain levels and worsened at
higher strain levels. The improvements compared to the original binder either were
insignificantly small or did not exist.

• At regional high-temperature measurements, all modifications reduced the nonrecov-
erable creep compliance values compared to the neat binder. Compared to the original
binder with no modifications, which was at the H-traffic level, both 9% and 20% GTR
modifications achieved two grade bumps and reached the E-traffic level.

• Although the percent recovery values obtained with CC geometries were slightly
higher than ones acquired with PP testing geometries, the difference between non-
recoverable creep compliance values was insignificant. A linear correlation between
PP and CC geometries was established with R2 equal to 0.98 (0.993 with zero inter-
cepts), implying either testing geometry can be used to determine the nonrecoverable
creep compliance.

• Only 20% of GTR modifications tested with PP and CC geometries and 9% of GTR
modifications tested with CC geometry were able to pass the AASHTO M322-elastic
curve. This indicates that low-percent GTR modifications do not provide enough
elasticity to the asphalt binder. Moreover, the type of testing geometry may have
an impact on the selection decision of the GTR-modified asphalt binders.
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Abstract: Sometimes civil engineering infrastructures have been constructed in hot and cold weath-
ering regions such as desert areas. In such situations, the concrete is not only smashed by hot and
cold processes but also spoiled by shrinkage cracking. Therefore, this study intends to examine the
influence of heat–cool cycles on high-strength concrete comprising various fibers, such as natural
date palm, polypropylene, and steel fibers, and their different volume percentages. The most popular
technique for improving the structural behavior of concrete is fiber insertion. Fibers decrease cracking
occurrences, enhance early strength under impact loads, and increase a structure’s ability to absorb
additional energy. The main goal is to examine the effects of three different types of fibers on regular
concrete exposed to heat–cool cycles. For each type of fiber, three dosages of 0.2%, 0.6%, and 1%
were used to create high-strength concrete. After 28 days of regular water curing and six months of
exposure to heat-and-cold cycles, all specimens were tested. The heat–cool cycles entailed heating for
two days at 60 ◦C in the oven and cooling for another two days at room temperature. The results of
the experiment showed that fiber reinforcement in concrete improves its strength and durability. The
flexural strength was substantially improved by increasing the date palm, polypropylene, and steel
fibers into the high-strength concrete with and without heat–cool cycles. Adding increments of date
palm, polypropylene, and steel fibers into high-strength concrete revealed a significant improvement
in energy absorption capacity in both cases, i.e., with or without the implementation of heat–cool
cycles. Therefore, the natural date palm fibers might be utilized to produce sustainable fibrous
high-strength concrete and be applicable in severe weathering conditions.

Keywords: fibrous concrete; date palm fiber; engineering characteristics; durability; thermal cycles;
energy absorption capacity

1. Introduction

Concrete structures are typically exposed to a variety of diverse environmental condi-
tions throughout their lifespan [1–3]. Hence, a concrete structure’s resilience is measured by
how well it can resist certain exposure conditions without needing extensive maintenance
or rehabilitation [4,5]. Concrete is said to be a composite material that can sustain itself for
many years, or even centuries, with little to no maintenance [6]. Without reinforcing, plain
cement concrete is made up of cement, fine, and coarse aggregate. To produce different
types of concrete that are appropriate for diverse structural loading and environmental
conditions, changes can be made to the ingredients used to generate plain cement concrete
(PCC) and its mix design. Several performance-related difficulties are presented in order to
emphasize the typical concrete’s poor performance even further [7,8].

“The advent of ultra-high-performance concrete (UHPC) in the 1990s was a technolog-
ical improvement in the creation of concrete [9,10]. High compressive strength, high tensile
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strength, and a good degree of fracture toughness and ductility were the distinguishing
characteristics of this innovative concrete [11–13]. Additionally, fibers are being employed
as a discrete three-dimensional reinforcement to overcome PCC’s shortcomings and as a
substitute for UHPC [14–16]. In order to increase its resistance to loads, fiber-reinforced
concrete (FRC) inserts fiber into its composition. Different kinds of FRC have been devel-
oped, each with unique and significant benefits. FRCs have a wide range of applications
because of their many benefits—good tensile strength, ductility, and fatigue resistance—
which include building pavements, industrial floors, tunnel linings, slope stabilization, and
impact-resistant constructions, among others” [17,18].

The initiation and spread of cracks in concrete under tensile and compressive loads
can be prevented or delayed by using the right fiber type. Commercially accessible rein-
forcements come in a variety of categories and have features that make them suitable for
particular applications. Examples include “carbon fiber [19,20], steel fiber (SF) [21,22], glass
fiber [23], polypropylene fiber [24,25], organic fibers [26,27], carbon nanotubes [28], basalt
fiber [29] and more. In comparison to other industrial fibers, SF is by far the better fiber
when it comes to the mechanical performance of concrete. SF has a high elastic modulus of
roughly 200 GPa, and a high tensile strength of over 1200 MPa. The literature has estab-
lished a paradigm that supports the viability of SF as an excellent reinforcement material
that ensures satisfactory tensile, compressive, flexural, and shear strength qualities [30,31].
Azad, A. K. et al. [32] expressed the experimental outcomes of the flexural test, the speci-
mens can support more loads once they reach the cracking load; however, once they reach
the peak load, a softening mode of collapse is seen, exhibiting great ductility. Additionally,
it has been demonstrated that the use of steel fibers increases the reinforced concrete beams’
resistance to shear failure, negating the need for stirrups” [33–35].

Mishra, S. et al. [36] have utilized numerous chemically altered sisal fibers as reinforce-
ment, in addition to glass fibers, in the polyester matrix to improve the mechanical proper-
ties of the hybrid composites. According to the experimental findings, hybrid composites
absorb less water than unhybridized composites. Mohanty, A. K et al. [37] demonstrated
that these concrete specimens’ water absorption rates were low when compared to un-
palmed and categorized composites. When compared to well-known composites, such as
glass and palm, bamboo and palm, and glass manufactured using the same techniques, an
analysis of the tensile, flexural, and dielectric properties of composites revealed comparable
results for characteristics, such as tensile strength. Priya, S. P. et al. [38] examined the
tensile strength of these palm and glass composites and determined that adding more
fabric to these composites improved their mechanical qualities. It was discovered that
the matrix and the reinforcement had strong interfacial bonding and chemical resistance.
Althoey, F. et al. [39] investigated the engineering characteristics of date palm fiber-infused
high-strength concrete as well as the performance of conventional steel and polypropylene
fibers. The concrete samples were fabricated using 0.0%, 0.20%, 0.60%, and 1.0% volumes
of date palm, steel, and polypropylene fibers. The results revealed that 1% of date palm,
steel, and polypropylene fibers boosted the splitting tensile strength by 17%, 43%, and
16%, respectively. For date palm, steel, and polypropylene fibers, the flexural strength was
enhanced from 60% to 85%, 67% to 165%, and 61% to 79% respectively, by adding 1% fiber
in comparison to the reference sample.

The main aim of this paper is to investigate the influence of three different types of
fibers (date palm, polypropylene, and steel) in creating high-strength concrete under the
heat–cool exposure cycles.

2. Research Significance

One of the most promising and cost-effective solutions is to replace traditional steel-
reinforced concrete with fiber-reinforced concrete for structural applications. This study
focuses on high-strength concrete comprising date palm fibers, which are agro-waste in
the Arabian gulf region, and its properties compared to conventional polypropylene and
steel fibers. Durability is the key concern for new date palm fiber-reinforced high-strength
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concrete. Concrete’s resilience and service life are largely influenced by environmental
variables including heating–cooling and freezing–thawing cycles. One of the most prevalent
and harmful variables for concrete in service is the heat–cool cycle, which is found in many
parts of the world, including the Arabian Gulf, Northwest China, and southern California
in the United States. Therefore, this study focuses on the influence of heat–cool cyclic
exposure on the performance of high-strength concrete comprising date palm fibers and
conventional polypropylene and steel fibers.

3. Materials and Methods

3.1. Materials
3.1.1. Cement

In this investigation, the high-strength date palm, polypropylene, and steel fiber
concrete specimens were made using regular Portland cement Type-I. The cement had a
fineness of 4100 cm2/g and a specific gravity of 3.15. According to the manufacturer [40]
and verified by ASTM C 150 [41], the cement included 59% C3S, 12.10% C2S, 10.60% C3A,
and 10.4% C4AF. Table 1 includes information about the cement’s chemical arrangement.

Table 1. Chemical arrangement of cement.

Chemical
Composite

Cao Al2O3 Fe2O3 MgO SiO2 SO3 LOI K2O Insoluble

Mass (%) 63.83 6.25 3.45 0.97 19.70 2.25 1.52 1.08 0.95

3.1.2. Aggregates

Natural dune sand was utilized as a fine aggregate, with the majority of its particles
passing through a 4.75 mm sieve [42]. The high-strength date palm, polypropylene, and
steel fibrous concrete was made utilizing crushed stone with a maximum size of 20 mm
as the coarse aggregate. Table 2 demonstrates the physical characteristics of the fine and
coarse aggregates.

Table 2. Physical characteristics of the aggregates.

Characteristics
Type of Aggregate

Fine Coarse

Bulk Density (kg/m3) 1535.74 1630.00

Specific Gravity 2.67 2.77

Fineness Modulus 2.23 7.34

Water Absorption (%) 1.31 0.69

3.1.3. Superplasticizer and Water

For the production of high-strength date palm, polypropylene, and steel fibrous
concrete, super plasticizers (SP) are renowned as excellent water reducers. In this study,
Glenium® 110M, which is based on polycarboxylate ether, was applied as an SP when
fabricating the fibrous concrete.

In both cases, filtered tap water was a key component in the production and curing
of high-strength fibrous concrete. The requirements for producing high-strength fibrous
concrete with ASTM C1602/C1602M [43] have been related to the qualities of water.

3.1.4. Date Palm Fibers

The date palm fibers were sourced from date palm trees in and around Najran, Saudi
Arabia, that were 15 to 25 years old. These trees represent one of the best accessible
diversities and are responsible for a sizable amount of agricultural waste products. Using
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a manual process, the date palm fibers were manually removed and collected from the
palm trees. The bidirectional date palm fibers are positioned around the trunk of the tree
and consist of two or three layers that are packed and overlaid. The different lengths and
diameters of the raw date palm fibers were collected from the agro-farm, as shown in
Figure 1.

 

Figure 1. Collecting procedure of date palm fibers as a waste material.

Chemical Treatment of Date Palm Fibers

“To remove any potential contaminants from the surface of the fibers and to improve
the compatibility of the fibers with other concrete ingredients, the date palm fibers were
chemically cured using varying concentrations of Sodium Hydroxide (NaOH). The major
modification caused by this treatment is the disruption of hydrogen bonding within the
network structure, here with increasing surface roughness. Here, aqueous NaOH is used to
remove the lignin, wax, and oils from the cell walls. Thus, alkaline treatment often affects
the cellulosic fibril, the degree of polymerization, and therefore the extraction of lignin
and other non-cellulosic compounds. The treatment of date palm fibers was performed
by NaOH solution immersion. The fibers were treated by immersing them individually
in 1.5%, 3.0%, and 6.0% of NaOH solution. The fibers were immersed in the solution for
24 h at room temperature. Based on the effect on the fibers, a treatment with 3% NaOH
was chosen due to the highest tensile strength of the fibers”. Table 3 catalogs the physical
characteristics of date palm fibers.

Table 3. Date palm fiber’s physical characteristics.

Type of Date Palm Fibers Diameter, (mm) Length (mm) Elongation (%) Strain
Tensile Strength

(MPa)

Raw Fibers 0.90 92 4 0.044 100
1.5% NaOH Treated 0.65 79 6 0.058 174
3.0% NaOH Treated 0.61 79 6 0.062 234
6.0% NaOH Treated 0.69 80 5 0.055 181
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3.1.5. Polypropylene Fibers

Polypropylene fiber was applied to manufacture the high-strength fibrous concrete
compared with date palm and steel fibrous concrete. The manufacturer provided the
polypropylene fiber’s physical characteristics, which are presented in Table 4. Figure 2
shows the polypropylene fibers that were utilized in this investigation.

Table 4. Polypropylene fiber’s physical characteristics.

Length (cm) Diameter (cm) Density (g/cm3)
Young Modulus

(GPa)
Elongation at Breaking

(%)
Tensile Strength

(MPa)

1.20 0.0025 0.91 5.4 30 550

 

Figure 2. Polypropylene fibers.

3.1.6. Steel Fibers

The steel fibers were bundled with adhesive and hooked at both ends, as shown in
Figure 3. The high-strength fibrous concrete was produced using these bundled steel fibers.
Table 5 lists the physical characteristics of the steel fibers. Table 6 reveals the range of fibers
used to manufacture the fibrous concrete, which ranges from 0% to 1.0% of the volume of
the concrete.

 

Figure 3. Bundled steel fibers.

Table 5. Steel fiber’s physical characteristics.

Length (cm) Diameter (cm) Aspect Ratio Density (g/cm3)
Tensile Strength

(MPa)

6.0 0.075 80 7.85 625
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Table 6. Fibrous concrete mix proportion.

Mix ID

Fibers Aggregates
Cement Water SP

(%)
Date Palm PP Steel Fine Coarse

Kilogram per Cubic Metre

REF 0 - - -

736.93 1105.40 400.00 176.40 2.0

DF0.2 0.2 8 - -

DF0.6 0.6 24 - -

DF1.0 1.0 40 - -

PF0.2 0.2 - 8 -

PF0.6 0.6 - 24 -

PF1.0 1.0 - 40 -

SF0.2 0.2 - - 8

SF0.6 0.6 - - 24

SF1.0 1.0 - - 40

3.2. Methodology
3.2.1. Mix Design and Specimens Preparation

Various tests that focus on specific aspects of the date palm, polypropylene, and
steel fibrous high-strength concrete were used to evaluate the performance of the fibers.
Different fibers (date palm, polypropylene, and steel) are blended with concrete in varying
amounts. In this study, 0.2%, 0.6%, and 1.0% of fibers by volume of concrete have been
applied for manufacturing the high-strength fibrous concrete. A total of ten mixtures were
developed using date palm fiber (DF), polypropylene fiber (PF), and steel fiber (SF) as
shown in Table 6.

The experimental program was conducted to calculate the various hardened features
of the high-strength fibrous concrete using 100 mm cubes, 150 mm diameter × 300 mm
height cylinders, and 100 mm × 100 mm × 500 mm prisms. Each mixture of high-strength
fibrous concrete contained three specimens, and average values are presented in this study.

3.2.2. Thermal Cycles Procedure

The specimens were exposed to heat–cool cycles after 28 days of water curing by
placing them into an oven. A single heating and cooling process cycle consisted of two days
of heating at 60 ◦C and then two days of cooling specimens at room temperature 25 ± 5 ◦C,
repeated for 180 days. This heat–cool cycle was chosen to simulate several areas of the
Kingdom of Saudi Arabia’s daily variation of ambient temperature, which is prevalent
in the summer. Sufficient space between specimens was maintained to allow a uniform
flow of hot air during heating and easy dissipation of heat during cooling. The specimens
were placed at an adequate distance from the source of hot air so that the heat would not
concentrate only on the surface of the specimens, as shown in Figure 4. After 180 days of
exposure, the hardened density, compressive strength, flexural strength, ultrasonic pulse
velocity (UPV), and water absorption of the specimens were determined.
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Figure 4. Fiber reinforced concrete specimens under heat–cool cycles.

3.2.3. Investigation of Structural Properties
Compressive Strength Test

The capacity of concrete to carry compressive loads till failure is known as compressive
strength. Based on ASTM C109 [44], the compressive strength test for high-strength date
palm, polypropylene, and steel fiber reinforced concrete was carried out. The 100 × 100 ×
100 mm cube specimens were evaluated after being hydrated for 28 days with ordinary
drinkable water. The following formula was used to determine the compressive strength of
the high-strength fibrous concrete specimens:

f ′c =
F

Ac
(1)

where f ′c is compressive strength in MPa; F is the maximum compressive load at failure in
N; Ac is the cross-sectional area of the specimens in mm2.

Flexural Strength Test

According to ASTM C293 [45], a center-point loading arrangement was employed to
test the flexural strength of high-strength date palm, polypropylene, and steel fiber concrete
prism specimens. This test was performed using a Universal Instron machine with a 400 kN
loading capacity and a constant loading rate of 0.0167 mm/s. This experiment evaluated the
high-strength date palm, polypropylene, and steel fibrous concrete’s modulus of rupture
(MOR). This method is frequently used to succeed in high-strength fibrous concrete’s
flexural strength. A linear variable displacement transducer (LVDT) installed at the center
of 100 mm × 100 mm × 500 mm high-strength fiber reinforced concrete prism specimens
were used to assess the displacement. While conducting the experiment on the prism
specimens, the applied load and displacement were automatically recorded in the data
logger. To study the load-displacement curves, the data logger’s recorded results were
transferred to a computer.

Density Test

After a 28-day curing period, the density of the high-strength date palm, polypropy-
lene, and steel fiber concrete specimens was measured with reference to ASTM C138 [46].
Before performing the mechanical compression test, this experiment was performed on
the specimens. The weight and volume of the fiber concrete specimens were assessed
throughout these studies.
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Water Absorption Capacity Test

The presence of enclosing little holes that are changed by excessive water is a sign
of concrete’s greater quality. As a result, “concrete quality measurements like density,
stiffness, and durability are typically computed using the experiment to determine water
absorption capacity. After meeting the requirement of the curing period of 28 days, the
water absorption test for high-strength date palm, polypropylene, and steel fiber reinforced
concrete was carried out in accordance with BS 2011 Part 122 [47] using cylindrical spec-
imens with sizes of 75 mm in diameter and 150 mm in height. The high-strength fiber
reinforced concrete specimens were initially dried for the first 72 h in an electric power
oven at a constant temperature of 105 ◦C. The specimens were then removed from the oven,
allowed to cool for 24 h in a dry environment, and weighed. The specimens were placed
right away in a water tank at a temperature of 20 ◦C. The specimens were submerged in
water for 30 min with the specimen’s longitudinal axis kept horizontal. Following the
collection of the specimens from the water, the clothing was dried to obtain a saturated
surface state before being reweighed”. The increase in weight caused by immersion in
water, which was shown as a percentage of the dry weight of the specimen, was used to
determine the water absorption capacity of fiber reinforced concrete specimens.

Ultrasonic Pulse Velocity (UPV) Test

The ultrasonic pulse velocity (UPV) test was used to validate the integrity and homo-
geneity of the high-strength date palm, polypropylene, and steel fiber reinforced concrete
specimens [48]. The test was performed using the high-strength fiber reinforced concrete
specimens in accordance with ASTM C597 [49].

Energy Absorption Capacity

The energy retained by the unit cross-sectional area at any displacement terminal point
is used to represent the high-strength date palm, polypropylene, and steel fiber-reinforced
concrete specimens’ ability to absorb energy [50]. By using the area under the load vs.
deflection graphs up to the specimens’ rupture, the energy absorption capacity of the
specimens was calculated.

4. Results and Discussions

4.1. Compressive Strength

The experimental outcomes of the compressive strength for date palm, polypropylene,
and steel fiber-reinforced concrete specimens with and without implementing heat–cool
cycles are shown in Figure 5. The compressive strength gradually enhanced with increasing
the fiber content for date palm, polypropylene, and steel fiber-reinforced concrete specimens
without applying the heat–cool cycles compared with the reference specimen, as shown in
Figure 5a. At the same time, the compressive strength for specimens that underwent the
heat–cool cycles was slightly reduced as the volume of fibers increased for date palm and
polypropylene fiber-reinforced concrete specimens, but not steel fiber specimens, compared
with reference specimens. Therefore, the compressive strength might predominantly rely on
the strength of the aggregates [51], whereas the impact of heat–cool cycles on the strength
may be trivial.

Figure 5b–d show “the correlation between the compressive strength and date palm,
polypropylene, and steel fibers contents, respectively for the application of heat-cool cycles
and without heat-cool cycles. This correlation demonstrated strong R2 values for date palm,
polypropylene, and steel fiber-reinforced high-strength concrete specimens”. The predicted
equations for high-strength date palm, polypropylene, and steel fiber-reinforced concrete
specimens for the implementation of heat–cool cycles and without heat–cool cycles are
specified by:

f ′cDF = 0.72v f + 69.84 f or date palm f ibers with heat − cool cycles (2)
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f ′cDF = 5.99v f + 63.01 f or date palm f ibers without heat − cool cycles (3)

f ′cPF = 5.13v f + 67.13 f or polypropylene f ibers with heat − cool cycles (4)

f ′cPF = 3.32v f + 65.54 f or polypropylene f ibers without heat − cool cycles (5)

f ′cSF = 0.44v f + 73.69 f or steel f ibers with heat − cool cycles (6)

f ′cSF = 7.57v f + 62.51 f or steel f ibers without heat − cool cycles (7)

where f ′cDF, f ′cPF, and f ′cSF are the compressive strength (MPa) of date palm, polypropylene,
and steel fiber-reinforced concrete specimens, respectively and v f is the fibers content (%)
in the concrete specimens.

(a) 

(b) 

Figure 5. Cont.
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(c) 

(d) 

Figure 5. Influence of heat–cooling cycles on the compressive strength of fibrous concrete. (a) Assess-
ment of compressive strength for heat–cool cycles; (b) Correlation between the compressive strength
and amount of date palm fibers; (c) Correlation between the compressive strength and amount of
polypropylene fibers; (d) Correlation between the compressive strength and amount of steel fibers.

4.2. Flexural Strength

The flexural performance of fiber-reinforced concrete is crucial for safeguarding in-
frastructures against severe weathering actions, such as freeze–thaws and extreme tem-
perature [52–54]. The flexural strength of high-strength concrete comprising date palm,
polypropylene, and steel fibers and its improvement are presented in Figure 6a. The ad-
dition of date palm, polypropylene, and steel fibers from 0% to 1% into the high-strength
concrete significantly enhanced the flexural strength up to 85%, 79%, and 165%, respec-
tively, compared with the reference specimen, without the implementation of heat–cool
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cycles. This was increased to 4%, 2%, and 34% for date palm, polypropylene, and steel
fibers containing specimens, respectively, compared with the reference specimen when
heat–cool cycles were applied on the specimens. In both cases, the steel fibers significantly
enhanced the flexural strength compared with the date palm and polypropylene. The
steel fibers might withstand or postpone the arising initial cracks in the cross-section of
the specimens because of their higher flexural rigidity and higher capability to resist the
severe weathering action. On the other hand, date palm fibers exhibited better flexural
performance over polypropylene fibers because of the larger length of fibers.

Whereas, Kriker, A. et al. [55] investigated the mechanical and physical characteristics
of four different varieties of date palm fibers. The attributes of date palm fiber-reinforced
concrete are also provided as a function of curing in water and in a hot, dry climate,
including strength, continuity index, toughness, and microstructure. When hot, in both
dry and water curing, it was discovered that increasing the length and percentage of fiber
reinforcement improved the post-crack flexural strength and toughness coefficients but
decreased the first crack and compressive strengths.

(a) 

(b) 

Figure 6. Cont.
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(c) 

(d) 

Figure 6. Impact of heat–cool cycles on the flexural strength of fibrous concrete. (a) Flexural
performance of fibrous concrete changed due to heat–cool cycles; (b) Correlation between the flexural
strength and amount of date palm fibers; (c) Correlation between the flexural strength and amount of
polypropylene fibers; (d) Correlation between the flexural strength and amount of steel fibers.

“The relationship between the flexural strength and volume fraction of date palm,
polypropylene, and steel fibers with applying the heat-cool cycles and without heat-cool
cycles are displayed in Figure 6b–d, respectively. This correlation demonstrated linearly
enhancing flexural strength for date palm, polypropylene, and steel fiber-reinforced high-
strength concrete specimens without applying heat-cool cycles. By contrast, only steel
fibers comprising specimens exhibited predominantly improving flexural strength under
the heat-cool cycles”. The flexural strength predicted equations for high-strength date palm,
polypropylene, and steel-fiber-reinforced concrete specimens for the implementation of
heat–cool cycles and without heat–cool cycles are specified by:
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frDF = −0.32v2
f + 1.97v f + 8.36 f or date palm f ibers with heat − cool cycles (8)

frDF = 1.63v f + 8.06 f or date palm f ibers without heat − cool cycles (9)

frPF = 1.69v2
f + 2.8v f + 9.37 f or polypropylene f ibers with heat − cool cycles (10)

frPF = 1.19v f + 8.23 f or polypropylene f ibers without heat − cool cycles (11)

frSF = 2.44v f + 9.11 f or steel f ibers with heat − cool cycles (12)

frSF = 6.40v f + 7.28 f or steel f ibers without heat − cool cycles (13)

where frDF, frPF, and frSF are the flexural strength (MPa) of date palm, polypropylene, and
steel fiber-reinforced concrete specimens, respectively.

4.3. Density

Density is an essential characteristic for high-strength fiber-reinforced concrete. “The
density of fiber-reinforced concrete relying on the ingredients used to manufacture it [56].
The density of high-strength concrete containing of date palm, polypropylene, and steel
fibers under application of the heat-cool cycles (with and without) as presented in Figure 7a.
The density of fibrous high-strength concrete progressively reduces with the increasing the
date palm and polypropylene fibers without applying the heat-cool cycles, whereas the
density predominantly improves for steel fibers due to the heavier unit of steel fibers over
the date palm and polypropylene fibers. In contrast, the densities were gradually reduced
by adding different amounts of fiber for date palm, polypropylene, and steel fibers except
for the SF1.0 specimen in the application of the heat-cool cycles on the specimens”. The
density increased up to 3% and 4% by adding steel fibers in the high-strength concrete
incorporating heat–cool cycles and without heat–cool cycles, respectively.

(a) 

Figure 7. Cont.
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(b) 

(c) 

(d) 

Figure 7. Effect of heat–cooling cycles on the density of high-strength fiber-reinforced concrete.
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(a) Density of fiber reinforced concrete reflecting due to heat–cool cycles; (b) Correlation between
the density and amount of date palm fibers; (c) Correlation between the density and amount of
polypropylene fibers; (d) Correlation between the density and amount of steel fibers.

A linear correlation emerged between the density and amount of date palm, polypropy-
lene, and steel fiber content for the employed of heat–cool cycles and without heat–cool
cycles with strong R2 values, as shown in Figure 7b–d. The density of high-strength con-
crete comprising date palm, polypropylene, and steel fibers with and without heat–cool
cycles might be predicted by the following equations.

γDF = −25.54v f + 2476.07 f or date palm f ibers with heat − cool cycles (14)

γDF = −22.71v f + 2520.41 f or date palm f ibers without heat − cool cycles (15)

γPF = −30.17v f + 2444.38 f or polypropylene f ibers with heat − cool cycles (16)

γPF = −52.25v f + 2514.18 f or polypropylene f ibers without heat − cool cycles (17)

γSF = 132.58v f + 2382.53 f or steel f ibers with heat − cool cycles (18)

γSF = 57.75v f + 2528.52 f or steel f ibers without heat − cool cycles (19)

where γDF, γPF, and γSF are the density (kg/m3) of date palm, polypropylene, and steel
fiber-reinforced concrete specimens, respectively.

4.4. Water Absorption Capacity

The concrete pore structure is known to play a significant role in the material’s durabil-
ity. The amount of water absorbed by immersion provides an estimate of the concrete’s total
pore volume [57]. The water absorption capacity of the high-strength date palm, polypropy-
lene, and steel fiber-reinforced concrete was higher than the reference concrete specimens
in applied heat–cool cycles and without heat–cool cycles. The water absorption capacity
was intensified with the increasing amount of fiber in the concrete in both cases, other
than the SF0.2 specimen, as shown in Figure 8a. Since the fibers flow around the mortar
and the fibers created a connection with them, thus, those fibers increased the micro-pour
inside the concrete. As a consequence, the water absorption capacity of fiber-reinforced was
increased significantly compared with the reference specimen. However, the date palm,
polypropylene, and steel fiber-reinforced concrete exhibited much lower water absorption
capacity since the water absorption capacity in good-grade concrete should have to be
lower than 10% by weight [58].

The correlation between the water absorption capacity and amount of date palm,
polypropylene, and steel fiber content, respectively for the application of heat–cool cycles
and without heat–cool cycles with strong R2 values as revealed in Figure 8b–d. The water
absorption capacity of high-strength concrete encompassing date palm, polypropylene, and
steel fibers with and without heat–cool cycles might be projected by the subsequent equations.

WcDF = 0.24v f + 1.70 f or date palm f ibers with heat − cool cycles (20)

WcDF = 0.14v f + 1.64 f or date palm f ibers without heat − cool cycles (21)

WcPF = 0.29v f + 1.83 f or polypropylene f ibers with heat − cool cycles (22)

WcPF = 0.15v f + 1.90 f or polypropylene f ibers without heat − cool cycles (23)

WcSF = 0.25v f + 1.55 f or steel f ibers with heat − cool cycles (24)

WcSF = 0.25v f + 1.51 f or steel f ibers without heat − cool cycles (25)

where WcDF, WcPF, and WcSF are the water absorption capacity (%) of date palm, polypropy-
lene, and steel fiber-reinforced concrete specimens, respectively.
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(a) 

(b) 

(c) 

Figure 8. Cont.
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(d) 

Figure 8. Variation of water absorption capacity of fibrous concrete due to heat–cool cycles. (a) Varia-
tion of water absorption capacity due to heat–cool cycles; (b) Correlation between the water absorp-
tion capacity and amount of date palm fibers; (c) Correlation between the water absorption capacity
and amount of polypropylene fibers; (d) Correlation between the water absorption capacity and
amount of steel fibers.

4.5. Ultrasonic Pulse Velocity

One of the most well-known non-destructive methods for evaluating the properties of
concrete is UPV [59,60]. “The travel time between the first set and the acceptance of the
pulse when the ultrasonic pulse went through the concrete specimen is used to construct
the UPV method. The travel route distance between transducers can be used to determine
the average wave propagation velocity [61]. Figure 9a depicts the UPV of the high-strength
concrete comprising date palm, polypropylene, and steel fibers with and without heat-cool
cycles. The date palm, polypropylene, and steel fibers were added to the high-strength
concrete with increasing amounts, which helped to reduce ultrasonic wave travel farther
and through greater efficiency without heat-cool cycles. There was no influence of heat-cool
cycles on the date palm, polypropylene, and steel fibers added to the high-strength concrete
with increasing fiber quantities”. This was done to ensure the uniformity and homogeneity
of this high-strength fiber-reinforced concrete.

The correlation between the UPV and volume fraction of date palm, polypropylene,
and steel fiber for the application of heat–cool cycles and without heat–cool cycles as shown
in Figure 9b–d. The UPV of high-strength concrete incorporating date palm, polypropylene,
and steel fibers with and without heat–cool cycles would be estimated by successive
equations.

UvDF = 1562.50v2
f − 22.50v f + 4.71 f or date palm f ibers with heat − cool cycles (26)

UvDF = −13.50v f + 5.07 f or date palm f ibers without heat − cool cycles (27)

UvPF = −15.00v f + 4.67 f or polypropylene f ibers with heat − cool cycles (28)

UvPF = −11.49v f + 4.86 f or polypropylene f ibers without heat − cool cycles (29)

UvSF = −15937.50v2
f + 130v f + 4.50 f or steel f ibers with heat − cool cycles (30)

UvSF = −35.74v f + 5.16 f or steel f ibers without heat − cool cycles (31)

where UvDF, UvPF, and UvSF are the UPV (km/s) of date palm, polypropylene, and steel
fiber-reinforced high-strength concrete specimens, respectively.
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The mathematical equations are very useful for the different mix proportions of
fiber-reinforced high-strength concrete, especially when many variables are used. The
outcomes of the fiber-reinforced, high-strength concrete might be obtained without the
need to conduct experimental investigations or other field studies. It also might be useful to
investigate the effects of one or more variables on the performance of high-strength concrete.

(a) 

(b) 

Figure 9. Cont.
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(c) 

(d) 

Figure 9. Deviations of UPV due to heat–cooling for high-strength fiber-reinforced concrete. (a) UPV
of the fibrous concrete changed due to heat–cool cycles; (b) Correlation between the UPV and
amount of date palm fibers; (c) Correlation between the UPV and amount of polypropylene fibers;
(d) Correlation between the UPV and amount of steel fibers.

4.6. Energy Absorption Capacity

The energy absorption capacities and their enhancement for high-strength date palm,
polypropylene, and steel fiber-reinforced concrete specimens without heat–cool cycles
are demonstrated in Figure 10a. The use of date palm, polypropylene, and steel fibers
revealed an enhancement in the energy absorption capacity of up to 2%, 2.5%, and 39%,
respectively, compared with the reference specimen when no heat–cool cycles were applied.
Increasing the amount of fiber reinforcement in the concrete mixes progressively enhanced
the load-bearing capacity and energy absorption capacities.
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(a) 

 
(b) 

Figure 10. Performance energy absorption capacity of high-strength concrete due to heat–cooling
cycles. (a) Energy absorption capacity and its enhancement without heat–cool cycles; (b) Energy
absorption capacity comparison without and with heat–cool cycles.

The high-strength date palm, polypropylene, and steel fiber-reinforced concrete spec-
imen’s energy absorption capacities with and without heat–cool cycles are shown in
Figure 10b. According to the assessment of the ruptured failure specimens, the crack-
bridging influence between the fibers and the grout matrix triggered the failure. As a
consequence, the steel fibers exhibited greater energy absorption in both cases (with and
without heat–cool cycles) over the date palm and polypropylene fiber-reinforced concrete
specimens since the steel fiber had a higher stiffness. Therefore, it should be suggested that
the concrete with steel fibers is more applicable in harsh weathering action compared with
the date palm and polypropylene fiber concrete specimens.
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5. Conclusions

The influence of heat–cool cycles on high-strength concrete reinforced with various
percentages (0%, 0.2%, 0.6%, and 1.0%) of date palm, polypropylene, and steel fibers during
manufacturing was investigated. The engineering properties were examined, including
compressive strength, flexural strength, density, water absorption capacity, ultrasonic
pulse velocity, and energy absorption capacity. The following concluding remarks can be
illustrated based on the laboratory examination:

The compressive strength of the high-strength concrete comprising date palm,
polypropylene, and steel fibers was enhanced significantly with increasing fiber contents
without implementing the heat–cool cycles. By contrast, compressive strength was reduced
by applying the heat–cool cycles on the specimens containing date palm and polypropy-
lene fibers; however, the steel fibers encompassing specimens expressed a substantial
improvement in this case, which was due to the higher compressive load-bearing capacity
of the fibers.

The flexural strength substantially improved with increasing the date palm, polypropy-
lene, and steel fibers into the high-strength concrete with and without heat–cool cycles.
Increasing the date palm, polypropylene, and steel fibers from 0% to 1.0% enhanced the
flexural strength up to 85%, 79%, and 165%, respectively, compared with the reference
specimen without the implementation of heat–cool cycles. On the other hand, the flexural
strength improved up to 4%, 2%, and 34%, respectively, over the reference specimens with
the implementation of heat–cool cycles.

The density was gradually reduced as the date palm and polypropylene fibers in-
creased without applying the heat–cool cycles, whereas the density for steel fibers was
noticeably improved by the steel fibers’ heavier unit compared to the date palm and
polypropylene fibers. In contrast, the densities were decreased by adding the different
amounts of fiber for date palm, polypropylene, and steel fibers, except for the SF1.0 speci-
men in the application of the heat–cool cycles.

The water absorption capacity was increased with the increasing amounts of date
palm, polypropylene, and steel fibers into high-strength concrete as fibers increased the
micropore in the concrete both with and without the implementation of heat–cool cycles.

With the addition of the date palm, polypropylene, and steel fibers, the high-strength
concrete exhibited an improvement in UPV compared with the reference specimen without
heat–cool cycles applied. A negligible impact was observed with the implementation of
heat–cool cycles on the date palm, polypropylene, and steel fiber-reinforced high-strength
concrete specimens.

The addition of date palm, polypropylene, and steel fibers into high-strength concrete
showed a substantial improvement in energy absorption capacity compared with the refer-
ence specimen in the cases both with and without the implementation of heat–cool cycles.

Therefore, the natural date palm fibers might be used to produce sustainable fibrous
high-strength concrete and be applicable in severe weathering conditions.

This study only applied 60 ◦C for thermal cycles on the specimens and afterward,
specimens were cooled for two days at room temperature 25 ± 5 ◦C (1 cycle) for 180 days.
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Abstract: The soil–water characteristic curve is an important tool to evaluate the water-holding
capacity of unsaturated soil. Plant roots can affect the matric suction of soil and the water-holding
capacity and permeability of the soil. Therefore, the morphological characteristics of plant roots will
lead to the difference in soil–water characteristics between soil slope and plant-covered slope. This
study aims to investigate the effect of Vetiver root morphology on soil–water characteristic curves of
plant-covered slope soil. The hydrological effect of the root distribution on the root–soil system was
also discussed. The results showed that: (1) The root surface area index (RAI) and root volume ratio
(Rv) of each soil section of the vetiver root system varied with depth in accordance with the Gaussian
function distribution; (2) In the process of natural drying, the matric suction generated within the
root system is significantly higher than that generated by evaporation of bare soil in the same soil
layer. The ability of vegetation soil to enhance soil matrix suction increases with the increase of soil
root surface area index; and (3) The α and n values of the SWCC model decreased with the increase of
Rv (root volume ratio of soil), while the air entry value increased. Under the same water content, the
matric suction corresponding to vegetation soil is significantly greater than bare soil. In addition, the
soil–water characteristic curve can be effectively predicted by combining the Rv of vegetated soils.

Keywords: vegetated slope; unsaturated soil; vetiver root system morphology; matrix suction;
soil–water characteristic curve

1. Introduction

Rigid protection measures are frequently used in engineering to prevent and control
the instability of the side slope [1]. With the gradual weathering of the soil and the aging of
the concrete, the protection capacity of the side slope is greatly reduced, causing a series
of hazards such as landslides [2]. In addition, the traditional protective measures are not
conducive to environmental protection. With the strengthening of ecological awareness,
plant-based ecological slope protection technology is widely adopted in engineering [3].
This technology mainly relies on the joint action of plant stems and roots to enhance
the shear strength and water-holding capacity of the soil, thus improving the safety and
stability of the slope [4,5]. However, the hydraulic properties of the root–soil system
are inadequately studied because of the relatively complex and uncertain morphological
distribution of plant roots.

In the experiment, Vetiver was selected as the slope protection plant, as shown in
Figure 1. Vetiver is a perennial herb with a fast growth rate and a well-developed and
tough root system. It has the characteristics of high adaptability to the environment with
resistance to salinity, drought, and infertility [6]. In North America, vegetation slope
protection mainly focuses on erosion control related to road construction. In Malaysia,
Thailand and other Southeast Asian countries, vetiver is used to strengthen the stability of
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ditches and highway subgrade slope protection because of its well-developed root system,
deep roots, and greater root tensile strength than ordinary plants [7]. In recent years,
ecological slope protection projects have also begun to get a lot of applications in China,
and achieved good slope protection effect and vegetation restoration effect [8,9].

 

Figure 1. Vetiver root system.

With the in-depth research on the mechanism of plant slope protection in recent years,
the plant root system has exhibited good mechanical and hydrological effects on slope
protection. Cheng et al. [10] conducted a pull-out test on the root system of the vetiver
plant, and found that the tensile strength of the root system is positively related to the
root diameter. Because of the reinforcement of the root system, the shear strength of the
shallow soil on the slope is increased by about 35–100% compared with the plain soil. Xiao
et al. [11] comprehensively considered root length and root diameter of the vetiver plant,
further improved the original formula for calculating root tensile strength, and obtained
the relevant calculation model parameters for vetiver plant roots. Deljouei’s research [12]
shows that the main factor affecting the change in fine root tension is the DBH of tree species
and sampling trees, In the follow-up study of Deljouei [13] it was found that the increase in
RAR in different species also had an impact on the enhancement of root reinforcement. In
addition, after considering the effect of DBH the elevation significantly affected the root
reinforcement of C. betulus.

In recent years, there are still many controversies about the contribution of plant roots
to soil fixation hydraulic effect. The previous study shows that 90% of road collapses
are caused by rainwater, suggesting that rainwater is the primary cause of side slope
instability [14]. The water absorption of plant roots has an enhanced effect on slope stability.
Under continuous precipitation, the maximum runoff coefficient for the plant-protected
slopes is 36.96% higher than for the slopes without plant protection [15]. By investigating
Setaria viridis and Artemisia, scholars have found that plants with cut leave still provide
good soil consolidation under rainfall conditions [16]. Yao [17] showed that the soil–water
content was the highest in the middle part of the slope. The soil at the foot of the slope
should have the highest water content affected by runoff. However, the development
of plant roots results in more water absorption and transpiration, leading to less water
content at the foot than at the middle part of the slope. The permeability coefficient of
soils with plant cover is greater than bare soils [18]. When there are more roots in the soil
the rainfall infiltration in the soil is higher. At sufficient rainfall, the rainwater infiltration
paths of root-rich soils differ significantly from those of bare soils, with the root system
directing the lateral preferential flow of water [19]. Ng et al. [8,20] studied the interactions
between the atmosphere, vegetation, and soil. The influence pattern of different plant root
morphological characteristics on the stability of shallow slopes was obtained by studying
the relationship between characteristic parameters, including leaf area, root area index
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(RAI), vegetation biomass, root volume ratio, and root cross-sectional area ratio of plants
and soil suction.

The soil–water characteristic curve of unsaturated soils is influenced by many factors,
such as soil structure, compaction, dry density, initial porosity ratio, and stress history [21].
Li [22] believed that the mineral composition and pore structure of the soil are the most
critical factors influencing the soil–water characteristic curve. If the main mineral com-
ponents of the soil are all hydrophilic minerals, the soil usually has more suction and
less dehumidification. The characteristic curve of the soil is also flatter, but the residual
moisture is higher. Sun [23] found that different pore distribution curves of soils can cause
significant differences in soil–water characteristic curves. Hou [24] compared the pore
structure of original loess in different soil layers and their soil–water characteristic curves.
The results showed that under the same matrix suction, different soil layers have different
volumetric water contents due to the differences in pore characteristics. Cai [25] showed
that the influence of pore structure on the soil–water characteristic curve was significant,
and the soil–water characteristic curves of compact and loose soils showed the trends
of “double-drop” and “single-drop”, respectively. Yao et al. [26,27] discovered that the
soil–water characteristic curve of the soil varied significantly in the range of matric suction
from 0 to 200 kPa after the application of vertical stress. This result suggested that the
compaction and stress state of the soil are closely related to the water-holding capacity.

In order to understand the influence of the root system on the water-holding capacity of
the soil, the characteristic parameters of the root morphology of the Vetiver were measured
by in situ full excavation method. Moreover, the variation in water content and matric
suction of soils with different root contents in the natural environment were measured by
the tensiometer method. Combined with the relevant theory of unsaturated soil mechanics,
the effect of Vetiver root morphology on the soil–water characteristic curve model of side
slope soils was investigated.

2. Materials and Methods

2.1. Materials
2.1.1. Experimental Site

The test site was located at Central South University of Forestry and Technology
in Changsha, Hunan Province, China (28◦8′ N, 112◦59′ E, 90 m a.s.l.). It belongs to the
subtropical monsoon climate. During the project construction, the excavated cutting or
manually filled embankment slopes are mostly barren earth rock slopes. The test site was
filled with barren, strongly weathered red sandy soil. During the filling process, in order to
keep the soil uniformity, void ratio and other parameters consistent, the method of layered
filling and compaction was adopted. After standing for a period of time, the soil was
gradually compacted under its own weight, and then with the same method, so as to finally
complete the filling in the test slope. The physical and mechanical properties of the red soil
on the test side slope are shown in Table 1. The particle size distribution curve is shown in
Figure 2. The size of the test side slope is 20 m × 2 m × 2 m. The slopes were divided into
two areas: one with Vetiver planted slopes; the other with bare soil slopes as the control
group. The environmental conditions such as rainfall, temperature and light, were kept
consistent for all slopes.

Table 1. Properties of soils samples.

Proportion
Natural
Density
(g·cm3)

Maximum
Density
(g·cm3)

Optimum
Moisture

Content (%)

Liquid
Limit (%)

Plastic
Limit (%)

Saturated Penetration
Coefficient (mm·h−1)

2.72 1.82 1.62 21.5 41.5 25.4 1.426

185



Sustainability 2023, 15, 1365

 

Figure 2. Gradation curve of soil sample.

The test started on 15 February 2021, when the seeds of Vetiver were sown. After
planting the vetiver grass, in order to ensure the water demand for its early development
and growth the vetiver grass should be watered manually at regular intervals in the first
two weeks after planting until it can grow and reproduce normally. Then, according to
climate conditions or test needs, decide whether to supplement water to plants to ensure
that vetiver will not stop growing due to excessive water shortage, and observe and record
the growth of vetiver in the test site every day.

2.1.2. Monitoring System and Period

The monitoring system consisted of two types of sensors (Figure 3a) and a data
collection system (Figure 3b). In order to measure the volumetric soil moisture content of
each measurement point, WaterScout SM100 with a range of 0%~saturation was adopted,
and its precision is 0.1% of the range. To measure matric suction Watermark Soil Moisture
Sensors were used. The measuring range of this type of tensiometer is 0–200 kPa. In order
to ensure that the sensor is effective, it should be saturated before installation and the sensor
should be preconditioned by repeated drying and wetting cycles (soaking for 30 min, and
then drying for several hours). Then use a small shovel to drill and take soil at the slope
site and dig a hole slightly larger than the size of the sensor to prevent wear of the sensor
film. Fill the hole with water and carefully push the sensor down into the hole. When the
sensor is completely pushed into the hole, backfill and tamp the hole in time to eliminate
the hole cavitation of tensiometer.

During the test, soil moisture sensors and tensiometers pre-buried in the specimen
soil were used to determine the change in volumetric soil moisture content and the matric
suction in each soil layer under the natural environment. The specific location of the
instrument and the measurement method are shown in Figure 3a, respectively. Each
measurement point was located in the vertical direction of the planting location, and soil
moisture sensors and tensiometers were pre-built at the measurement points. According to
the previous research [28] on the root system of vetiver by the research group and in order
to make the test results have better discrimination, the first measurement point was located
at a depth of 150 mm, the second at a depth of 350 mm, and the third at a depth of 550 mm;
the measurement point of bare slope is the same as above (Figure 3a). The monitoring of
the volumetric soil moisture content and the matric suction began on 7 July 2021, when
the root system of the tested vetiver grows for about six months. Within 47 days during
the test data were recorded every 24 h at each measurement point using a data collection
system. After 47 days of monitoring, the monitored vetiver was sampled and analyzed to
describe the effect of plant root morphological characteristics on the soil matric suction.
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During the test it was rainy season in Hunan Province. The total precipitation was
225.46 mm, and the temperature was within the range of 16~32 ◦C. The specific weather
temperature and precipitation in the test site are shown in Figure 4.

(a)

(b)

Figure 3. (a) Installation position of soil moisture content and matrix suction measuring equipment;
(b) Soil sensor reader.

 
Figure 4. Temperature and precipitation during the test.
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2.2. Methods
2.2.1. Vetiver Root Morphological Characteristics

In order to quantitatively describe the effect of plant root morphological characteristics
on the soil matric suction, the roots of the experimental Vetiver with a growth period of
six months were collected. The main parameters measured in this experiment included
the number of roots, root diameter, and root length. With the root branching order as the
ordering standard [29], the root ordering method was used to classify the coarse and fine
roots. The classification of this method is based on structure. For example, the root system
located at the extreme end without branches is defined as the order 3 root, while the parent
root of the order 3 root is defined as the order 2 root. Based on the planar structure of the
Vetiver root system (Figure 5), it can be classified into three root orders. The root tips of
Vetiver are mostly order 2 and order 3 roots, which are the main water-absorbing areas of
the root system. The root trichomes of order 1 roots are relatively few and have a weak
water absorption capacity.

Figure 5. Plane configuration of vetiver root system.

Plant roots are in direct contact with the soil and are the main organ to absorb water
and other nutrients. Due to the different distributions of roots in different soil sections,
the soil suction is also significantly affected by the root distribution. The RAI is defined
as the ratio of the root surface area of order 2 and 3 roots in the longitudinal section at a
given depth to the area of the root extension area in the horizontal direction, as shown in
Equation (1):

RAI = ∑n
i=1 πdiΔh

πD2
r

4

(1)

where Δh is the calculated depth range, usually 10 mm; Dr is the maximum extension
diameter of the root system in a horizontal direction; di is the diameter of the ith root
system; the total number of roots is n.

The calculation of RAI requires first determining the number of order 2 and order
3 roots and their sizes. Before measurement the roots are excavated, and the soil attached
to the roots is washed with a small stream of water. This process reduces the damage to the
root system and increases the accuracy and efficiency of the measurement.

The root volume ratio Rv is defined as the total volume of all plant roots at a certain
depth and for the proportion of the total soil volume in that soil layer, see Equation (2):

Rv =
∑n

i=1
πd2

i
4 Δh

πD2
r

4 Δh
(2)

The measurement of Rv is approximately the same as that of RAI. After excavating
the overall root system of the plant the number of all roots and the diameter of the roots
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were measured for all sections at each depth. The plant roots are then grouped by 0.5 mm
diameter, and the number of roots in each diameter range is counted.

2.2.2. Soil–Water Characteristic Curve

In order to establish the mathematical model of the soil–water characteristic curve, the
effective saturation Se defined by the saturated water content and residual water content
was introduced, which can be expressed by Equation (3) [30]:

Se =
θ − θr

θs − θr
(3)

where Se is effective saturation; θs is saturated water content; θr is residual moisture content.
When the residual water content is 0, the effective saturation Se equals the soil saturation.

The Van Genuchten model [31] is the most commonly used mathematical model for
describing soil–water characteristic curves, as shown in Equation (4). This model has high
fitting accuracy for different types of soils and can describe the soil–water characteristic
curve in the range of full negative pore water pressure:

Se =
1[

1 + (αϕ)n]m (4)

where α, m and n are fitting parameters; ψ is matric suction.
Combined with Equation (3), the model can be expressed as:

θ = θr +
θs − θr[

1 + (αϕ)n]m (5)

The fitting constants of the soil–water characteristic curve model depend on the
physical properties of the soil such as pore size distribution and air entry pressure values.

The reason for the change in the hydraulic properties of the vegetated soil is the
decrease in pore space and increase in water-holding capacity due to the root system
occupying the pore space in the soil. Considering the influence of plant roots on the soil–
water characteristic curve, the prediction order of suction change in vegetated soil can be
improved, providing the basis for analyzing the stability and erosion resistance of shallow
vegetated soil. Leung et al. [32] proposed a predicted model for the pore ratio of rooted
soils based on the concept of a root system occupying the volume of the soil pore, as shown
in Equation (6):

e =
e0 − Rv(1 + e0)

1 + Rv(1 + e0)
(6)

where e0 is Void ratio of bare soil; Rv is the volume ratio of root system, which varies with
the depth of soil. See Section 2.2.1 for the volume ratio depth distribution characteristics of
vetiver root system.

To simulate the effect of the root system on the water-holding capacity of the soil, Gallipoli
et al. [33] proposed an equation with soil porosity ratio as a function; see Equation (7):

Sr =

[
1 +

(
sem4

m3

)m2
]−m1

(7)

where Sr is the saturation of soil mass, s is the matrix suction of soil mass, e is the void ratio,
m1, m2, m3 and m4 are all fitting parameters of the model, dimensionless.

3. Results

3.1. Vetiver Root Morphology Characteristics

The Vetiver root system in this experiment is shown in Figure 6. The length, root
diameter, and root depth were recorded by manual measurement.
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Figure 6. The experimental Vetiver root system.

The number of order 1 roots obtained from the experiment is 223, and the number of
order 2 and 3 roots is 3158. The root diameters of order 1, order 2, and order 3 roots in each
depth section were summed up at a unit depth of 10 mm to obtain the total root diameter
of the root system, as shown in Figure 7.

  
(a) (b) 

Figure 7. Characteristics of depth distribution of (a) order 2 and 3 roots of Vetiver; (b) order 1 root of
Vetiver.

The results show that order 2 and 3 roots are mainly concentrated in the surface layer
from 0 to 20 cm, accounting for 73% of the total root system in the soil section. Then, the
number of roots decreases with increasing depth. In soils below 20 cm, order 2 and 3 roots
are also relatively enriched in some areas but the number is still lower than at the surface
layer.

The RAI and Rv of each soil section of the Vetiver root system were fitted. The results
showed that the variation in RAI and Rv with depth is consistent with the Gaussian function
(Equation (8)), as shown in Figure 8.

f (z) = ae−(z−b)2/2c2
(8)
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Figure 8. Root area index (RAI) and Root volume ratio (Rv) of each soil layer section.

The fitting results are shown in Table 2. The variation in RAI with depth is roughly
similar to the variation in root diameter with soil depth, which resembles an upside-down
clock in shape. The root system of the test vetiver has a maximum RAI of 0.05541 at a depth
of 18.97 cm. In the surface soil with a depth of 15 cm, the RAI increases with depth. The Rv
of vetiver shows a slight increase in the surface soil with a depth of 6 cm, and then it began
to decrease with depth in the form of a Gaussian function.

Table 2. Fitting parameters of distribution characteristic curve of vetiver root system.

Fitting Parameters
Correlation Coefficient (R2)

a b c

RAI 0.05541 18.97 25.39 0.9149

Rv 0.05241 −5.9241 28.59 0.9560

3.2. Influence of Vetiver Root Morphology on Matrix Suction

In this study, the effect of Vetiver transpiration and soil evaporation on side slope
suction was studied by comparing and analyzing the changes in matric suction of side
slopes with and without plant cover. The suction variation at the slope soil depths of
150 mm, 350 mm, and 550 mm was monitored by a tensiometer buried in the slope soil,
and the results are shown in Figure 9.

The magnitude and variation in matric suction of vegetated soil were larger than those
for bare soil in the same layer, indicating that the water transpiration effect of plant roots is
significant. Compared to bare soil, the root system in the vegetated soil increased the matric
suction by absorbing water from the soil, significantly reducing the water content. The root
system near the surface soil was more densely distributed and strongly influenced by the
atmosphere. Therefore, the soil closer to the slope surface showed a greater variation in
matric suction, while the soil in the deeper layer had a smaller variation in matric suction.

Combined with the root morphology, the weather from day 20 to day 28 of the test
period has been sunny with zero rainfall, and the slope soil is in a naturally dry state. The
effect of transpiration and evaporation of vegetated soil and evaporation of bare soil on
the soil matric suction during this period is shown in Figure 10. Table 3 shows the matric
suction Δs generated in bare soil and vegetated soil in each period, i.e., Δs = s1 − s0, where
s0 is the initial matric suction before soil drying, s1 is the matric suction after 48 h of drying.
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(a) (b) 

 

(c) 

Figure 9. Change in matrix suction of (a) 150 mm; (b) 350 mm; (c) 550 mm soil layer.

(a) (b)

Figure 10. Change in matrix suction of (a) bare soil and (b) vegetated soil at each depth under natural
dry environment.
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Table 3. Matrix suction Δs (kPa) generated by soil in each period.

Period Soil Types 150 mm 350 mm 550 mm

0–48 h
Bare Soil 16.7 7 2.8

Vegetated Soil 25 12.6 3.4

48–96 h
Bare Soil 3.6 2.4 1.6

Vegetated Soil 10.5 4.7 1.8

96–144 h
Bare Soil 9.9 5.9 1.3

Vegetated Soil 23.1 9.8 1.5

144–192 h
Bare Soil 4.7 4.2 0.6

Vegetated Soil 17.1 6.4 0.7

From Figure 10a, it can be seen that the matric suction of the bare slope soil varies
within 8 days of natural drying, with the greatest variation at a depth of 150 mm, increasing
from 29.3 kPa to 66.2 kPa. The suction of the soil grows from 25.8 kPa to 45.3 kPa at a soil
depth of 350 mm. The soil located at a depth of 550 mm has the smallest suction increase,
growing from 14 kPa to 20.6 kPa. These results indicate a close relationship between the
evaporation rate of the soil and the soil depth. The surface soils are strongly influenced by
the atmosphere, with stronger evaporation and more significant suction changes than the
deeper soils.

Comparing the relationship between RAI and soil matric suction in each soil layer, it
can be found that the matric suction generated in the root system is significantly higher than
that generated in the bare soil at the same layer. The matric suction of both vegetated soil
and bare soil significantly increases at the beginning of the natural drying process (0–48 h).
The matric suction of the soil covered by Vetiver reaches 76.6 kPa at a depth of 150 mm,
and the matric suction generated by transpiration and evaporation reaches 25 kPa during
that time, which is 8.3 kPa higher than that generated by the bare soil. At a soil depth
of 350 mm the matric suction of the Vetiver-covered soil reaches 48.3 kPa, and the matric
suction generated by transpiration and evaporation is 12.6 kPa, which is 5.6 kPa higher than
that generated by the bare soil. At a soil depth of 550 mm, the substrate suction produced
by both Vetiver-covered soil and bare soil is at a low order, with the former only 0.6 kPa
greater than the bare soil. At 96 h of natural soil drying, the matric suction generated by
both vegetated soil and bare soil is lower than that generated in other periods. The matric
suction generated by each layer of vegetated soil at this period is 10.5 kPa, 4.7 kPa, and
1.8 kPa, which decreases by 58%, 62.7%, and 47%, respectively. These differences may be
caused by the relatively weak evaporation rate of the soil, photosynthesis, and transpiration
of the plants in cloudy or low-temperature environments. The enhancement of soil matric
suction by plant transpiration is most significant during 96–144 h of the soil drying phase.
The enhancement of matric suction is 23.1 kPa in the vegetated soil at a depth of 150 mm,
13.2 kPa higher than that of bare soil.

During the natural drying of the soil, the variation in soil suction in each soil layer
was significantly influenced by the RAI of Vetiver roots, as shown in Figure 11.

It can be seen from Figure 11a that due to soil evaporation and plant transpiration,
the surface soil is strongly influenced by the atmosphere and is rich in the root system.
Therefore, the matric suction generated during natural drying is significantly greater in
the surface soil than in the deep soil, where the vegetated soil generates a total of 77.6 kPa
of matric suction, which is increased by 40.7 kPa compared to the bare soil. As the root
volume in the deep soil decreases, the matric suction generated by the vegetated soil also
decreases. At a depth of 550 mm, the matric suction generated by the vegetated soil during
drying is only 1.1 kPa higher than that of bare soil.

As shown in Figure 11b, the RAI of the soil layer at a depth of 150 mm is 0.0563. Due
to the environmental factors at each time, the matric suction generated by the vegetated
soil is 6.9 kPa to 13.1 kPa higher than the bare soil. The RAI of the soil layer at a depth of
350 mm is 0.0328, and the increase in matrix suction generated by the vegetated soil at this
depth ranges from 2.2 kPa to 5.6 kPa. For the sparse root system at 550 mm soil layer with
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an RAI of only 0.0124, the increase in matric suction in the vegetated soil reaches 0.6 kPa at
the early drying stage and is less than or equal to 0.2 kPa at all other times. Based on the
above results it can be concluded that plant roots can effectively enhance the matric suction
during soil drying, and the enhancement increases with the RAI of the root-bearing soil
and is affected by environmental factors.

(a) (b)

Figure 11. (a) Matrix suction generated by natural drying and dehumidification of soil mass; and
(b) Relevance between matrix suction and root surface area coefficient.

3.3. The Soil–Water Characteristic Curve Model of Vetiver-Covered Slope Soil

The above results suggest that the matric suction of each soil layer varies significantly
with the decrease in the volumetric water content during the test period. On this basis, it can
be assumed that the soil is in a four-phase state (solid–liquid–gas–shrinkage film) during
the whole field test, which can be reflected by the transition of the soil–water characteristic
curve.

Because of the limited variation range of water content and matric suction by the
natural environment in the field test, it is often difficult to obtain the soil–water characteristic
curve in the full suction range. Before fitting the test data to obtain the parameters α, m,
and n, the saturated water content θs and the residual water content θr of the soil must be
determined first. Because there is no uniform test standard the residual water content θr is
generally obtained by fitting. The saturated water content θs can be calculated from the
pore ratio e, see Equation (9) [32]:

θs =
e

1 + e
(9)

For vegetated soils, the growth of roots occupies part of the soil pore space and
changes the pore structure, resulting in a change in pore size. Therefore, the pore ratio of
root-penetrated soil can be expressed by Equation (6).

The parameters of the soil–water characteristic curve for each soil sample obtained by
fitting the V-G model are shown in Table 4. Soil–water characteristic curves of soil with
and without root systems are shown in Figure 12.

It can be seen that the fitted soil–water characteristic curves have three stages, includ-
ing the boundary effect stage, the transition stage, and the unsaturated residual stage. In
the boundary effect stage, the suction of the soil slightly increases and the water content
maintains the saturation value. In the transition stage, the suction increases to the air entry
suction value of the soil. The gas starts to enter the large pores in the soil, the soil starts to
drain, and the water content starts to decrease significantly. In the unsaturated residual
stage, the water content is gradually weakened by suction. The water content no longer
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decreases with the increase in suction at a certain critical point, and the water content at
this point is the residual water content.

Table 4. Fitting parameter values of V-G model for different soil layer.

Soil Types θs
Fitting Parameters Correlation

Coefficient (R²)θr α n m (1 − 1/n)

Bare soil 41.6735 6.461 0.13295 1.916 0.4781 0.90483
Vetiver covered slope

150 mm soil layer 38.7736 2.885 0.07981 1.7231 0.4197 0.92725

Vetiver covered slope
350 mm soil layer 40.474 4.134 0.09389 1.797 0.4435 0.93672

Vetiver covered slope
550 mm soil layer 41.1739 5.193 0.10868 1.8541 0.4607 0.92746

(a) (b) 

( )

Figure 12. Fitting soil–water characteristic curve of (a) 150 mm soil layer; (b) 350 mm soil layer;
(c) 550 mm soil layer.

The soil sample data match the Van Genuchten model, and the fitted coefficients of
determination R2 are all greater than 0.9. With the increase in matric suction the soil–water
characteristic curves of each soil layer cross near the matric suction of 10 kPa. With further
increase in the substrate suction the curves converge again. The saturated volumetric water
content of the soil decreases with the increasing Rv of the soil layer, e.g., the saturated water
content of the soil at 150 mm decreases by about 2.89% compared with that of the bare
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soil. The parameter α associated with the air entry value also varies with the Rv of the soil
layer, with a larger Rv indicating the smaller the fitting parameter α. At the soil layer with a
depth of 550 mm the fitted parameter α is 0.10868 for the vegetated soil, smaller than that
for the bare soil (0.13295), and the curve is slightly smoother for the vegetated soil than for
the bare soil. The most significant change in the soil–water characteristic curve of the bare
soil is found at a depth of 150 mm. For the same water content at a gentler characteristic
curve, the matric suction corresponding to the vegetated soil is significantly greater than
that of bare soil. These results are of great significance for controlling surface soil erosion
and shallow stability.

Determination of the air entry value of the soil–water characteristic curve is necessary
for studying unsaturated soils. To obtain the air entry value, it is crucial to determine
the inversion point on the soil–water–soil characteristic curve. The calculation process is
shown below.

The coordinate of the inversion point is:{
ϕi =

1
αm1/n

θi = θr +
θs−θr

(1+1/m)m
(10)

After substituting the coordinate of the inversion point into the slope equation, the
slope of the inversion point is obtained:

Ki = θ′(ϕ) =
dθ(ϕ)

dlgϕ
= − ln(10)(θs − θr)n

[1 + 1/m]m+1 (11)

After obtaining the coordinate of a point and the slope of the tangent line, the equation
of the tangent line at that point can be expressed as:

θ − 1(
1 + 1

m

)m = − (θs − θr)n

[1 + 1/m]m+1

[
lgϕ − lg

(
1/αm

1
n

)]
(12)

Finally, a horizontal tangent line tangent to the soil–water characteristic curve is created
at the point (θs, 0), and the coordinate of its intersection with the tangent line of the inversion
point is calculated. The obtained horizontal coordinate of the intersection point is the air
entry value ψaev of the soil, as shown in Table 5. The results show that the air entry value of
the soil increases with the increasing Rv of the soil layer. The air entry value of the bare soil
is 3.2337 kPa. The Rv of the vegetated soil at a depth of 150 mm reaches 0.029, significantly
increasing the air entry value which is 2.652 kPa higher than that of the bare soil. The
presence of the root system also affects the location of the inversion point. With a larger Rv of
the soil layer, the horizontal coordinate of the inversion point on the soil–water characteristic
curve is larger. This result suggests that the period before the residual stage is prolonged,
enhancing the water-holding capacity of the soil. It can be found through Table 5 that the
slope of bare soil reaches −0.827 at the inversion point, while the slope of vegetated soil
decreases with the increase in Rv. Therefore, the soil–water characteristic curve of vegetated
soil can be smoother with increasing Rv compared with that of bare soil. Under the same
water content, the matric suction of vegetated soil is greater than that of bare soil.

The presence of the root system has a significant and regular effect on the soil–water
characteristic curve of the soil. The relationship between the soil–water characteristic curve
parameters and Rv based on the V-G model is shown in Figure 13.

It can be seen from Figure 13a that when Rv is 0 (the soil does not contain roots), the
value of α is 0.13295. When Rv is 0.029, the value of α decreases to 0.07981. Consistent
with the reference [34], the value of parameter α in the V-G model tends to decrease with
increasing Rv, with lower α indicating a higher air entry value. When Rv is 0, the α value
reaches its maximum, corresponding to the minimum air entry value of 3.2337 kPa. When
Rv is 0.029, the α value reaches its minimum and its corresponding air entry value reaches
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the maximum of 5.8857 kPa. Therefore, the air entry value of the soil increases with the
increase in Rv.

As can be seen in Figure 13b, the values of the fitted parameters n of the V-G model
for the test soil range from 1.7231 to 1.916, which increases with Rv.

Table 5. Basic parameters of Soil–Water Characteristic Curve of each soil layer.

Soil Types
Basic Parameters of Soil–Water Characteristic Curve

Air Entry Value (ψaev) Inversion Point (ψi, θi) Slope (ki)

Bare soil 3.2337 (11.06, 0.2699) −0.827
Vetiver covered slope 150 mm soil layer 5.8857 (20.74, 0.24) −0.688
Vetiver covered slope 350 mm soil layer 5.0486 (16.74, 0.2567) −0.742
Vetiver covered slope 550 mm soil layer 3.9824 (13.98, 0.2634) −0.789

  
(a) (b) 

Figure 13. Variation law of (a) parameters α and air entry value; (b) n value with Rv.

3.4. Prediction of the Soil–Water Characteristic Curve by Rv

The soil–water characteristic curves of both bare soil and vegetated soil are obtained
using the V-G model, better characterizing the relationship between volumetric water
content and matric suction of the soil. To better visualize the effect of plant roots on the soil–
water characteristic curve, the equation related to the porosity ratio proposed by Gallipoli
et al. [33] is adopted to investigate the effect of Rv on the water-holding capacity of the soil.
Four fitting parameters (m1, m2, m3, and m4) are obtained by fitting the Gallipoli model to
the test data points of bare soil, as shown in Table 6. Finally, the soil–water characteristic
curve of the vegetated soil is obtained by combining the parameter Rv of the root system
based on the soil–water characteristic curve, as shown in Figure 14.

From Figure 14, it can be found that the prediction curves obtained from the parametric
root volume ratio Rv of the root system are in good agreement with the measured values.
By analyzing the soil–water characteristic curves of the three sets of soil samples with roots,
it can be seen that the presence of roots increases the air entry value of the soil.
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Table 6. Parameter values of Gallipoli model.

Soil Types
Parameters of Gallipoli Model

Rv
m1 m2 m3 m4 e

Bare soil 0.4695 1.807 3.657 2.932 0.7161 0
Vetiver covered slope 150 mm soil layer 0.4695 1.807 3.657 2.932 0.6332 0.029
Vetiver covered slope 350 mm soil layer 0.4695 1.807 3.657 2.932 0.6799 0.012
Vetiver covered slope 550 mm soil layer 0.4695 1.807 3.657 2.932 0.6961 0.005

(a) (b) 

( )

Figure 14. Comparison between soil–water characteristic curve predicted by plant root parameter
Rv and measured value (a) vegetation soil at 150 mm soil layer; (b) vegetation soil at 350 mm;
(c) vegetation soil at 550 mm.

4. Discussion

Compared with Li’s research [28] on the morphology of biennial vetiver root system,
the results show that the distribution of Vetiver roots in depth direction exhibits similar
patterns in different growth periods. The root system of vetiver is very dense within
0~20 cm below the ground surface. With the increase in soil depth, the biomass of grass
root system decreases regularly [35]. It is more economical for plants to grow their roots
closer to the soil surface where they can exploit most of the available nutrients and water
from natural rainfall [36]. Vetiver grass belongs to the vertical root type, and its root group
diffusion range is about 20~25 cm in diameter. The diffusion range of the Vetiver root group
sampled in this study is 21.5 cm in diameter. The growth range of vetiver root group first
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increased and then decreased with the depth of soil layer, and its distribution conforms to
the Gauss curve [28]. According to the change pattern of RAI with depth (Figure 7), it can
be inferred that during the growth period the vetiver root system mainly produces more
order 2 and 3 roots through order 1 roots, so as to meet the demand of expanding around
the soil and absorbing more water and nutrients.

In this study the transpiration of plant roots is obvious. Compared with bare soil,
where there is only soil evaporation, the roots in vegetation soil absorb water from the soil,
thereby greatly reducing the soil moisture content and increasing the soil matrix suction.
Ng [8] found that after 20 days of plant transpiration test, the maximum suction of Bermuda
grass vegetation soil can reach 1.3 times that of bare soil, which is similar to the test results
in this paper: the vegetation soil with the largest root surface area index RAI produces
40.7 kPa more than that of bare soil in the 8-day natural drying process. Moein et al. [37]
also found that soil–water content was negatively correlated with very fine root density
(length and biomass) by studying the relationship between root distribution and soil–water
content of C. japonica and C. obtusa.

Rahardjo et al. [38] found that roots increased the air entry value of silty soils by about
4 kPa. Yan [39] also showed that silty soils were affected by the root system, with the air
entry value increasing by about 3 kPa. The conclusions in the present study are similar
to those of the above studies. In the study of the parameter n of the V-G model, Chen
et al. [40] found that the flatness of the soil–water characteristic curve was affected by the
value of parameter n, with a smaller n value indicating a higher flatness degree. There is a
correlation between the n value and the pore size distribution of the soil. When the pore
size distribution of the soil is uniform (the filling effect of the pore space between each soil
group is poor), the n value is larger and the curve is steeper. Thus, it can be assumed that
the presence of roots has a similar effect to the increased grain size of the soil for improving
soil gradation.

Leung et al. also found similar changes caused by roots in soil–water characteristic
curves [32]. Both the measured results and the Gallipoli model prediction curves show
that the roots of plants can enhance the air entry value and the water-holding capacity of
the soil. Romero et al. [41] and Ng et al. [42] also demonstrated that a lower porosity ratio
indicated a higher air entry value of the soil.

5. Conclusions

In this study, Vetiver, a common slope protection plant, was selected as the test object,
the root morphology of Vetiver was analyzed, and the characteristic parameters of root
morphology were obtained. Through outdoor tests, the matric suction and moisture content
of soil at different soil depths with or without plant coverage was measured, the variation
rules of soil moisture content and matric suction under the action of plant roots were
studied, and the relationship between root morphology and matric suction variation was
analyzed. Through fitting the test data, the soil–water characteristic curves of soil layers
at different depths with or without vegetation coverage were obtained. The soil–water
characteristic curve model of slope soil considering the root form of Vetiver grass was
established. The effects of root volume ratio on air entry value, saturated water content,
and parameters of the V-G model were studied. The main conclusions are as follows:

The root surface area index RAI and root volume ratio Rv of each soil section of the Ve-
tiver root system varied with depth in accordance with the Gaussian function distribution.

In the process of natural drying, the matric suction generated within the root system is
significantly higher than that generated by the evaporation of bare soil in the same soil layer.
The ability of vegetation soil to enhance soil matrix suction increases with the increase in
soil root surface area index.

The V-G model fits the discrete data points of matrix suction and water content of
bare soil and Vetiver vegetation soil obtained from the test well. Through the analysis of
the soil–water characteristic curve of soil with or without vegetation coverage, it is found
that a larger root volume ratio of soil leads to smaller α and n. As a result, the air entry
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value is larger, and the soil–water characteristic curve is gentler. Under the same water
content, the matric suction corresponding to vegetation soil is obviously greater than that
corresponding to bare soil.

According to the soil–water characteristic curve model related to the void ratio pro-
posed by Gallipoli and the root volume ratio Rv of soil, the soil–water characteristic curve of
vegetation soil is predicted. The results show that the method in this study can effectively
predict the soil–water characteristic curve of vegetation soil mass. Furthermore, the steps are
simplified by this method, thus obtaining the soil–water characteristic curve of vegetation
soil mass when the plant root morphology characteristic parameters are available.
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Abstract: Introducing steel fibers into traditional concrete can improve its mechanical properties
and crack resistance, but few studies have considered how the steel fiber shape and the bond-slip
effect between fibers and matrix affect the mechanical behavior of concrete. This paper establishes a
three-dimensional representative volume element (3D RVE) of steel fiber-reinforced concrete (SFRC)
with random distribution, different shapes, and different interfacial strengths of steel fibers using
Python, Abaqus and Hypermesh. Uniaxial tensile behaviors and failure modes of the SFRC are
systematically simulated and analyzed. The results show that when the interfacial strength of steel
fiber/concrete is changed from 1 to 3 MPa, the tensile strength of the SFRC increases accordingly.
When the interfacial strength is greater than 3 MPa, it has no effect on tensile strength. Additionally,
if the interfacial strength is 1 MPa, the tensile strength of the SFRC with end-hook steel fibers is
increased by 7% when compared to the SFRC with straight steel fibers, whereas if the interfacial
strength reaches 2.64 MPa (strength of pure concrete), the fiber shape has little effect on the tensile
strength of the SFRC. Moreover, the simulation results also show that interfacial damage dominates
when the interfacial strength is less than 1 MPa, and the crack propagation rate in the end-hook steel
fiber-modified SFRC is lower than that in a straight steel fiber-modified SFRC. Therefore, this research
reveals that using end-hook steel fibers can improve the strength of the SFRC under low interfacial
strength, but the ideal strength of the SFRC can be achieved only by using straight fibers when the
interfacial strength between steel fibers and concrete is relatively high.

Keywords: steel fiber; concrete; representative volume element (RVE); meso-mechanical

1. Introduction

Concrete is a typical building engineering material. During the manufacturing, trans-
portation and construction of concrete parts, it is easy to produce micro-cracks and cause
damage because of its low tensile properties, which creates a potential safety hazard in
the subsequent service [1–6]. The strength of concrete can be improved by introducing an
appropriate amount of short steel fibers [7,8]. The added volume fraction of steel fiber (Vsf)
is generally about 0–2%. If the Vsf is too high, it is easy to agglomerate during stirring and
mixing and cause initial defects, while the reinforcing and crack resistance of the concrete
with low Vsf are not obvious [9–13]. Previous studies have reported that the splitting
strength, compressive strength, and flexural strength of short steel fibers-reinforced con-
crete (SFRC) could be maximally enhanced by about 50% [14–16], 86% [3], and 20% [15],
respectively, when compared to the unmodified concrete with a Vsf of 0–2%. Therefore, the
SFRC shows better mechanical properties when compared with the traditional concrete.

The mechanical properties of the SFRC are synergistically determined by the mechani-
cal properties of steel fibers, concrete and doping characteristics. In order to explore how
to obtain high performance in SFRC, the meso-mechanical analysis method of composite
materials can be used for predicting and thereby reducing the experimental cost [16–22].
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Zhao et al. used LS-DYNA finite element software to establish a three-dimensional cylindri-
cal representative volume element (3D RVE) for the SFRC. The mechanical properties and
crack evolution under axial compression were numerically simulated [23]. Wu et al. used
LS-DYNA to build an RVE model composed of mortar and steel fibers for the Hopkinson
compression bar test, and how the Vsf affected the dynamic performance of the concrete was
studied comprehensively [24]. Tian et al. proposed a cylindrical RVE model for the SFRC
using LS-DYNA, and studied the uniaxial compression performance of the cylinder [25].
Kim et al. reported the effect of the aggregate–mortar interface on the concrete properties
and crack orientation through the pre-inserted cohesive element model (CZM) [26]. Zhou
et al. studied the pull-out behavior of steel fibers via the cohesive element and determined
the basic interfacial parameters of the SFRC [27]. The afore-mentioned studies reveal that
by establishing RVE to perform the mesoscopic simulation analysis, the influence trend
of doped steel fibers on the macroscopic mechanical properties of SFRC can be obtained.
When the Vsf is 0–2%, the tearing strength and compressive strength can both be increased
by 0–30%, and the crack direction and failure modes are obviously different from those of
pure concrete, that is, the steel fibers show good strengthening and toughening effects on
the concrete. Additionally, the CZM can well fit the bond-slip behavior between steel fibers
and concrete [28], in which the hook-shaped steel fibers greatly influence the interfacial
bonding performance. The longer the embedded length, the greater the pull-out load.
Abbas et al. [29] and Gao et al. [30] estimated the relationship between strength and aspect
ratio/Vsf via experimental methods, with the results suggesting that the aspect ratio has a
more obvious effect on the strength of the concrete than the Vsf.

However, due to the complexity of the numerical model and the mesh, the current
studies still have some obvious limitations. Firstly, the steel fibers are usually considered
as line elements, and the concrete and the fibers are coupled by an embedded method.
Secondly, the mechanical properties or damage cracks of SFRC are mainly analyzed using
two-dimensional RVE in many studies, and the involved calculation method can prelimi-
narily calculate the influence of Vsf on the concrete strength, but cannot take the bridging
effect of steel fibers into account. Thirdly, in terms of the influence mechanism of the doped
steel fibers on the mechanical properties and failure modes, few studies have considered the
bond-slip effect between steel fibers and concrete as well as establishing three-dimensional
(3D) RVE for the SFRC. At last, the combination of Abaqus–Python–Hypermesh can realize
the automation and parameterization of RVE generation, greatly reducing the generation
time. Based on this, this paper combines Python–Abaqus–Hypermesh to establish a 3D
RVE for the SFRC, which can greatly reduce the construction complexity of the traditional
3D model. Based on the established model, the influence trend of steel fiber shapes as
well as the interfacial strength between steel fibers and concrete on the tensile mechanical
properties, crack initiation, and failure modes was systematically analyzed.

2. Analytical Method

2.1. Materials and Constitutive Model

SFRC composites are inhomogeneous at the mesoscale. The establishment of RVE cor-
responds to the stress–strain distribution of homogeneous materials, so that the calculation
of macroscopic SFRC composites is decoupled from the microscopic ones. Based on this,
the mechanical response of RVE can reflect the mechanical properties of macroscopic SFRC
composites. The Vsf is an important index that affects the performance of SFRC. Based
on literature reports [26], two types of steel fibers, the straight type and end-hook type
with a diameter of 0.7 mm and a length of 30 mm, were used in this paper. The interfacial
strength was set as 1, 2, 3, 4 and 5 MPa and the concrete chosen was model C50. The
performance parameters of steel fibers and concrete are shown in Table 1. Because of the
tensile and compressive anisotropic hardening and damage of the concrete, the built-in
CDP (Concrete Damaged Plastic) model in Abaqus was adopted for the concrete [31], and
the plastic parameters of the plastic damage model of GB50010-2010 specification was used
as reference [32], as shown in Table 2.
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Table 1. Material parameters.

Material Density/t/mm3 Modulus/GPa
Poisson’s

Ratio

Steel fiber 7.8 × 10−9 200 0.25
Concrete 2.5 × 10−9 36.6 0.2

Table 2. Plastic parameters of CDP damage.

Dilation Angle/◦ Eccentricity Stress Ratio Viscosity Parameter

30.5 0.1 0.666 0.001

Yield stress
/MPa Inelastic strain Yield stress

/MPa Cracking strain

12.96 0 2.64 0
16.51 5.23 × 10−5 2.54 5.13 × 10−5

20.73 1.05 × 10−4 2.36 6.72 × 10−5

24.30 1.75× 10−4 2.17 8.34 × 10−5

27.23 2.63× 10−4 1.99 9.93 × 10−5

For the steel fiber/concrete interface, the CZM was used to simulate the interfacial
bond-slip effect, as shown in Figure 1, showing the CZM damage evolution constitutive
relationship. Here, t0

n is the interface normal strength, t0
s and t0

t are the interface shear
strengths, and the green dotted line represents the secondary stress criterion controlled by
the above three parameters, that is, the initial damage criterion of the Cohesive element [27]
can be given as: ( 〈tn〉

t0
n

)2
+

( 〈ts〉
t0
s

)2
+

( 〈tt〉
t0
t

)2
= 1 (1)

where tn is the normal stress of the interface; ts and tt are the two shear stresses of the
interface, respectively; <> is the Macaulay bracket that is used to indicate that the pure
compressive deformation (or stress) state will not cause damage; <tn> indicates that when
the item is negative (i.e., compressive stress), its value is zero. In addition, the blue and
red triangles in Figure 1 are the tensile–separation curves of shear and normal modes,
respectively; the areas enclosed by the red and blue solid lines represent modes I (GIC)
and II/III (GIIC/GIIIC) critical strain energy release rate, respectively; the areas shaded in
red and blue represent the strain energy release rates in the normal and two tangential
directions of the cohesive element, namely, GI and GII (or GIII); the shaded area in the black
triangle represents the total critical strain energy release rate GC. Thus, the B-K criterion for
judging the interface damage extension is:

GC = GIC + (GIIC − GIC)

(
GII + GIII

GI + GII + GIII

)η

(2)

In Equation (2), η is the material parameter (usually taken as 1.35). When using
Equations (1) and (2) to determine the initial damage and the crack growth, the performance
parameters used for the cohesive element are presented in Table 3 [33].

Table 3. Interface parameters of steel fiber/concrete.

Modulus/MPa t0
n/MPa t0

s /t0
t /MPa GIC/N/mm1 GIIC = GIIIC/N/mm1

1 × 107 1–5 1–5 0.025 0.625
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Figure 1. Constitutive model of cohesive element.

2.2. 3D RVE Tensile Model

Here, a secondary development of Python–Abaqus was used to establish the RVE
model of the random steel fibers/concrete [33]. Figure 2a presents the models of end-
hook and straight steel fibers in Abaqus, and the corresponding physical fibers are given
in Figure 2b. Since this paper seeks to explore the effects of different shapes of steel fibers
on the strength of the SFRC, the number and random positions of these two steel fibers
should be the same. The Python algorithm was used to determine the node collection
point whereat two fibers would not cross each other, as shown in Figure 2c. Firstly,
the random position was controlled by a set of random coordinates and two corner
values to construct the distance function between any two-line segments in space and
the function of any line rotating around any point in space. Secondly, the end-hook fiber
was divided into four segments from the broken line. We then calculated the shortest
distance between the newly generated random end-hook fiber and the generated fibers.
If all the distances were less than the steel fiber diameter, then the newly generated fiber
was stored in the collection, otherwise another random fiber was regenerated. The two
kinds of fibers generated by the algorithm have the same endpoints, which can ensure
that the random position is exactly the same. By comparing the actual number of fibers
with the predesigned fiber volume fraction, we judged whether to continue inserting
new fibers, and repeat the process until the actual fibers reached the target value, at
which point the generation process was completed. The final obtained RVE model is
shown in Figure 2d.

The above method was used to generate two kinds of RVE with different shapes
of steel fibers. Due to the relatively large aspect ratio of steel fibers in the RVE model,
Abaqus has limitations when used in processing meshes, so Hypermesh was used to
divide the model into tetrahedral meshes. We read the surface elements on the interface
between steel fibers and concrete in batches to create a collection, and output the Abaqus
inp file. By modifying the keyword, the grid set was transferred to the grid component,
and so the edit mesh would generate the interface unit, as shown in Figure 3a.
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Figure 2. (a) 3D models of end-hook and straight steel fiber, (b) real end-hook and straight steel fibers,
(c) generation process of RVE model, (d) 3D RVE geometric model.

Figure 3. (a) Mesh part generation process, (b) meshes of steel fiber, interface and concrete.

Secondly, to qualitatively analyze the influence of steel fibers on the mechanical prop-
erties of the SFRC from the point of view of the bond-slip effect, the bilinear elastic–plastic
model was adopted for the steel fibers, and the plastic damage model was used for the
concrete. Therefore, in the 3D RVE model, C3D6 tetrahedral elements were used for both
the concrete and the steel fibers, and the COH3D6 cohesive element was used to simulate
the bond-slip effect between steel fibers and the concrete. The meshing was given in
Figure 3b. In order to visualize the damage phenomenon of the concrete, the quasi-static
display analysis step was used, and the reaction force and displacement of the reference
point were selected from the field variable output.

Based on the above proposed RVE models and taking interfacial strength parameters
and fiber shapes into consideration, ten RVE models were established. The first series of
RVE contained straight steel fibers (SFs) with interfacial strengths of 1, 2, 3, 4, and 5 MPa,
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respectively. The second series of RVE contained end-hook fibers (EFs) with interfacial
strengths of 1, 2, 3, 4 and 5 MPa, respectively. Table 4 presents these ten groups of RVE
models, from which the influence of steel fiber types and interfacial strengths on the tensile
properties of SFRC could be obtained.

Table 4. SFRC simulation groups.

Group Interface Strength/MPa Steel Fiber Type

SFs (1–5) 1\2\3\4\5 Straight fibers
EFs (1–5) 1\2\3\4\5 End-hook fibers

3. Results and Discussion

3.1. Effect on the Tensile Strength

According to the pre-analysis results, the fracture toughness shown in Table 3 has little
influence on the ultimate strength of the SFRC. Therefore, the fracture toughness remains
unchanged in the calculation. Additionally, when the interfacial strength is greater than
3 MPa, the yielded stress–strain curves almost overlap each other. Therefore, Figure 4a
shows the tensile stress–strain curves of SFRC with interfacial strengths of 1–3 MPa. It
can be seen that the steel fiber shapes and interfacial strengths have little effect on the
stiffness of the SFRC. The obtained tensile strength is given in Figure 4b. It can be seen
from Figure 4b that when the interfacial strength is lower than 2 MPa, the reinforcing effect
of EFs is better than that of SFs. Additionally, if the interfacial strength is 1 MPa, the tensile
strength of the SFRC with end-hook steel fibers is increased by 7% when compared to the
SFRC with straight steel fibers. Additionally, when the interfacial strength approaches or
exceeds 2.64 MPa (strength of concrete), these two steel fibers show similar reinforcing
effects on the SFRC. Moreover, when the interfacial strength reaches 3 MPa (about 14%
higher than the strength of concrete), these two steel fibers no longer show a reinforcing
ability in relation to the strength of the SFRC. Therefore, Figure 4 proves that when the
interfacial strength between steel fibers and concrete is relatively weak (less than 2 MPa),
using the end-hook fibers as reinforcing is a better choice, while if the interfacial strength is
high enough (close to or greater than the strength of concrete), choosing the straight fibers
for reinforcing is relatively simple and effective.

S
tr
e
n
g
th
/M
P
a

Figure 4. Tensile simulation results of SFRC with various shapes of fibers and different interfacial
strengths, (a) stress–strain curves, (b) tensile strength.

3.2. Effects on the Interfacial Damage and Failure Modes
3.2.1. With Low Interfacial Strength

Figure 5 gives the mesoscale failure process of the SFRC with SFs at a low interfacial
strength of 1 MPa. Figure 5a indicates the initial failure of fibers/concrete interfaces in the
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RVE, which shows that when the external load reaches 3.23 kN, cracks begin to initiate at
the end interface because of stress concentration, and cracks propagate along the interface
due to the fact that the interfacial strength is lower than the strength of concrete. Figure 5b
suggests that when the external load achieves 4.13 kN, crack propagation occurs at the
interface perpendicular to the loading direction. This is because the interface perpendicular
to the loading direction bears a large normal load, while the interface parallel to the loading
direction mainly bears shear load; therefore, the damage mode is dominated by a mode-I
crack. As shown in Figure 5c,d, when the crack propagates from the end interface to the
concrete matrix, the crack extends quickly with the increase in load. When the crack reaches
the SFRC surface, a penetrating crack is formed, thus the SFRC fails macroscopically, and
the ultimate load is 6.18 kN.

Figure 5. Mesoscale failure process of SFRC with SFs at low interfacial strength 1 MPa, (a) initial
interface damage, (b) propagation of interface crack, (c) interface failure, (d) SFRC failure.

Figure 6 shows the mesoscale failure process of SFRC with EFs at a low interfacial
strength of 1 MPa. Figure 6a gives the initial interface damage of the SFRC RVE, which
indicates that when the external load reaches 1.64 kN, cracks begin to occur at the end
interfaces and at the fiber corners due to stress concentration. It can be seen from Figure 6b
that when the external load reaches 4.13 kN, cracks begin to propagate along the interface,
which propagate more significantly at these interfaces nearly perpendicular to the loading
direction. This is because these interfaces bear large normal loads, and cracks are easy to
occur. Moreover, Figure 6c,d suggest that the SFRC with EFs is still dominated by interface
damage, where cracks initiate at the fiber ends, propagate into the concrete matrix, and
finally fail macroscopically. The obtained ultimate load is 6.60 kN.
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Figure 6. Mesoscale failure process of SFRC with EFs at low interfacial strength 1 MPa, (a) initial
interface damage, (b) propagation of interface crack, (c) interface failure, (d) SFRC failure.

It can be seen from Figures 5 and 6 that the failure modes of the SFRC with SFs or EFs
are similar at low interfacial strengths. However, due to the additional corners of the EFs,
the external load induced by the initial interface damage of the SFRC with EFs is lower
than that of the SFRC with SFs. Alternatively, it can be seen from Figures 5 and 6 that the
SFs-modified SFRC has more damaged areas than the EFs-modified SFRC (SDEG > 0.98,
shown in red), which means the initial crack onset rate at the interface of the SFRC with EFs
is lower than that of the SFs-modified SFRC. Additionally, the external load corresponding
to interfacial crack propagation for these two SFRCs is the same, obtained as 4.13 kN, where
the propagation rate of interfacial cracks of the EFs-modified SFRC is obviously slower than
that of the SFs-modified SFRC. More importantly, the tensile strength of the EFs-modified
SFRC is 7% higher than that of the SFs-modified SFRC when the interfacial strength is
1 MPa.

3.2.2. With High Interfacial Strength

Figure 7 gives the mesoscale damage process of the SFs-modified SFRC at the relatively
high interfacial strength of 5 MPa. As shown in Figure 7a, when the external load reaches
6.9 kN, a small number of initial cracks occur at the end interfaces. With the external
load increasing to 7.32 kN (Figure 7b), the cracks propagate a short distance along the
interfaces and immediately extend into the concrete matrix because the interfacial strength
is higher than that of the concrete matrix. Figure 7c,d present the damage diagrams of
the interfaces and the concrete matrix at the final failure moment, respectively. It can be
seen that with high interfacial strength, the damage percentage of interfaces at the final
failure moment is much smaller than that of the concrete matrix, and the concrete damage
is the dominating failure mode of the SFRC. The obtained ultimate load is 7.80 kN. Once
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again, Figure 8 presents the mesoscale damage process of EFs-modified SFRC at the high
interfacial strength of 5 MPa. When the external load reaches 4.5 kN (Figure 8a), tiny initial
cracks appear at the end interfaces. As the external load continues to increase to 7.32 kN
(Figure 8b), the cracks extend from both ends of the fibers to their middle parts, and then
quickly extend into the concrete matrix. Figure 8c,d give the damage diagrams of the
interfaces and the concrete matrix at the final failure moment, respectively. Here, the cracks
have propagated to the surface of the SFRC, accompanied by a large damage area in the
concrete (Figure 8d), which eventually leads to macroscopic damage to the SFRC, with an
ultimate load of 7.81 kN.

Figure 7. Mesoscale failure process of SFRC with SFs at high interfacial strength of 5 MPa, (a) initial
interface damage, (b) propagation of interface crack, (c) interface failure, (d) SFRC failure.

It can be seen from Figures 7 and 8 that due to the additional corners of the EFs,
cracks easily initiate in the EFs-modified SFRC. Under high interfacial strength, both
interfacial strengths and fiber shapes reach their reinforcing threshold, and the failure
mode is dominated by the concrete matrix. That is, when the interfacial strength is 5 MPa,
the EFs-modified SFRC and the SFs-modified SFRC show the same damage modes and
ultimate strengths.

It can be concluded from Figures 4–8 that the external load corresponding to the initial
damage is relatively high in the case of high interfacial strength (Figures 7 and 8), and
otherwise is reverse (Figures 5 and 6). The tensile strength of the SFRC increases with the
increase in the interfacial strength. The addition of low-fiber volume content steel fibers
into concrete does not show a reinforcing effect, and the induced interface is very easy
to crack.
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Figure 8. Mesoscale failure process of SFRC with EFs at high interfacial strength of 5 MPa, (a) initial
interface damage, (b) propagation of interface crack, (c) interface failure, (d) SFRC failure.

4. Conclusions

This paper uses Abaqus–Python–Hypermesh to establish a 3D RVE for the SFRC with
different types of steel fibers and different interfacial strengths. The results show that when
the interfacial strength is less than 2 MPa, end-hook steel fibers have a better reinforcing
effect than straight steel fibers, with a maximum enhancement of about 7% in the concrete
compared to the straight steel fibers. Additionally, when the interfacial strength approaches
the concrete’s strength, both fibers show similar reinforcing effects. Moreover, interfacial
damage is the dominating failure mode in cases of low interfacial strength, and the main
failure mode is the concrete if the interfacial strength is high. Furthermore, the induced
initial damage load in the end-hook steel fibers-modified SFRC is lower than that in the
straight steel fibers-modified SFRC, because more ends and corners present in the former
would cause more stress concentration points. However, the crack propagation rate in
the end-hook steel fibers-modified SFRC is slower than that in the straight steel fibers-
modified SFRC. Summarily, interfacial strength and fiber type are the main parameters that
determine the effect of the addition of fibers into concrete. This research provides a better
design guideline for the modification of concrete. Real interface strength testing, SFRC
tensile experimental verification, and more finite element groups of high-fiber volume
content will be considered in future research.
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Abstract: Geopolymers can replace cement and help reduce the environmental impact of concrete con-
struction, but research is needed to ensure their mechanical properties, durability and practicability.
The aim of this investigation is to examine the influence of ground granulated blast furnace slag (slag)
content on the performance, at the fresh and hardened states, of fly ash (FA) based self-compacted
geopolymer concrete (SCGC). For this purpose, four SCGC mixtures containing 450 kg/m3 of total
binder were examined. The alkaline-to-binder ratio was 0.5 for all mixes. FA was substituted with
slag at 0%, 30%, 50%, and 100% of the total binder content. The fresh properties in terms of flowability,
passing ability, viscosity, and segregation resistance, as well as the mechanical properties in terms
of compressive strength and splitting tensile strength, were quantified. The durability behavior of
SCGC was also studied to determine sorptivity and long-term free drying shrinkage. The results
confirm that slag adversely affects the workability of SCGC mixtures except for the resistance to sieve
segregation. Performance of SCGC in hardened states is in general enhanced with slag inclusion but
at increased shrinkage strain. Predictions of splitting tensile strength were made using the ACI 318,
ACI 363, Eurocode CEB-FIB, and Lee and Lee models. The ACI 363 and Eurocode CEB-FIB models
were found to be inaccurate, except for the 30% slag mix. Predicted values obtained from the Lee and
Lee model were very close to the actual values of the FA-based SCGC mix. The results of this work
could lead to more sustainable concretes using geopolymers instead of OPC.

Keywords: self-compacted geopolymer concrete (SCGC); slag/fly ash; fresh properties; mechanical
properties; empirical equation; sorptivity; long-term free drying shrinkage

1. Introduction

Industrialization, urbanization, and population growth are the main drivers of environ-
mental pollution and climate change and the construction industry is a major contributor.
To accommodate infrastructure development, the current worldwide concrete consumption
per person exceeds one cubic meter per annum [1]. Increasing demand for concrete using
ordinary Portland cement (OPC) is responsible for environmental pollution, depletion
of natural resources and the emission of substantial amounts of carbon dioxide (6–7% of
worldwide emissions) [2,3]. Geopolymer concrete that can be made using other indus-
trial wastes may help the concrete industry reduce its environmental impact and carbon
emissions in an economical manner [4].

The term "geopolymer," was first coined in 1978 by Davidovits [5]. The polymeriza-
tion process involves an aluminosilicate source material including silica (Si) and alumina
(Al) and an alkaline liquid, leading to an amorphous structure. Due to its environmental

Sustainability 2022, 14, 15063. https://doi.org/10.3390/su142215063 https://www.mdpi.com/journal/sustainability
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credentials, geopolymer concrete has gained popularity and attracts the interest of many
scientists. Geopolymer raw materials do not require a large energy input because they are
not calcined at high temperatures, a prerequisite for producing cement raw materials. It has
been established that the production of geopolymers emits five to six times less carbon diox-
ide than Portland cement [6]. In addition, geopolymer concrete offers similar or superior
fresh and mechanical properties compared to conventional concrete [7]. This type of con-
crete is affected by many mixed proportion parameters as well as curing conditions [8–10].
Furthermore, this type of concrete reduces energy consumption, waste disposal, and con-
struction costs [10]. To synthesize geopolymers, it is desirable to combine fly ash (FA)
with some other high silica sources, such as slag, rice husk ash, silica fume, etc. [11]. Li
et al. [12] observed that slag, a by-product of iron production from blast furnace, containing
calcium, magnesium silicates, and aluminosilicates, is another candidate waste product
available worldwide in huge quantities. The production of one ton of slag emits just 70 kg
of carbon dioxide (CO2), which is only 7% of the CO2 emitted during cement production.
However, the use of slag in FA-based geopolymers decreases setting time and workability.
Nonetheless, the calcium oxide (CaO) of slag forms calcium-silicate-hydrates (C-S-H) with
alumino-silicate gel, which boosts the mechanical characteristics of concrete [13–17]. The
substitution of slag with FA thus improves the initial setting time of geopolymer paste [18].
It was reported that the inclusion of slag leads to the reduction of the fresh state properties
of SCGC, whilst improving the hardened state properties [19].

Self-compacted concrete (SCC) was introduced to provide optimum compaction and
to help place concrete in confined spaces [20–22]. The fundamental aspects of SCC are flow,
filling, and passage ability that can resist segregation [23]. Self-compacted geopolymer
concrete (SCGC) is an innovation that would provide both environmental and practical
benefits [24,25]. The fresh SCGC must comply with specifications recommended by the
European Federation of National Associations Representing for Concrete (EFNARC) [26].
Currently, few investigations were conducted into SCGC, hence there is a need for further
research to verify the efficacy of SCGC in both its fresh and hardened form and to develop
materials for practical applications. To reduce costs and enhance the workability and
mechanical properties of concrete, supplementary cementitious materials such as FA and
slag are currently widely used in concrete [27].

Drying shrinkage is another important characteristic of concrete that needs to be
examined, as it is critical for the durability and long-term serviceability of concrete struc-
tures [28]. Restrained drying shrinkage can cause cracking, and while it may not necessarily
compromise the structural integrity of reinforced concrete structures, it may cause serious
durability issues [29]. Research shows that drying shrinkage of oven-cured geopolymer
concrete is often relatively low compared to conventional concrete. As reported by Wallah
and Rangan [30], the majority of the water generated during the chemical reaction in FA-
based geopolymer concrete may evaporate during the curing phase. As a result, the excess
water in the hardened concrete’s micropores is minimal, and thus the drying shrinkage is
very limited. Other researchers also confirm that conventionally cured geopolymer concrete
made from FA has good engineering performance and low drying shrinkage [31,32]. How-
ever, Wang et al. [33] showed that slag-based geopolymer concretes activated with sodium
silicate might result in higher shrinkage strains than OPC concrete due to the development
of silica-rich gel. For this reason, the long-term free drying shrinkage of FA-based SCGC
made with/without slag needs to be examined.

Details of the binder type used and investigated properties of previous research on
plain SCGC made with/without FA and slag are summarized in Table 1. Details of the
current investigation are also displayed at the bottom of Table 1.
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Table 1. Details of binder type used and examined properties of SCGC in the previous research and
current study.

Refs Binder Type Fresh Properties
Mechanical
Properties

Durability
Properties

Others

[34] FA (100,75,50,25,0%)
slag (0,25,50,75,100%)

Slump, T500 and
V-funnel flow time,

L-box height

Compressive,
splitting, fracture

parameters
- Statistical Evaluation,

correlation

[35] FA (50%), slag (50%), NS
1 (5–10 kg/m3)

Slump, T500 and
V-funnel flow time,

L-box height

Compressive,
fracture parameters,

bond strength,
- Statistical Evaluation,

correlation

[36] FA (25%), slag (75%)

Slump, T500 and
V-funnel flow time,

L-box and J-ring height,
U-box

Compressive

Rapid chloride and
water permeability,

Sorptivity, Abrasion,
Acid and sulphate
attack, shrinkage

[37] slag,NS (9–10 kg/m3)
Slump, T500 and

V-funnel flow time, and
J-ring height

Compressive,
flexural, bond

strength
Sorptivity XRD

[38] FA (Class F & C) Slump, T500 flow time,
L-box height, U-box Compressive

Rapid chloride
permeability,

Sorptivity, Acid and
sulphate attack,

corrosion

SEM

[4] FA (100%), slag (100,95,85,
75%), RHA 2 (5, 15, 25%)

Slump, T500 and
V-funnel flow time,

L-box and J-ring height

Compressive,
splitting, flexural Sorptivity SEM

[39] FA (100%), slag (100,95,85,
75%), RHA (5, 15, 25%)

Slump, T500 and
V-funnel flow time,

L-box and J-ring height

Compressive,
splitting, flexural - SEM

[40] FA Slump, V-funnel flow
time, L-box height

Compressive,
splitting Water absorption

[24] FA
Slump, T500 and

V-funnel flow time,
L-box and J-ring height

Compressive - -

[41] FA
Slump, T500 and

V-funnel flow time,
L-box and J-ring height

Compressive - -

[42] FA
Slump, T500 and

V-funnel flow time,
L-box and J-ring height

Compressive - SEM

[43] FA (100,80,60,40,20,0%)
, slag (100,80,60,40,20,0%)

Slump, T500 and
V-funnel flow time,

L-box height

Compressive,
splitting, flexural - -

[25] FA

Slump, T500 and
V-funnel flow time,

L-box and J-ring height,
sieve segregation

Compressive - -

[44]
FA (100,95,90,85,80%) MK

3 (5,10,15,20%) GSA 4

(5,10,15,20%)

Slump, T500 and
V-funnel flow time,

L-box and J-ring height

Compressive,
splitting, flexural Water permeability -

[45] MK - Flexural strength Water absorption SEM

[46] slag
Slump, T500 and

V-funnel flow time,
L-box height

Compressive,
splitting, flexural

Carbonation depth,
drying shrinkage,

acid resistance, water
absorption,

SEM

[47] FA
Slump, T500 and

V-funnel flow time,
J-ring height

Compressive,
splitting, flexural

strength
- -

[48] FA (50%), slag (50%)
Slump, T500 and

V-funnel flow time,
L-box height

Compressive - -

[49]
FA (100–70%),

slag (10,20,30%),
SF 5 (5,10,15%)

Slump, T500 and
V-funnel flow time,
L-box height, U-box

Compressive,
splitting, flexural

strength
- -

[50] Slag (100, 98%), NS (2%)
Slump, T500 and

V-funnel flow time,
L-box height

Compressive,
splitting, fracture

parameters, modulus
of elasticity

- -
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Table 1. Cont.

Refs Binder Type Fresh Properties
Mechanical
Properties

Durability
Properties

Others

[51] FA
Slump, T500 and

V-funnel flow time,
L-box and J-ring height

Compressive - -

[52] FA (100,90,80,70%), MK
(10,20,30%)

Slump, T500 and
V-funnel flow time,

L-box height

Compressive,
splitting, flexural - -

[32] FA (100,90%), SF (10%) - - Shrinkage -

[53]
Slag

(100,70,60,50,40,30%)FA
(30,40,50,60,70%)

Slump, T500 and
V-funnel flow time,

L-box and J-ring height

Compressive,
splitting, flexural - XRD, SEM,

correlation, modeling

The current
study

FA (100,70,50,0%)
slag (0,30,50,100%)

Slump and J-ring flow,
T500, TJ500, and

V-funnel flow time,
L-box and J-ring height

sieve segregation

Compressive,
splitting

Sorptivity,
long-term free drying
shrinkage, long-term

mass loss

Correlation, an
empirical equation

Where 1 NS is nano-silica, 2 RHA is rice husk ash, 3 MK is metakaolin, 4 GSA is groundnut shell ash, 5 SF is
silica fume.

Studies on the influence of slag content on fresh, mechanical, and durability behaviors, as
well as mechanical property predictive models, are limited. The study presented here aims at
filling these gaps by examining the impact of slag inclusion on the various fresh, mechanical,
and durability properties of FA-based SCGC specimens. Slump flow, T500, J-ring flow, TJ500,
J-ring height, L-box, V-funnel, and sieve segregation resistance are the fresh property tests to
be used in this work. In terms of mechanical properties, both the compressive and splitting
tensile strength will be determined. In terms of durability, sorptivity and long-term free drying
shrinkage will be investigated. Correlations between different properties will be attempted
and comparisons with existing predictive models made.

2. Materials

Class F fly ash (FA) and ground granulated blast furnace slag (slag) were utilized as a
binder. Their chemical and physical features are presented in Table 2.

Table 2. Chemical and physical features of FA and slag in the presented study.

Component % CaO SiO2 Al2O3 Fe2O3 MgO Various
Specific
Gravity

Loss on
Ignition

Blain Fineness (cm2/g)

FA 4.0 56 24 7.0 2.0 7.0 2.28 3.0 3098
Slag 40 36 11 0.4 7.6 5.0 2.80 2.3 4250

The alkaline activator utilized in this study was a blend of sodium silicate (Na2SiO3)
and sodium hydroxide (NaOH). The alkaline/binder ratio was kept at 0.5 in this study, the
molarity (M) constant at 12, and the Na2SiO3/NaOH ratio at 2.5 [34]. The mass of Na2SiO3
used in the production of SCGC was 45% dry (of which 15% was Na2O and 30% SiO2) and
55% water content. The NaOH was 99% pure. The NaOH solution was made by dissolving
solid NaOH pellets in water, targeting at 12 M molarity.

Coarse and fine natural aggregates used in this study were gravel and sand, respec-
tively. The physical features of the used aggregates are shown in Table 3.

Table 3. Physical features of gravel and sand in the presented study.

Type of FA Size (mm) Specific Gravity Water Absorption (%)

Gravel 4–16 2.70 0.5

Sand 0–4 2.66 0.8

Standard BS EN 933-1+ A1 2005 [54] BS EN 1097-6:2013 [55] BS EN 1097-6:2013 [55]
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The superplasticizer (SP) used was MC Power flow evo 502, a SP based on poly-
carboxylate ether that meets the standards of EN 934-2: T3.1/3.2. It is a fifth generation
MC-superplasticizer with improved rheological properties. It is yellow in color and has
a density of 1.03 kg/m3. Tap water content was maintained at 40 kg/m3 throughout
the research.

3. Mixing Procedure

Four SCGC mixtures were prepared with 450 kg/m3 total binder content [35]. Different
amounts of slag were used to make these combinations, while the other parts remained
constant. Slag was used in this study to replace the FA at 0%, 30%, 50%, and 100%
replacement levels. Table 4 shows the detailed mix proportions. In the following mix codes,
G% denotes the slag percentage used.

Table 4. Mix proportions of SCGC in the presented study.

Mix Code
Binder
(kg/m3)

FA (%)
Slag
(%)

Gravel
(kg/m3)

Sand
(kg/m3)

Alkaline/Binder
Molarity

(M)
SP (%)

Water
(kg/m3)

G0

450

100 0

800 825 0.5 12 7 40
G30 70 30
G50 50 50
G100 100 100

3.1. Mixing and Casting

A comparable mixing process was employed to attain consistency and homogeneity in
each mixture. In the first phase, the dry ingredients, including aggregates (gravel and sand),
and binder (FA and slag), were blended for approximately 2 min in an electric concrete
mixer with a 75-L capacity. After properly blending the dry ingredients, the blended liquids
of alkaline activator and water were fed to the mixer and wet mixed for two more minutes.
The superplasticizer was added to the wet batch, and mixing proceeded for an extra two
minutes. After the mixing process was completed, SCGC mixtures were tested in their
fresh state, and then samples for hardened state characteristics were cast. Before placing
the concrete into the molds, the fresh concrete was re-mixed in the mixer for thirty seconds
to ensure the homogeneity of the mixture.

3.2. Curing Method

The samples were kept for 24 h in the laboratory [56] prior to being oven-cured at
85 ◦C for 24 h, except for the shrinkage tests. It should be noted that the SCGC specimens
made with 100% FA (G0) did not harden enough after 24 h due to the low content of CaO,
which is considered the main compound that affects the initial setting time of concrete.
Slag can be added to the FA-based SCGC to enhance the setting time [34]. Therefore, in
this study, the geopolymer concrete specimens were subjected to heat-curing after one day
without being removed from the molds. After oven curing, the hardened samples were
stored at ambient temperature until the testing date.

4. Testing Procedure

4.1. Fresh Properties

The flowability of the SCGC mixtures were evaluated using slump flow, J-ring flow,
and V-funnel tests, passing-ability was assessed through the use of the L-box and J-ring
height tests, and viscosity was evaluated via V-funnel, T500 mm, and TJ500 mm, according
to the EFNARC recommendations [57]. Segregation resistance was measured via a sieve
segregation test [58]. The J-ring test is a combination test to assess the filling-and-passing-
ability of the freshly mixed SCGC through a restricted and congested area without blocking.
During this test, J-ring flow diameter, TJ500 mm, and J-ring height were calculated.

219



Sustainability 2022, 14, 15063

Figure 1 shows photos of the fresh tests conducted in this study. Flow diameters in
the x and y directions were monitored in the slump flow and J-ring flow tests, and the
T500 mm and TJ500 mm flow times at which the flow diameter reached 500 mm were also
recorded. The J-ring height, or passing ability (PJ), which refers to the blocking of fresh
concrete through congested reinforcement bars, was measured once the concrete flow had
stopped moving. Then, in the center of the J-ring, the straight rod was placed with its flat
side down and to measure the distance (in mm) between the lower edge of the rod and
the concrete surface (ho). Following that, the height (mm) of four spots outside the J-ring,
two along the x-axis (hx1, hx2) and two along the y-axis (hy1, hy2) were measured. The
following equation was used to determine the PJ value in mm:

PJ =
hx1 + hx2 + hy1 + hy2

4
− ho (1)

 
Figure 1. Fresh test apparatus: (a) slump test, (b) J-ring test, (c) V-funnel test, (d) L-box test, and
(e) sieve segregation test.

The V-funnel test involves completely filling the V-shaped section with concrete,
allowing the concrete to discharge, and recording the discharge time. The concrete viscosity
in its fresh condition can be assessed indirectly using the V-funnel flow time and T500 mm
test measurements, as well as the V-funnel and TJ500 mm test records. The SCGC’s passing-
ability (PA) between tiny gaps of bars was determined by means of the L-box test by
dividing the horizontal section’s concrete height by the vertical section’s height after the
concrete flow has stopped. The sieve segregation test was conducted using a sieve having
5 mm holes, a 300 mm diameter, and a 30 mm height. After finishing the mixing process,
approximately 5 kg of the fresh concrete was placed in a plastic container and set aside
for 15 min. The pan was then weighed dry (mp). After that, a sieve and pan were placed
on the scale and approximately 4.8 kg of fresh SCGC was carefully placed at half a meter
height, and the weight was recorded (ms). After two minutes, the sieve was carefully lifted,
and the amount of concrete that had passed through the 5 mm holes and remained in
the pan were weighed (mps). The sieve segregation index (SI) was calculated using the
following equation:

SI, % =

(
mps − mp

) ∗ 100
ms

(2)
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Table 5 Displays the upper and lower bounds that EFNARC has established for the
performance of SCC mixtures in their fresh state [57].

Table 5. Fresh test assessment following the EFNARC guidelines.

Flowability Classes

Classes Slump Flow and J-Ring Flow Diameter (mm)

Slump flow (SF) 1 550–650
Slump flow (SF) 2 660–750
Slump flow (SF) 3 760–850

Viscosity Classes

Class T500 (sec) TJ500 (sec) V-Funnel time (sec)

Viscosity (VS1/VF1)
Viscosity (VS2/VF2)

≤2
>2 and ≤5

≤2
>2 and ≤6

≤8
9 to 25

Passing ability

Classes J-Ring passing ability
Passing-ability (PJ) 1 ≤10 mm
Passing-ability (PJ) 2 ≥10, 20 mm

Classes L-Box height ratio
Passing-ability (PA) 1 ≥0.8 with two rebar
Passing-ability (PA) 2 ≥0.8 with three rebar

Segregation resistance [58]

Classes Sieve segregation resistance (%)
SI 1 ≤20%
SI 2 ≤15%

4.2. Mechanical Properties

The compressive strength of hardened SCGC specimens was obtained at 7 and 28 days
of age from three 100 mm cube according to BS EN 12390 [59]. The splitting tensile strength
was determined according to BS EN 12390-6 [60] using the average of three cylindrical
samples of Ø150 × 300 mm at 28 days of age.

4.3. Correlation between Splitting Tensile and Compressive Strength

Normally, there is a good correlation between the mechanical properties of concrete
(compressive strength, elastic modulus and tensile/flexural/splitting strength). Hence,
the 28 day splitting tensile strength can be predicted from the compressive strength using
empirical equations proposed by ACI 318-11 [61], ACI 363R-10 [62], CEB-FIB [63], and
Lee and Lee [64], as tabulated in Table 6. The empirical equations provided by codes and
literature are based on the cylindrical compressive strength values fć in MPa. As cubes
were tested in this study the following conversion equation was used [65]:

fć = 0.8 × fcu (3)

where 0.8 is the conversion factor.
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Table 6. ACI predictive equations for the splitting tensile strength of concrete.

Property Standard Equation

Splitting Tensile Strength, ft (MPa)

ACI 318 [61] ft = 0.56
√

f (4)

ACI 363 [62]
ft = 0.59

√
f (5)

for 21 MPa < fć < 83 MPa

CEB-FIB [63] ft = 0.3 f
2
3 (6)

Lee and Lee [64] ft = 0.45
√

f (7)

4.4. Durability Properties
4.4.1. Capillary Water Absorption (Sorptivity)

The rate of water absorption per unit area was measured from the capillary water
absorption of three 100 mm cubes. After 28 days, the specimens’ sides were taped to prevent
water absorption from the sides. The specimens were then placed on a tray and rested on
knife-edge supports to obtain a depth of water immersion of 2.0 mm, in accordance with
BS EN 13057 [66] (see Figure 2). The mass resulting from water absorption from the bottom
surface was determined over time (0 min, 12 min, 30 min, 60 min, 120 min, 240 min, and
1440 min). The water uptake was determined by plotting the weight gain per unit area
against the square root of time, and the slope of the best fit line was used to calculate the
Sorptivity coefficient (index) [67,68].

 

Figure 2. Capillary absorption test: (a) specimen set up, (b) schematic representation of specimens.

4.4.2. Free Drying Shrinkage

To quantify drying shrinkage and mass loss of SCGC, two 100 × 100 × 300 mm prisms
were used for the G0 and G50 mixes according to ASTM C 157 [69]. After casting, the
prisms were left at ambient conditions for 24 h, then exposed to oven curing at 40 ◦C for
three days [70]. Following curing, the prisms were demolded, and demec points were
glued to the specimens at a gauge length of 200 mm mid-height on two sides (see Figure 3).
The change in length was determined by a dial gauge extensometer, with a strain accuracy
of 5 με (see Figure 4). Initial measurements of length and weight were carefully recorded.
The prisms were then placed in a controlled climate chamber and subjected to a drying
condition (22 ± 2 ◦C and 50 ± 2% relative humidity (RH)). Measurements of length and
weight were taken over a period of a year; every 24 h for the first week, four times a week
for the later three weeks, once per week for the second month, once per two weeks for the
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third month, and then once per month for the long-term periods (six, nine, and 12 months).
The values were averaged for the two samples.

 

Figure 3. Free drying shrinkage test: (a) prisms are placed in a controlled climate chamber, (b) geometry
of the specimens.

 
Figure 4. Free drying shrinkage measurement: (a) specimen measurement, (b) strain gauge measure-
ment device developed by BAM.

5. Result and Discussion

5.1. Fresh Properties

The impact of utilizing slag as a binder on the performance of FA based SCGC mixes
was investigated, and the results were compared with the limits of EFNARC [57]. The
results of the fresh properties of SCGC mixtures with various slag contents are presented in
Table 7 and Figures 5–18.
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Table 7. Fresh test results of the SCGC in the presented study.

Mix Code Slag (%)
Slump
(mm)

J-Ring
(mm)

T500 (s) TJ500 (sec) PJ (mm)
V-Funnel

(s)
L-Box

Segregation
Index (%)

G0 0 788 780 2.12 2.42 0.0 7.5 1.00 28.7
G30 30 775 760 2.31 2.71 1.0 10.3 0.99 22.4
G50 50 750 738 2.94 3.31 2.7 12.0 0.96 18.4
G100 100 680 665 4.10 4.43 7.1 17.1 0.84 11.4

 
Figure 5. Influence of slag content on the slump results.

Figure 6. Influence of slag content on the T500 mm flow time.
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Figure 7. Correlation between T500 mm slump flow time and slump flow diameter.

Figure 8. Influence of slag content on the J-ring flow diameter.

Figure 9. Correlation between J-ring and slump flow diameter.
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Figure 10. Influence of slag content on the TJ500 mm flow time.

Figure 11. Correlation between TJ500 mm slump flow time and J-ring flow diameter.

Figure 12. Influence of slag content on the J-ring passing-ability.
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Figure 13. Influence of slag content on the V-funnel flow time.

Figure 14. Viscosity class variation with V-funnel and T500 mm.

Figure 15. Viscosity class variation with V-funnel and TJ500 mm.
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Figure 16. Influence of slag content on the L-box height ratio.

Figure 17. Influence of slag content on the segregation index.

Figure 18. Correlation between segregation index and slump flow diameter.

5.1.1. Slump Flow Diameter

The slump flow diameter values of the produced geopolymer concrete in mm with
respect to the slag content are shown in Figure 5. The slump values range from 788 to
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680 mm, showing a systematic decrease with the increase in slag content. This is because
slag binders have a larger specific surface area than FA binders, which demands a higher
quantity of mixing water, thereby diminishing the workability of the freshly mixed concrete.

The slump flow values for the produced SCGCs of the mixes, including 0% and 30%
slag content are in the range of the SF3 class, and the mixes containing 50% and 100%
slag content in the range of the SF2 class of EFNARC limits. Based on the EFNARC
limitations [57], the SF2 class can be used for constructions with complex geometries,
vertical applications, and filling beneath the formwork. However, SCGC in the SF3 class
provides a better surface finish than SCGC in the SF2 class. On the other hand, controlling
segregation resistance is more difficult in the SF3 class. Previous studies recorded values
between 755 and 650 mm for the blended fly ash and slag blended SCGC [34]. Moreover,
the results align with the BS EN 12350-8 standard [71] which specifies that slump values
should have an average diameter greater than 600 mm.

5.1.2. T500 mm Slump Flow Time

Figure 6 shows the influence of slag on the T500 mm slump flow time, in which time is
measured up to the point at which the flow diameter of the freshly mixed concrete reaches
500 mm. In the results of T500, it can be observed that by increasing the slag content, the
slump flow time is increased. The recorded T500 mm slump flow in this study was between
2.12 and 4.10 s. T500 mm meet the requirements of the EFNARC specifications [57] and the
BS EN 12350-8 standard (less than 6 s) [71].

To examine the correlation between these two tests, the inverse linear relationship
between flow time and flow diameter data is depicted in Figure 7. The R-square value of
0.993 shows a strong correlation between the T500 and Slump flow diameter values of the
mixes conducted in this study.

5.1.3. J-Ring Flow Diameter

The J-ring flow diameter test is used to determine the flow spread of the fresh mixed
SCC as it flows through the J-ring. In this test, the J-ring flow diameter in mm for the
various slag content is evaluated, as shown in Figure 8. It can be seen that the J-ring flow
diameter decreases with the increase in slag content. The J-ring results ranged between 780
and 665 mm for the slag contents of 0% and 100%, respectively. The mixes of the SCGC
can be classified into the SF3 class when the slag content ratio ranges between (0 to 30%)
and the SF2 class when the slag content ratio exceeds 30% up to 100%. The test values are
within the EFNARC limits [57]. Furthermore, the linear correlation between J-ring and
slump flow diameter is found in Figure 9. From the figure, the R-square is 0.997, indicating
a strong relationship between J-ring-and-slump flow diameter outcomes. This means that
both results are proportional to the slag content. Safiuddin et al. [72], who studied the fresh
properties of SCC and achieved a 0.998 correlation coefficient between J-ring and slump
flow diameter, also confirmed this result.

5.1.4. TJ500 mm Flow Time

The TJ500 mm flow time outcomes of the SCGC with different slag content are shown
in Table 7 and Figure 10. The flow time measured for the TJ500 mm test varies between 2.42
and 4.43 s. According to EFNARC specifications and guidelines [57], the TJ500 mm of SCC
typically takes between 2 and 6 sec. Hence, the TJ500 mm values are within a satisfactory
range. The influence of slag content on the TJ500 mm of SCGC is obvious from Figure 10, and
the TJ500 mm results decreased with the increase in slag content. Moreover, the correlation
coefficient (R-square) for the TJ500 mm slump flow time and J-ring flow diameter is depicted
in Figure 11. The R2 of 0.989 shows a very strong relationship between TJ500 mm flow time
via J-ring flow diameter. As expected, there is an inverse linear relationship between the
two measurements.
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5.1.5. J-Ring Passing-Ability

The J-ring passing ability values with respect to slag content are illustrated in Figure 12.
It can be seen that the passing-ability increases with the inclusion of slag. The test values were
located between 0.0 and 7.1 mm for the slag content of 0% and 100%, respectively. According
to the EFNARC specifications [57], the J-ring passing-ability for values smaller than 10 mm is
classed as PJ 1. Therefore, the PJ values are typically in the range of PJ 1 class for the mixes in
the study, with values less than 10 mm, which indicates good passing ability.

5.1.6. V-Funnel Flow Time

The discharge time from the V-funnel flow time test is comparable to the slump flow
test results, as depicted in Figure 13. The test values increase with increasing slag content.
The EFNARC requirements [57] specify viscosity classes based on V-funnel, T500 mm slump,
and TJ500 mm slump flow time test results, as can be seen in Table 7. In addition, the viscosity
class variations between V-funnel vs. T500 mm are illustrated in Figure 14. According to
the test findings, all mixtures belong to the VS2/VF2 viscosity category, except for the
mix created without slag (G0), which is within the VS1/VF1 viscosity class based on the
V-funnel results, whereas the G0 is classified as VS2/VF2 referring to the T500 mm outcomes.
According to EFNARC, the VS1/VF1 viscosity category has a high filling capacity, even
with dense reinforcements, with a tendency to bleeding and segregation. The viscosity
class VS2/VF2 offers excellent resistance to segregation. However, the VS2/VF2 class
has an inadequate smooth surface texture and may be susceptible to SCGC mix flow
stoppage. The results show that increasing the slag level increases the flow duration, which
is advantageous for avoiding segregation and bleeding but may result in insufficient filling
ability. The EN 12350-9 [73] standard also specifies that the V-funnel outcome should be
less than 15 sec to ensure adequate filling capacity. Likewise, as illustrated in Figure 15,
a similar trend can be observed for the viscosity class variances between V-funnel and
TJ500 mm flow time data.

5.1.7. L-Box Height Ratio

The L-box test determines the mixes’ capacity to pass through three-bar restricted open-
ings. The test values of SCGC mixtures should be between 0.8 and 1.0 to confirm certain
passing abilities according to the EFNARC guidelines [57] and the EN12350-10 standard [71].
From the test results presented in Figure 16, it is feasible to ascertain that all mixtures possess
an appropriate passing capacity (passing-ability > 0.8), and the L-box values are classified in
the class of passing ability 2. The highest passing ability of 1.00 is for the mixes without slag
content. Then, the L-box values decrease as the slag content increases.

5.1.8. Sieve Segregation

The segregation index (%) is depicted in Figure 17. With increased slag content, the
segregation index begins to diminish. This is due to the fact that slag has a larger specific
surface area than FA. The test values achieved in the mixes mentioned above range from
11.4% to 28.7%. Based on BS EN12350-11 [58], the segregation index should be lower than
20%. This means that the mixes with 0% and 30% slag content are out of the allowable
range, whereas the mixes with 50% and 100% slag content satisfy the SI 1 and SI 2 classes,
respectively. Figure 18 depicts the relationship with both the segregation index and the
slump flow diameter. It can be seen that the segregation index and slump flow of the SCC
mixtures have a significant linear relationship. The correlation coefficient R-square value is
0.90, indicating a significant correlation.

5.2. Mechanical Properties

Table 8 shows the results for the different mechanical properties. The SCGC specimens
were cured at 85 ◦C for 24 h and then kept at room temperature until they reached 28 days
of age. As expected, increasing the slag content of the geopolymer concrete was found to
enhance the compressive strength [34].
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Table 8. Hardened properties of SCGC in the presented study.

Mix Code Slag Content (%)
Compressive (MPa)

Splitting Tensile (MPa)
7 Days 28 Days

G0 0 38.70 44.21 2.51
G30 30 58.17 65.72 4.31
G50 50 76.63 81.67 5.35
G100 100 80.92 85.10 5.60

5.2.1. Compressive Strength (fcu)

Figure 19 shows the impact of the slag content on the compressive strength of SCGC.
The FA-based geopolymer concrete mixes yield the lowest strength values, whereas the
inclusion of slag significantly increases the compressive strength of SCGC. The compressive
strength of the seven-day-old specimens were between 38.7–80.9 MPa for the G0 and G100
mixtures, respectively. These findings are line with a study by Al-Rawi and Tayşi [34]. The
compressive strength values at 28 days are very close to those at seven days of age. This
may be due to the high early age development rate of geopolymer concrete due to heat
curing compared to normal concrete, as has been reported by previous studies [74].

Figure 19. Influence of slag content on the compressive strength at seven and 28 days.

Figure 20 shows the percentage relative increase in compressive strength for the various
slag content compared to the mix without slag. At 7 days, the improvement in strength of
SCGC was 98.0% and 109.0%, for the slag contents 50%, and 100%, respectively. The results
confirm that the biggest increase in strength comes with the replacement of 50% slag.

The effect of slag, FA, and blended FA and slag binders on the compressive strength
of OPC and geopolymer mortars was also examined by Chi and Huang [75]. The re-
sults showed that the compressive strength of geopolymer mortars (excluding FA-based
geopolymer mortars) was higher than that of ordinary Portland cement mortars. During
X-Ray Diffraction tests, specimens containing 100% FA reveal a low rate of reactive calcium,
resulting in a low level of C-S-H. As a result, specimens made of FA-based geopolymer
have lower mechanical properties [75]. Previous research on FA and slag mixtures also
found that strength increased with increasing slag content [76–79]. This is due to an in-
crease in calcium content in the mix with an increase in slag concentration. Ismail and
Bernal [80] observed that calcium-rich pastes typically form a C-S-H gel, which forms a
dense structure and increases strength. Nevertheless, as Si increases and calcium decreases,
the Sodium-Alumino-Silicate-Hydrate (N-A-S-H) gel forms, resulting in a loss of strength.
The compressive strength increases with slag content after seven and 28 days of curing.
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Furthermore, the presence of CaO in slag encourages the hydration process, so a 100% slag
content mixture has more compressive strength [81].

Figure 20. Percent increase in compressive strength vs. slag content.

5.2.2. Splitting Tensile Strength (ft)

Figure 21 demonstrates the test values of splitting tensile strength (ft), while Figure 22
shows the relative increase. It can be observed that increasing the slag content increases the
splitting tensile. The maximum value of splitting achieved in this study was 5.60 MPa for
the slag-based geopolymer concrete. The increase was 71.7%, 113.1%, and 123.1% for the
G30, G50, and G100 mixes. It was also found that the increase in splitting values was 123%
for the SCGC mixes having 100% slag content.

Figure 21. Influence of slag content on the compressive strength at 28 days.
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Figure 22. Percent increase in splitting tensile strength.

The 28-day failure surface of the SCGC specimens is shown in Figure 23. Coarse
aggregate is equally distributed all across the specimens and does not segregate, except for
the mix made with 100% FA, where a sign of segregation can be seen near the top casting
side of the specimens. It is clear from Figure 23b,c, that for the mixes made with slag,
the failure surface of SCGC specimens mostly went through the geopolymer paste matrix
and the aggregates. However, in the FA-based geopolymer concrete mix (See Figure 23a),
the failure path propagated through the interfacial transition zone and geopolymer paste
matrix and rarely through the aggregates. This highlights the disparity in strength of
geopolymer pastes of FA and slag-based mixes. According to Shen et al. [82], the surface’s
roughness and broken aggregates directly correlate with the splitting tensile strength. When
the roughness is increased and more aggregates were cracked, the tensile splitting strength
is higher [82]. The correlation between the splitting tensile and compressive strength in
FA-based SCGC with various slag content is illustrated in Figure 24. It is obvious that an
increase in compressive strength typically results in a corresponding subsequent increase in
tensile strength [34]. Despite the usage of slag binder, the R-Square value of 0.994 indicates
that the splitting and compressive strength values are strongly correlated with a direct
linear relationship. For the results presented in Figure 24, the following correlation between
splitting tensile strength and compressive strength was found:

ft = 0.025fcu
1.225 (8)

where ft is the splitting tensile strength (MPa) and fcu is the cube compressive strength (MPa).

 

Figure 23. Failure path of splitting tensile strength test; (a) G0 (0% slag content), (b) G30 (30% slag
content), and (c) G50 (50% slag content).
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ft fcu

Figure 24. Correlation between splitting tensile and compressive strength.

5.3. Prediction of Splitting Tensile Strength

Though predictive equations for tensile strength exist for normal concrete, there is a
lack of equations for geopolymer and self-compacted geopolymer concrete. The results
from this study are compared with the results calculated from proposed equations by
ACI 318-11 [61], ACI 363R-10 [62], Eurocode CEB-FIB [63], and Lee and Lee [64]. All the
empirical models presented above were developed for normal concrete, except for the
model proposed by Lee and Lee, which proposed for FA and slag blended geopolymer
concrete. Figure 25 and Table 9 show the actual and predicted 28-day mechanical values
using Equations (4)–(7) in Table 6 and a proposed model (Equation (8)).

ft (Actual) ft (ACI 318)
ft (ACI 363) CEB  FIP
Lee and Lee Proposed Model

Figure 25. Actual and predicted splitting tensile strength values.
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Table 9. Actual and predicted mechanical properties of SCGC recommended by ACI 318-11 [61], ACI
363R-10 [62], European code CEB-FIB [63], Lee and Lee [64], and self-developed model.

Mix Code Slag Content (%)

Splitting Tensile Strength (MPa)

Actual Result ACI 318 ACI 363 CEB−FIP Lee and Lee
Proposed Model (Equation

(8))

G0 0 2.51 3.33 3.51 3.23 2.68 2.55
G30 30 4.31 4.06 4.28 4.21 3.26 4.14
G50 50 5.35 4.53 4.77 4.87 3.64 5.41

G100 100 5.60 4.62 4.87 5.00 3.71 5.68

Splitting Tensile Strength (ft)

Figure 25 compares the splitting tensile results obtained from this investigation versus
predicted outcomes by ACI 318-11 [61], ACI 363R-10 [62], Eurocode CEB-FIB [63], Lee and
Lee [64], and the proposed model (Equation (8)). For the reference mix G0, the tensile
strength is close to the model that Lee and Lee proposed, while the predicted values by ACI
models and CEB-FIB provide overestimates. However, surprisingly, the tensile strength
predicted by Lee and Lee does not increase much with the compressive strength. The same
can be said for the other predictions as well. This is because the splitting tensile strength in
this study grows faster than the compressive strength. This is reflected in Equation 8 by the
exponent of the compressive strength being higher than 1. This result is surprising, and
indicates a more fundamental property of slag that enhances the tensile strength, possibly
via the penetration of hydration products into the ITZ and aggregates themselves. This
clearly requires further investigation.

The actual splitting tensile results of 70% FA and 30% slag mix are very similar to
those predicted by ACI 318, ACI 363, and Eurocode CEB-FIB, but the proposed equations
by Lee and Lee underestimate them. For instance, the experimental values were 5.8%, 0.7%,
2.3%, and 24.3% higher than the predicted values proposed by ACI 318, ACI 363, Eurocode
CEB-FIB, and Lee and Lee, respectively, for the mix of 30% slag content. Using 50% and
100% slag content, the above variations between actual and predicted models become
higher. However, ACI 363 and Eurocode CEB-FIB are the closest to the real values for G50
and G100 mixtures, which range between 9.0 and 13% lower than what was predicted.
Faridmehr et al. [53] investigated SCGC made with the combined use of FA and slag.
They also found that the proposed relationship by ACI 318 between compressive and
splitting tensile strength does not correctly estimate the splitting tensile values of SCGC.
Consequently, the above findings might help researchers predict the splitting tensile values
of FA-based SCGC mixes made with or without slag with respect to the experimental
compressive strength values, but to reach more decisive conclusions, more investigations
and analysis are needed.

5.4. Durability Properties

Table 10 shows the capillary water absorption, free drying shrinkage, and mass loss
results. The results indicate that increasing slag content reduces mass loss and capillary
absorption but increases drying shrinkage.

Table 10. Results of durability properties of SCGC.

Mix Code Slag Content (%) Capillary Absorption(mm/min0.5)
Free Drying Shrinkage after 365 Days

Max. Shrinkage (Microstrain) Max. Mass Loss (g)

G0 0 0.0513 104 201
G30 30 0.0377 ——- ——-
G50 50 0.0291 175 115
G100 100 0.0242 ——- ——-
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5.4.1. Capillary Water Absorption (Sorptivity)

Capillary water absorption tests determine SCGC’s ability to absorb water from a
single surface [83]. This index properly assesses the quality of the concrete surface layer,
which controls reinforcement corrosion [83]. The lower the sorptivity, the more durable the
concrete is and the better it performs in a harsh environment. The 28-day capillary water
absorption coefficient for various slag contents is plotted in Figure 26. The relative decrease
in capillary absorption coefficient is presented in Figure 27.

Figure 26. Influence of slag content on the capillary water absorption after 28 days.

Figure 27. Percent decrease in capillary water absorption.

From the test results, a systematic decrease can be detected due to increased slag
content. With the increasing of the slag content from 0 to 100%, a reduction in sorptivity
of 52.83% is recorded. The trends observed in the results are in line with results by other
researchers such as Shaikh [84], who found that geopolymer concrete displays lower
sorptivity than normal concrete. Patel and Shah [4] studied blended FA and slag-based
SCGC incorporating rice husk ash cured in ambient conditions. They reported that higher
sorptivity is achieved by FA-based geopolymer concrete. The values of capillary suction for
all SCGC specimens were in a range of 0.069–0.136 mm/min0.5. According to recent research
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on the effects of mineral admixtures on the characteristics of geopolymer concrete by Jindal
et al. [85], raising the slag replacement ratio reduces the percentage of water absorption.
Furthermore, permeability is determined by pore size distribution and structure. The
pores’ continuity influences water absorption. Geopolymer gel formation fills pores in the
microstructure of the geopolymer concrete, changing the pore configuration and densifying
the microstructure. As the age develops from 1 day to 28 days, the pores are gradually
filled up by the production of geopolymer and C-S-H gels [4]. In geopolymer concrete,
the slag binder provides the C-S-H gel formation, which holds CaO oxide in the chemical
composition, resulting in enhanced strength.

5.4.2. Drying Shrinkage and Mass Loss

Curing is a key factor in evaluating the free drying shrinkage of concrete. It was
previously reported that the shrinkage of geopolymers is highly dependent on the curing
regime and liquid/binder ratio [86]. Additionally, the shrinkage of geopolymer mortar at
a low temperature (40 ◦C) is very high compared to those cured at a higher temperature
(60 ◦C) [86]. Furthermore, the compressive strength of geopolymer concrete improves with
increasing curing temperature. The fib MC 2010 and B4 models both predict shrinkage
based on the compressive strength [87]. For the above reasons, the effect of the curing
condition and compressive strength on the shrinkage of geopolymer concrete is of great
importance. Setting time and strength development of low-calcium FA-based geopoly-
mer concrete is very low compared to blended FA and slag-based geopolymer concrete.
Therefore, apart from the other parameters, different curing conditions were investigated
in this study: (1) curing at an elevated temperature (85 ◦C), and (2) the prisms are cast for
a free drying shrinkage test cured in an oven at a low temperature (40 ◦C) for three days.
Figure 28 shows the compressive strength of 100 mm cubical specimens of the SCGC mixes
cured at 40 ◦C for three days. The compressive strengths were enhanced by increasing slag
content from 0% to 50%. A similar trend was reported in the previous sections of this paper.

Figure 28. Compressive strength of SCGC specimens cured at 40 ◦C for three days.

Free Drying Shrinkage

Concrete drying shrinkage is characterized as a volumetric change as a result of
concrete drying. Initially, free water is lost, resulting in minimal to no shrinkage. As the
concrete continues to dry, the absorbed water is removed. Hydrostatic tension holds this
adsorbed water in tiny capillaries. Tensile stresses are created when this water is lost,
causing the concrete to shrink. The shrinkage caused by such a water loss is substantially
more than the shrinkage caused by free water loss [88]. Drying shrinkage is a long-term
process that depends on the water-cement ratio, hydration process, curing condition,
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moisture content, drying interval, aggregate properties, additives, and chemical properties
of the cement [89–91]. Typical curves of free drying shrinkage vs. drying time for the SCGC
mixes with and without the inclusion of slag are given in Figure 29. Regardless of the
slag content, a sharp increase in the free drying shrinkage test measurements is noticed
up to 90 days of drying time; then, the curve becomes flat. The inclusion of slag in SCGC
results in higher shrinkage values. The values of drying shrinkage at 365 days were 104
and 175 microstrain for the mix codes of G0 and G50, respectively. These values are lower
than for OPC concrete. However, in a different study [70], it was reported that the drying
shrinkage of FA-based geopolymer concrete cured in ambient conditions reduces with
the addition of slag, and the six-month shrinkage of geopolymer concrete mixes ranged
between 482 and 722 microstrain. Moreover, geopolymer concrete attained lower values
of shrinkage compared to ordinary concrete for comparable compressive strength values.
Additionally, it has been reported that the drying shrinkage strains of geopolymer concrete
cured via oven are generally less than those concrete cured at ambient conditions [92].
Furthermore, it was reported that low-calcium binders are less reactive than high-calcium
binders. In alkali-activated mixtures, class F fly ash reduced the shrinkage of concrete
compared to class C fly ash and slag binders [93,94].

Figure 29. Drying shrinkage strain development of SCGC.

Mass Loss

The results of mass loss versus drying time are plotted in Figure 30. SCGC incorpo-
rating slag displayed a lower mass loss than the mix made with 100% FA. At 365 days,
the mass losses of the mixes made of 0% and 50% slag were 201 g and 115 g, respectively.
According to previous studies, there might not be a direct relationship between drying
shrinkage and SCC’s mass loss measurements. The mass loss indicator alone cannot pro-
vide substantial information on the variation in the drying shrinkage of concrete [95], as a
number of other variables influence drying shrinkage in addition to mass loss [90,91]. The
obtained behavior is contrary to expectations and there are no available studies regarding
this property, hence more work is required in this direction.
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Figure 30. Mass loss variations of SCGC.

6. Conclusions

Based on the findings, the following conclusions can be drawn on the impact of slag
content on the fresh and hardened qualities of SCGC containing FA:

1. Slag inclusion has a negative impact on the flowability of SCGC in terms of slump flow
and J-ring flow diameter. The slump and J-ring flow values decrease by increasing
the slag in the mixes, but this is still within EFNARC’s acceptable limits. This may
be due to the morphology, lower specific surface area, and lesser reactivity of the FA
binder compared to slag.

2. T500, TJ500, and V-funnel flow times increase with the increase in slag replacement
levels. The relationship of V-funnel via T500 and V-funnel via TJ500 also indicates
that slag-rich SCGCs mixtures belong to the viscosity class (VS2/VF2) as defined by
EFNARC. It can also be concluded that this kind of concrete might help improve
resistance to segregation or reduce pressure on the formwork.

3. Slag leads to a reduction in the passing-ability of fresh concrete.
4. Slag has a significant impact on the segregation resistance of SCGC mixes. The

allowable range of segregation index (%) is attained when the usage of slag exceeds
30% of the total binder content.

5. The low-calcium content of FA binders delays hardening, and using slag in geopoly-
mer concrete mixes can help accelerate strength gain.

6. The utilization of slag results in a considerable increase in compressive and splitting
tensile strength. The highest relative benefit is observed at 50% replacement.

7. The splitting tensile strength was found to increase faster than the compressive
strength, indicating a potential enhancement of the ITZ. A new predictive equation is
proposed for these mixes.

8. Based on the sorptivity test, a higher slag content enhances the durability of SCGC. By
utilizing slag, SCGA specimens can achieve a higher rate of resistance to absorption. As
the percentage of slag climbed from 0% to 100%, the sorptivity value declined to 48.5%.

9. FA-based SCGC made with or without slag exhibits low free drying shrinkage. SCGC
made with 100% FA displays lower shrinkage strains than the mix made with 50%
FA and 50% slag due to the lower reactivity of the FA binder compared to slag. After
one year of exposing samples to drying conditions, the free drying shrinkage values
of SCGC specimens cured at 40 ◦C were 104 and 175 microstrain for the G0 and G50
mixes, respectively.

10. Fully FA-based SCGC specimens show greater mass loss than the mix with 50% slag
content. Therefore, it may be inferred that the mass loss parameter does not provide
sufficient information about the variety in free drying shrinkage results.
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7. Recommendations

It is recommended to investigate the influence of slag content on the durability perfor-
mance of FA-based SCGC; specifically, gas permeability and rapid chloride permeability.
In addition, further studies are needed on the long-term free drying shrinkage and mass
loss. Furthermore, restrained shrinkage could be a topic of interest to the researchers.
Investigating the microstructure of the FA-based SCGC with various slag content is also
important to justify the behavior of the mechanical strength and durability of such mixes.
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Abstract: In this study, the effect of micro-carbon fiber on the properties of concrete incorporating
recycled coarse aggregate at three different levels, i.e., 0%, 50%, and 100% by volume replacement
of natural coarse aggregate, was studied. Carbon fiber was incorporated at a dosage of 0.5% by
volume fraction. The effect of silica fume or micro-silica on the efficacy of fiber reinforcement was
also investigated. Studied parameters include important mechanical properties, such as compressive
strength, splitting tensile strength, and flexural strength, and physical/quality parameters such as
water absorption capacity and ultrasonic pulse velocity. The results showed that the mechanical
and durability performance deteriorates with the increasing percentage of recycled coarse aggregate.
Carbon fiber can significantly improve the tensile properties of recycled aggregate concrete. The
combination of carbon fiber and silica fume proved to be highly useful in addressing both mechanical
and durability concerns simultaneously. Concrete made with 50% recycled coarse aggregate, 8% silica
fume, and 0.5% carbon fiber yielded 20% greater tensile and flexural strength compared to the control
mix. Likewise, concrete containing 100% recycled coarse aggregate with silica fume and carbon fiber
yielded higher tensile strength compared to the control mix. Silica fume ameliorated the bonding
between fibers and matrix and improved the overall efficacy of fiber reinforcement.

Keywords: silica fume; micro-fibers; recycling; tensile properties; non-destructive properties

1. Introduction

As a result of the urbanization and modernization of cities, a large number of existing
infrastructures will be renovated, transformed, and/or demolished, causing the generation
of a large amount of concrete waste (CW). Re-utilization or eco-friendly consumption of CW
is a crucial problem to be addressed to save precious landfilling space and conserve natural
resources. Currently, the use of CW is very limited in several countries and commonly used
disposal methods include stacking and landfilling, consequently causing hazardous effects on
the environment [1]. The effective mitigation of the negative impacts of CW on the environment
requires future planning. The use of recycled coarse aggregate (RCA) as construction aggregate
can resolve the environmental issues associated with the disposal of CW.

The use of RCA in concrete as a replacement for natural aggregate leads us towards
preservation of natural resources, a circular economy, and environmental safety [2]. Various
studies have investigated the effect of RCA incorporation levels on the mechanical and dura-
bility performance of concrete. Replacement levels of 30–50% of RCA do not noticeably affect
the performance of concrete [3]. However, at the 100% replacement level, RCA-incorporating
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concrete shows a noticeable decline in mechanical and durability performance compared
to 100% natural aggregate concrete (NAC) [4,5]. The degree of reduction in the mechanical
performance of concrete due to the incorporation of RCA is also the dependent quality of CW.
RCA-sourced, high-quality CW (high-strength, high-performance concretes) yields properties
comparable to those of natural coarse aggregate (NCA), while low-quality CW (lean concretes,
normal-strength concretes, lightweight concretes) yields RCA samples of inferior quality [6].

Mainly, the presence of adhered mortar makes RCA less dense and weaker compared
to NCA. Normally, RCA samples comprise 30–35% old cement–sand mortar and 65–70% old
natural aggregate. The former is more porous and weaker than the latter; subsequently, the
performance of recycled aggregate concrete (RAC) is inferior compared to that of NAC. The
drawbacks of RCA use in concrete can be controlled by using additional materials such as
secondary binders, chemical admixtures, and fibers [4,7–9]. Mineral binders have proven
more effective and eco-efficient by far in advancing the mechanical and long-term mechanical
performance of RAC [10–12]. Silica fume (SF) was found to be more effective compared to other
alternative binders (fly ash, ground steel slag, and rice husk ash) in successfully enhancing
the compressive strength and splitting tensile strength of RAC [12,13]. Furthermore, with
the superior filler effect and pozzolanic react-ability, SF contributes more to the mechanical
performance and imperviousness of RAC than other secondary binders [12]. The bonding of
porous RCA with the binder matrix is strengthened due to the filler action of SF and chemical
reactions between portlandite and SF on the interface of the RCA and the binder [14,15]. SF is a
waste or by-product of ferrosilicon alloys and possesses very fine and highly reactive silica; its
consumption in concrete would also benefit sustainable development.

Mineral admixtures or secondary binders are used to advance the mechanical strength
and durability parameters of concrete [11,16], but they do not contribute a significant
change in the flexural or tensile behavior of concrete. The brittleness of plain cement
concrete is a pressing issue to be resolved. Therefore, the use of fibers is being encouraged
to supplement the tensile strength and post-cracking toughness of plain concrete. With the
addition of a small volume fraction of fiber, RAC can yield superior tensile and flexural
ductility compared to plain NAC [6,15,17]. Fibers impart special characteristics such as
impact resistance, fracture toughness, and fire and freeze–thaw resistance [18–21]. They
improve the tenacity, ductility, and deformability of brittle materials [22]. The efficiency of
fiber is dependent on the dosage, shape, and material properties of the fibers. Among all
fibers, steel fiber is most commonly used due to its wider availability and high efficiency
in plain concrete. However, the use of other non-metallic (basalt, carbon, glass, etc.) and
synthetic fibers (polypropylene, polyvinyl, nylon, etc.) is also being encouraged due to
their high tensile strength, superior durability, and light weight.

Carbon fibers (CF) have several benefits, e.g., high tensile strength, toughness, high
strength-to-weight ratio, good chemical resistance, and low thermal expansion. CF-
reinforced concrete can be used for corrosion-resistant construction. The inclusion of
CF improves the flexural and splitting tensile strength of high-performance concrete and
delays the rupture of plain concrete [23]. The inclusion of CF also provides small im-
provements in the absorption resistance of concrete [23]. A companion study revealed that
incorporation can improve ductility and fire resistance in reactive powder concrete [24].
The available literature implies that CF can be used as a fiber reinforcement to supplement
the strength of RAC. However, systematic investigation is still needed to evaluate the
engineering performance of CF-reinforced RAC.

The durability benefits of SF and ductility benefits of CF in RAC can be combined by
the composite addition of SF and CF. Until now, most research has focused on the use of
macro-steel fibers with secondary binders [13,25–27]; however, research dealing with the
mechanical and durability issues of RAC by combined incorporation of micro-fibers and
secondary binders is rare [15]. Thus, this research is devoted to investigating high-strength
concrete incorporating RCA, CF, and SF. The aim is to develop sustainable, ductile, durable,
and high-performance cementitious composite. For this purpose, high-strength concrete
was produced as a control mix. RCA was incorporated at 0%, 50%, and 100% by volume
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replacement of NCA. With the replacement level of RCA, CF and SF were incorporated at
optimum doses to modify the properties of RAC. The mechanical parameters studied in
this research include compressive strength—f cm, splitting tensile strength—f ct, and flexural
strength—f b. To estimate the permeability-related durability, the water absorption (WA)
capacity of modified mixes was evaluated. A non-destructive ultrasonic pulse velocity
(UPV) test was performed to assess the quality of the concrete. The experimental results
of this investigation will benefit the development of ductile, high-strength concrete using
sustainable materials in the construction industry.

2. Materials and Methods

2.1. Characteristics of Constituent Materials
2.1.1. Portland Cement and Silica Fume

In the preparation of all mixes, Type I Portland cement was used as the primary binder.
The characteristics of this cement meet the standard requirements of ASTM C150 [28]. It is
commercially available as 53 Grade Maple Leaf cement in Pakistan.

Silica fume (SF) was used as the secondary binder (by partial replacement of the
primary binder). It is highly reactive and possesses a superior filling effect due to its specific
surface area of around 27,000 m2/kg. SF particles are 70 times finer than Portland cement
particles. Particle size distribution of both primary and secondary binders is illustrated in
Figure 1. SF is almost entirely composed of silicon dioxide (SiO2). The X-ray diffraction
(XRD) results revealed that ultra-fine SF shows an amorphous state, as shown in Figure 2.
The XRD diffraction spectrum of the SF sample with the peak at around 2θ = 23◦ indicates
the presence of micro-crystalline silica (a form of porous silicon) [29]. Scanning electron
microscopic (SEM) images revealed that most particles in the SF sample had diameters of
less than 1 micron, as shown in Figure 3. This qualified it as a ‘micro-binder’ suitable for
filling the gaps between the particles of the main binder.

Figure 1. Gradation of cement and SF.

Figure 2. XRD analysis of SF.
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Figure 3. SEM image of SF at 200 nm resolution.

2.1.2. Natural and Recycled Aggregate

Fine aggregate was sourced from the Lawrancepur quarry in Pakistan. The fineness
modulus of this siliceous sand is around 2.9. For the manufacture of fiber-reinforced
concrete, the maximum size of coarse aggregate was chosen to be 12.5 mm. Dolomitic
sandstone was used as NCA. Due to the non-availability of the CW recycling plant, the
old concrete samples were processed by hand. The gradation or distribution of particles
was kept almost the same in the samples of both RCA and NCA. Important engineering
characteristics of fine and coarse aggregates are presented in Table 1. The aggregates’
gradation charts are shown in Figure 4.

Table 1. Characteristics of aggregates.

Characteristic Aggregate

Class Fine NCA RCA

Material Siliceous Dolomitic sandstone Laboratory concrete
waste

Quarry Lawrancepur Kirana Hills -
Max. size (mm) 4.75 12.5 12.5
Min. size (mm) 0.075 2.36 2.36
Relative density 2.66 2.68 2.46

Water absorption (%) 1.09 1.17 3.35

(a) (b) 

Figure 4. Gradation charts: (a) fine aggregate; (b) NCA and RCA.
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2.1.3. Carbon Fiber

To enhance the tensile properties of RAC, CF was used as fiber reinforcement. The
length and diameter of the CF were 15 mm and 7 microns, respectively. The length of the
CF was decided considering the workability issues associated with longer filament lengths
and the fact that shorter lengths yield insignificant effects on the ductility response of
concrete [23]. Thus, a medium length of 15 mm was chosen for the CF. The tensile strength
value of CF is above 3000 MPa, and it has an elastic modulus of 230 GPa. The material
density of CF is 1800 kg/m3. The macro–micro overview of CF is shown in Figure 5.

 
(a) (b) 

Figure 5. CF sample: (a) direct observation; (b) SEM image.

2.1.4. Tap Water and Water Reducer

The workability of all mixes in the desired range was attained using ‘Sika Viscocrete
3110’. It is a type G admixture and is designed to meet the specifications of ASTM C494 [30].
The preparation/manufacture and curing of all mixes were performed with tap water.

2.2. Characteristics of Constituent Materials

Three concrete families were designed using RCA as 0%, 50%, and 100% volumetric
replacement of NCA. The first mix containing 0% RCA was designed as the control mix.
The target f cm of the control mix was 65–70 MPa at 28 days, while the workability of fresh
concrete was chosen for a highly flowable high-performance mix with an Abram’s cone
slump value of 150–230 mm. RCA was then incorporated as 50% and a full replacement of
NCA in the control mix. RCA mixes were produced with and without SF. The substitution
level of SF was considered as 8% by volume replacement of the cement. Based on the
literature [31–33], the optimum substitution level of SF lies between 5% and 10% to achieve
maximum strength (Yunchao et al. [31] recommended 6% SF out of 3% SF, 6% SF, and 9%
SF; Xie et al. [32] recommended 8–12% SF out of 4% SF, 8% SF, and 12% SF; Ali et al. [33]
recommended 5% SF out of 5% SF and 10% SF). Thus, an intermediate percentage of
8% was chosen for SF incorporation. Similar to the selection process of SF percentage,
the dosage of 0.5% CF was also selected based on maximum mechanical and durability
performance according to the findings of a companion study [23] (out of 0.15% CF, 0.25%
CF, 0.5% CF, 0.75% CF, and 1% CF). In the RCA incorporating mixes, CF was added as
0.5% by volume fraction with and without SF. Eventually, a total of 12 concrete mixes were
produced. Complete details about the nomenclature and composition of the mixes are
illustrated in Table 2. The inclusion of both CF and SF is damaging to the workability of
concrete; thus, a superplasticizer or water reducer was used to maintain the workability of
the fresh concrete. All 12 concrete mixes were prepared in the laboratory, as detailed by a
companion study [34].
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Table 2. Proportions of concrete mixes.

Batch ID
OPC

(kg/m3)
SF (kg/m3)

Fine
Aggregate

(kg/m3)

Coarse Aggregate (kg/m3) Water
(kg/m3)

WR
(kg/m3)

CF (kg/m3)
NCA RCA

R0 550 0 650 1075 0 181.5 2.15 0.00
R0/SF 506 31 650 1075 0 181.5 2.25 0.00
R0/CF 550 0 644 1069 0 181.5 3.65 9.25

R0/SF/CF 506 31 644 1069 0 181.5 3.98 9.25
R50 550 0 650 538 489 181.5 2.21 0.00

R50/SF 506 31 650 538 489 181.5 2.46 0.00
R50/CF 550 0 644 534 486 181.5 3.94 9.25

R50/SF/CF 506 31 644 534 486 181.5 4.15 9.25
R100 550 0 650 0 978 181.5 2.31 0.00

R100/SF 506 31 650 0 978 181.5 2.58 0.00
R100/CF 550 0 644 0 972 181.5 3.84 9.25

R100/SF/CF 506 31 644 0 972 181.5 4.35 9.25

2.3. Testing Techniques

For all tests, three replicate samples of mixes were prepared, cured, and tested under
the same conditions. Then, their average value is presented in this research paper with
standard deviation values using error bars. All tests were conducted on samples after
curing for 28 days. To evaluate the f cm of the concrete mixes, 100 mm cubic samples of the
concrete were tested according to BS: EN 12390-3 [35]. The compression testing setup is
shown in Figure 6a. The tensile strength of concrete is indirectly assessed by measuring
the f ct of concrete. For this purpose, 100 mm diameter × 200 mm height samples of
concrete were subjected to splitting tensile load according to ASTM C496 [36]. The splitting
tensile test setup is illustrated in Figure 6b. A third-point bending test was performed to
estimate the modulus of rupture or bending strength (f cb) of the concrete samples. Prismatic
specimens of 100 × 100 × 350 mm3 were tested under third-point loading according to
ASTM C1609 [37]. The clear span between simple supports was 300 mm. The bending test
setup is shown in Figure 6c.

The durability of concrete structures is highly dependent on the voids connected to
the surface of the concrete. The measure of the permeable pore volume of concrete is
related to the durability assessment. Therefore, the WA capacity of all mixes was evaluated.
Concrete discs of 100 mm diameter × 50 mm thickness were tested according to the ASTM
C938 [38]. The percentage difference between the dried and saturated concrete samples
is regarded as the WA capacity of concrete. The UPV test is a non-destructive field test to
predict the strength and durability of concrete. The change in the speed of the pulse wave
through a sample reveals the change in the porosity or density of concrete. The UPV test
was conducted on cubic samples, as shown in Figure 6d.

  
(a) (b) 

Figure 6. Cont.
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(c) (d) 

Figure 6. The overview of experimental testing: (a) compression test; (b) splitting tensile test;
(c) bending test; and (d) pulse velocity test.

3. Results and Discussion

3.1. Compressive Strength

The effect of SF and CF addition on the f cm of concrete with and without RCA is shown
in Figure 7. The f cm values of concrete mixes relative to the control mix are illustrated in
Figure 8. It can be seen that the f cm was reduced noticeably with an increasing percentage
of RCA. At 50% and full replacement of NCA with RCA, the f cm was decreased by 14%
and 25%, respectively. Since RCA is more porous and weaker than NCA, it reduces the
strength of the concrete. The attached mortar in RCA absorbs a high amount of water, and,
thus, RAC has more voids than the NAC. The strength reduction due to RCA incorporation
has been linked to the increase in porosity and voids [39].

The addition of SF as a partial substitution for cement caused a noticeable improve-
ment in the f cm. For R0, the f cm was increased by 5% due to SF addition, while R50 and
R100 experienced improvements of around 9% compared to the control mix. Thus, SF
played an effective role in overcoming the strength deficit of RAC. It was also noted that
SF addition is more useful in RCA-incorporating families. This is because the overall
portlandite (CH) content in RAC is greater than in the R0 family, and the presence of RCA
offers a high potential for pozzolanic reactions. This finding is in line with Dilbas et al. [7].
At the interfacial transition zones, reactions between the silica and free CH strengthen the
aggregate–matrix bond [14].

f

Figure 7. Effect of CF and SF addition on 28-day f cm of concrete with different percentages of RCA.
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f

Figure 8. Relative f cm of concrete mixes with SF, CF, and RCA.

A singular CF addition did not cause a noteworthy change in the f cm. A nominal
improvement of 3% was observed in the f cm of all concrete families. It can be credited to
the improvement in the axial stiffness of concrete due to advanced crack resistance caused
by the fibers [40]. Previous studies [41,42] also reported that micro-fibers cause a minimal
change in the f cm, since they are only majorly valuable for boosting the tensile strength and
fracture toughness.

The combined use of CF and SF augmented the f cm of concrete by significant margins.
As is shown in Figure 8, around an 11% improvement in f cm of R0 can be achieved by using
8% SF and 0.5% CF. Due to the combined use of CF and SF, R0, R50, and R100 concrete
experienced 11%, 16%, and 18% improvements, respectively. It was clear that SF and CF
have synergistic benefits since the benefits of their combined incorporation were marginally
greater than the sum of the benefits due to their singular incorporations. R50/SF/CF
showed an f cm comparable to that of the control mix.

3.2. Splitting Tensile Strength

In practical engineering, f ct is measured instead of direct tensile strength since it
provides a simpler and easier assessment of the tensile strength of concrete. Figure 9 shows
the effect of SF and CF on the f ct with and without incorporation of RCA, while the f ct
value of all mixes relative to the control mix is shown in Figure 10. A downward trend
was noticed in f ct, increasing the percentage of RCA. The f ct decreased by 7% and 16%
at 50% and 100% RCA, respectively. These reductions in f ct were anticipated due to the
inherent weakness of RCA. The incorporation of SF provided minor improvements in the
f ct. The f ct of R0, R50, and R100 was improved by 4%, 9%, and 10%, respectively, due to the
inclusion of SF as an 8% replacement of cement. The pozzolanic reactions and filler effect of
micro-silica particles strengthen the binder matrix. In the case of mixes incorporating RCA,
the chemical reactions may also occur across the bond between silica-modified matrix and
aggregates. Kurda et al. [43] systematically showed that the utilization ratio of pozzolanic
binders is greater in the case of RAC than in NAC.

The incorporation of CF had an upward effect on the f ct. The tensile strength was
increased significantly by 18–20% with the addition of 0.5% CF. Therefore, the tensile
strength deficit of RAC families was completely overwhelmed by the CF addition. Both R50
and R100 concretes attained higher tensile strengths than the control mix. This is because
the use of CF increases the bonding force of concrete and enhances the f ct [44]. Furthermore,
the efficacy of fibers under pulling action or tension is more than under compressive forces.
Fibers activate earlier under tension loads and supplement the bonding force of concrete.
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Raza and Qureshi [24] also found that the effect of fibers on f ct is more promising than their
effect on f cm.

f

Figure 9. Effect of CF and SF addition on 28-day f ct of concrete with different percentages of RCA.

f

Figure 10. Relative f ct of concrete mixes with SF, CF, and RCA.

The combined incorporation of CF and SF showed maximum improvement in f ct. R0,
R50, and R100 concrete experienced 26%, 31%, and 32% improvements due to the combined
use of CF and SF. These results confirmed that the use of CF and SF has a synergistic effect
on the f ct. The surplus net gain due to the simultaneous addition of CF and SF is credited
to the improvement in the bond strength of fibers. The pore refinement and growth of the
extra calcium silicate hydrate (CSH) gels improve the pulling force of the cement matrix.
Thus, the strengthening of the cement matrix and refinement of the pore structure improves
the interfacial bond properties and causes further enhancement or synergistic effect on the
macro performance.

3.3. Bending Strength

Similar to f ct, f cb is an indirect measure of the true tensile strength of plain and fibrous
concretes. However, unlike f ct, f cb can be directly used in the design of concrete elements
such as tunnels, slabs, pavements, etc. Unlike f cm and f ct, f cb is not a simplistic measure as
it requires high-quality control and is strongly influenced by the support conditions, fiber
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orientations, and sample size. The effect of RCA, CF, and SF addition on f cb is illustrated in
Figure 11. The f cb values of all mixes relative to the control mix are presented in Figure 12.

f

Figure 11. Effect of CF and SF addition on 28-day f cb of concrete with different percentages of RCA.

f

Figure 12. Relative f cb of concrete mixes with SF, CF, and RCA.

The addition of SF had a minimal effect on the f cb of R0. However, it showed phe-
nomenal improvements of around 10% in the f cb of both R50 and R100 concretes. The net
efficiency of SF was high in mixes containing RCA. This behavior was observed in the
results of f ct as well. The inclusion of fibers caused a remarkable increment in the f cb of all
RCA families. For instance, R0, R50, and R100 experienced net improvements of 21%, 23%,
and 11% due to the addition of CF, respectively. Fiber inclusion in the matrix of concrete
effectively overcame the f cb deficit of R50 and R100 against the control mix.

The concurrent inclusion of SF and CF was demonstrated to be highly beneficial
in boosting the f cb of all RCA families. Not only were the f cb increments of SF and CF
combined by their conjunctive use, but they also caused a synergistic effect similar to that
observed in other mechanical results. For instance, in R50, the singular addition of SF and
CF caused net increments of 8% and 23%, respectively but their joint incorporation led to
an improvement of 33%. Similarly, for the R100 concrete, the addition of SF and CF showed
improvements of 9% and 11%, but their joint inclusion caused f cb to increase by 32%. The
results of tensile testing (i.e., f ct and f cb) showed that the individual addition of fiber in the
matrix of RAC is enough to overcome the strength gap or deficit compared to plain NAC.
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However, the further enhancement effect on the performance of fibers can be achieved by
the addition of SF.

The variation in f ct and f cb with the incorporation of RCA, SF, and CF almost showed
a similar trend. The crack-bridging effect of fiber is highly useful for both tensile properties
of concrete; therefore, the f ct and f cb correlated with high accuracy, as shown in Figure 13.
As we know that f cb measurement is difficult and sensitive, it can be assessed accurately
from the f ct.

f

f

Figure 13. Correlation between f cb and f ct.

3.4. Water Absorption

The change in the permeable porosity of concrete can be used as a durability indicator
because the ingress rate of harmful chemicals is entirely dependent on the porosity of
the concrete. The results of WA testing are illustrated in Figure 14. RCA incorporation
is detrimental to the porosity of concrete due to the attached mortar. The pores present
inside RCA increase the connectivity of micro-channels, leading to an increased value of
WA. At full replacement of NCA with RCA, a 40% increase in the WA capacity of concrete
was noticed. This drawback of high porosity and loosely attached mortar associated with
RCA also had a detrimental effect on the mechanical properties of concrete. A secondary
binder, such as SF, due to its micro size, effectively closes the spaces in the binder matrix
and on the surface of RCA. The meandering effect of fine particles also slows or reduces
the penetration of water inside the concrete [10,13]. The improvement in the interfacial
properties of concrete results in a tremendous WA reduction.

Figure 14. Effect of CF and SF addition on 28-day WA capacity of concrete with different percentages
of RCA.
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The incorporation of CF aggravates the imperviousness of concrete. The tangling
effect of fiber filaments and improper compaction can lead to an increase in the size of
pores and connectivity between them. The CF filaments have a high surface area; due to
this reason, they can be very difficult to disperse. Thus, CF introduces voids or pores inside
the cementitious matrix. At 0.5% volume of CF, the WA capacity of R0, R50, and R100 was
increased by 6%, 3%, and 5%, respectively.

SF plays a vital role in managing the negative effects of both RCA and fibers. The
increased CSH gel growth and pore refinement lead to better interfacial properties for both
RCA and fibers. The increase in the imperviousness of the binder matrix causes a balancing
effect on the pores created due to the ‘balling’ or ‘tangling’ effect of the fibers. It can be
concluded that the role of SF is very crucial for suppressing the harmful effects of RCA
and micro-fibers on the imperviousness of concrete. Owing to the superior filling effect of
SF, R100/SF/CF yielded a WA value around 2% lower than that of the control mix, while
R50/SF/CF yielded 23% less WA than the control.

3.5. Ultrasonic Pulse Velocity

To assess the quality of concrete in the field, UPV is widely used as a non-destructive
testing method. Table 3 provides the interpretation of UPV value in terms of concrete
quality as per BIS: 13311 [45]. A UPV value between 3.5 and 4.5 km/s usually corresponds
to normal-strength and medium-strength concretes, whereas UPV values above 4.5 km/s
correspond to high-performance or high-strength concrete grades. The results of UPV
testing of all mixes are illustrated in Figure 15. The control mix showed a UPV value above
4.5 km/s, which shows its excellent quality. The inclusion of SF refines the micro-structure
and improves the imperviousness of concrete, which leads to further improvement in
the UPV value of concrete. Unlike SF, fiber addition has a downward effect on the UPV
of concrete. The increase in porosity due to fiber addition may reduce the speed of the
pulse [46]. The reduction in UPV value can also be linked to the increase in heterogeneity
on fiber addition. A mix containing both SF and CF attained a UPV value similar to that of
the control or unmodified mix. SF balances the negative effect of micro-fibers on UPV.

Table 3. Interpretation of UPV value.

UPV (km/s) Concrete Grading (Quality)

Above 4.5 Excellent
3.5 to 4.5 Good
3.0 to 3.5 Medium
Below 3.0 Doubtful or inferior

Figure 15. Effect of CF and SF addition on 28-day UPV of concrete with different percentages of RCA.
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The decrease in UPV was observed due to an increase in the RCA level. The increase
in the porosity and voids due to RCA addition is responsible for slowing the speed of
the pulse wave. All mixes of the R100 family fell under the good quality category. SF
caused a noticeable improvement in the UPV value of RAC, while CF had a declining
effect on the UPV values of R0, R50, and R100 concrete. In RCA families, only R50/SF and
R50/SF/CF yielded UPV values above 4.5 km/s, which falls under excellent quality. Since
UPV, WA, and f cm are exclusively dependent on the density and micro-structural growth of
concrete, these parameters can be correlated to UPV’s high accuracy, as shown in Figure 16.
The increase in UPV due to the modification of concrete indicates an improvement in the
imperviousness and f cm. For example, the increase in UPV due to SF addition can be used
as an indicator of an f cm increment and a decline in WA.

(a) (b) 

f

Figure 16. Correlations between (a) f cm and UPV and (b) WA and UPV.

4. Conclusions

In this research, the effect on the properties of ‘high-strength concrete’ of singular and
combined incorporation of silica fume and carbon fiber was studied with three different
levels of recycled coarse aggregates as a replacement for natural coarse aggregates. The
following are the important findings of this research:

• The modification method using silica fume is highly effective in improving the com-
pressive strength of recycled aggregate concrete. Concretes containing 50% and 100%
recycled coarse aggregates experienced strength increments of around 9% at the
addition of 8% silica fume. Carbon fiber caused nominal upgradation of 2–4% in
compressive strength. At the combined use of 0.5% carbon fiber and 8% silica fume,
the compressive strength of 100% recycled aggregate concrete was improved by 18%;

• The use of carbon fiber is effective in the upgradation of tensile strength. At the addi-
tion of 0.5% carbon fiber, concrete mixes made with 50% and 100% recycled aggregate
experienced 16% and 14% improvements in splitting tensile strength, respectively. The
combined use of silica fume and carbon fiber caused a maximum improvement of 32%
in the splitting tensile strength of recycled aggregate concrete. The singular use of
fiber or combined use of fiber and silica fume can overcome the tensile strength deficit
of 100% recycled aggregate concrete;

• The singular addition of fiber is more useful than silica fume in upgrading the bending
strength. Concretes with 50% and 100% recycled aggregates gained net improvements
of 23% and 11%, respectively, due to the inclusion of 0.5% carbon fiber;

• The use of silica fume enhances the interfacial properties of aggregates and fibers;
both fibers and silica cause a synergistic improvement in the tensile properties. The
net effect of fiber on mechanical performance also improves with the addition of
silica fume;
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• Due to the addition of 0.5% carbon fiber and 8% silica fume, 100% recycled aggregate
concrete achieved 19% greater bending strength than the control mix;

• Both recycled aggregate and fiber have a downward effect on the imperviousness of
concrete. Thus, they can lead to a decline in the durability of concrete. The use of silica
fume is highly effective in managing the negative effects of both fibers and inferior
aggregates on the water absorption capacity and durability of concrete;

• The use of recycled aggregate noticeably reduces the pulse velocity; hence, the quality
of concrete degrades. Fiber inclusion further has a minor but declining effect on
the ultrasonic pulse velocity due to a possible increase in the porosity of concrete.
Silica fume proved advantageous in refining the quality of concrete with and without
recycled aggregate. Concrete made with 50% recycled coarse aggregate achieved
excellent quality, with a pulse velocity value well above 4.5 km/s, owing to the filling
and pozzolanic action of micro-silica.
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Abstract: The development of sustainable, environmentally friendly alkali-activated binder has
emerged as an alternative to ordinary Portland cement. The engineering and durability properties
of alkali-activated binder using various precursor combinations have been investigated; however,
no study has focused on the impact of high-volume natural pozzolan (NP) on the acid resistance
of alkali-activated NP and limestone powder. Therefore, the current study assesses the impact of
high-volume natural pozzolan (volcanic ash) on the durability properties of alkali-activated natural
pozzolan (NP) and limestone powder (LSP) mortar by immersion in 6% H2SO4 for 365 days. The
samples were prepared with different binder ratios using alkaline activators (10 M NaOH(aq) and
Na2SO4) combined in a 1:1 ratio and cured at 75 ◦C. NP was combined with the LSP at three different
combinations: NP:LSP = 40:60 (AAN40L60), 50:50 (AAN50L50), and 60:40 (AAN60L40), representing
low-volume, balanced, and high-volume binder combinations. Water absorption, weight change, and
compressive strength were examined. The microstructural changes were also investigated using FTIR,
XRD, and SEM/EDS characterization tools. Visual examination showed insignificant deterioration in
the sample with excess natural pozzolan (AAN60L40) after 1 year of acid exposure, and the maximum
residual strengths were 20.8 MPa and 6.68 MPa in AAN60L40 and AAN40L60 with mass gain (1.37%)
and loss (10.64%), respectively. The high sulfuric acid resistance of AAN60L40 mortar was attributed
to the high Ca/Si = 10 within the C-A-S-H and N-A-S-H formed. The low residual strength recorded
in AAN40L60 was a result of gypsum formation from an acid attack of calcium-dominated limestone
powder. The controlling factor for the resistance of the binder to acid corrosion was the NP/LSP ratio,
whose factor below 0.6 caused significant debilitating effects.

Keywords: natural pozzolan; limestone powder; acid resistance; sulfuric acid; alkali activation

1. Introduction

Civil infrastructure deterioration due to industrial and biogenic acid attacks has been a
cause of concern owing to the high cost of rehabilitation and retrofitting [1]. The resistance
to acid of concrete structures is critical for long-term durability assessment and economic
viability. In this context, cementitious materials with high acid resistance are required
for various acid-exposed critical infrastructures to enhance their durability. Although the
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ordinary Portland cement (OPC) binder is known to be resistant to chemical attacks, it is
highly susceptible to acid attack through either the decomposition and leaching of hydration
products or the negative effect of newly formed compounds on the binder’s internal
microstructure [2]. To improve the durability performance of OPC binders, researchers
are constantly striving to produce better-performing binders through the modification of
OPC binders via novel chemical or mineral admixtures, among other approaches. Mineral
admixtures such as fly ash, silica-fume, ground granulated blast furnace slag, rice husk ash,
silicomanganese, etc., are commonly used to increase the long-term durability of concrete
through the formation of a uniform and consolidated internal matrix [3–11].

The development of alkali-activated materials (AAMs), which have been studied and
shown to have better acid resistance than OPC, is another strategy adopted by researchers to
develop durable materials [12,13]. The choice of source material, which has been shown to
affect an AAM’s internal structure, has a substantial impact on the durability performance
of the AAM [14]. Relatively new [15–17] and old [12,13] studies have also confirmed that
AAM offers superior durability performance in comparison to OPC binders. Although
it is reported that AAMs outperform OPC binder in terms of durability, the quality of
binder products required to resist acid attack depends on the calcium level in its source
material [13]. The difference in the quality of the produced binder is responsible for
significant variance in the durability test outcomes. The mechanism of deterioration, for
instance, with varying exposure concentrations of acid, is significantly different [12,13,15].
As a result, there has been considerable skepticism about alkali-activated materials’ superior
durability performance in surviving the harshness of acids during exposure. However,
new [16–18] and old [12,13] studies have confirmed AAMs’ superior durability performance
compared to OPC materials.

In a recent study, Reu et al. [16] investigated the degradation of slag/fly ash mortar
(mixed in varying proportions) in an acidic medium comprising phosphoric and sulfuric
acids at pH of 2.5 ± 0.5 for 150 days of exposure. The findings indicated variation in the
aggressiveness of acid attack, with phosphoric acid being the most aggressive, and that
the degradation level of AAM was far less than that of OPC-based mortar. Chen et al. [15]
studied the durability performance of pavement repair mortar materials developed from
alkali-activated metakaolin–GGBFS (MK-GGBFS) and OPC upon exposure to a strong
sulfuric acid solution (pH = 1). The superior durability of the binary blend of alkali-
activated MK-GGBFS over OPC was due to the void-filling effect and the formation of
alkali-activated binder gel (N-A-S-H and C-S-H). The degradation of the mortar in the
sulfuric acid environment was attributed to the leaching of metal cations, the breakdown
of aluminosilicate bonds, and the formation of microcracks forming gypsum within the
matrix [19]. In another comparative study [20], the resistance to acid solution of alkali-
activated glass cullet (AAGC) synthesized from three types of recycled glasses (flat, hollow,
and windshield) was reportedly better than that of OPC.

Many new materials have crept into the durability research space of alkali-activated
materials; some of these materials include waste ceramic tile powder (WCP) [21,22], light-
burnt dolomite powder [23], waste glass powder [24–26], volcanic ash [26], iron-rich laterite
soil [27], silico-manganese fumes [28], glass cullet [20], palm oil fuel ash (POFA) [18],
etc. Despite the different precursors, varied acid concentrations, and exposure durations,
AAM’s better performances were consistent in the reviewed comparative durability studies.
This has encouraged researchers to explore other types of aluminosilicate precursors.
Furthermore, 75 wt % of the Earth’s crust is made up of silica and alumina, allowing for
a significant number of raw materials, which could either be natural materials or waste
by-products, available to be explored for alkaline activation [28].

Natural pozzolan (NP) is a siliceous or siliceous and aluminous material with a
polymeric silicon–oxygen–aluminum framework. The alkali activation of NP involves
the use of alkali activators (NaOH(aq) and Na2SiO3(aq)) for the hydrolysis and disso-
lution of complex aluminosilicate compounds present in NP. The dissolution process
leads to the release of monomers such as Ca-O, Si-O-Si, Al-O-Al, and Al-O-Si. This pro-
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cess is followed by the orientation of the oligomers, followed by the polycondensation
of chains to form coagulated structures. Alkali activation of NP results in the forma-
tion of phillipsite ((Na,K,Ca)1-2(Si,Al)8O16.6(H2O)), CSH, calcium aluminum silicate hy-
drate ((Ca2Al4Si8O24)12H2O), C-A-S-H), and sodium aluminosilicate hydroxide hydrate
(Na8(AlSiO4)6(OH)2-4H2O), N-A-S-H); these binder gels have been reported to enhance
the strength development of the AAM [29,30].

Natural pozzolan (NP) is abundantly available in volcanic regions and is rich in silica
content [31]. However, NP is deficient in CaO, which could cause a delay in the setting time
of the binder. This has necessitated the binary blending of volcanic ash natural pozzolan
and other CaO-containing waste, such as slag and limestone waste powder (LSP) [29,32].
LSP is generated during the tile production process; about 30 million tons are generated per
year in Turkey, while the U.K. generates 22.2 million tons of LSP annually [29]. The synergy
between NP and LSP as binary precursors in the development of the alkali-activated binder
has enhanced the mechanical properties by improving microstructures [33].

There has been successful deployment of natural pozzolan (pumice, perlite, and vol-
canic ash) as a base material in alkali-activated binder, where its effect (either solely or
supplemented with other materials) on mechanical and durability performance improve-
ment has been reported [34–41]. However, these studies, especially on the durability
performance of alkali-activated concrete AAC, either with NP alone or in combination with
supplementary materials, are still limited. There are several studies on AAC durability
against sulfate, acid attacks, diffusion, permeability, depth of oxygen and chloride ion
penetration in NP-based binders [42–45]. In one of the studies on chloride ion transport
in NP-based AAC, a high amount of chloride ions was recorded in the solution after
the rapid chloride permeability test irrespective of the voltage applied [37,44]. However,
improved or enhanced durability performance was recorded in the durability studies
where NP was blended with other materials. For instance, in a recent work by Aguirre-
Guerrero et al. [43], the corrosion behavior of blended NP/GBFS-based reinforced AAC
exposed to a chloride-bearing environment was studied. Higher resistance to chloride
ion penetration was recorded compared to ordinary Portland cement-reinforced concrete
used as a control. This better performance was attributed to improved gel composition,
microstructural characteristics, and the matrix’s capacity to bind the chloride ions before
reaching the rebar surface.

In another NP blended study, Ibrahim et al. assessed the acid resistance of NP blended
with nano-silica AAC subjected to 5% sulfuric acid. A reduction in specimen strength and
weight was recorded with the blended NP in comparison with NP-based AAC and OPC-
based concrete. The role played by the nano-silica, according to the authors, in achieving
better microstructure leading to enhanced performance was due to hydration products
such as C-A-S-H with increased absorption of aluminum ions into the binder matrix. The
exposure to sulfuric acid resulted in the disintegration of the paste between the aggregates.
Aside from sulfuric acid exposure, the curing temperature was also identified as a dominant
factor in the performance of NP-based AAC. NP-based AAC cured at lower temperatures
performed better during exposure to 5% sulfuric acid [39].

There have been studies conducted mostly on the fresh properties and strength devel-
opment of AAC using NP and other emerging materials; an example is NP and limestone
powder [33,45]. However, little is understood about its performance in terms of exposure to
acid attacks. Thus, this research investigated the impact of high-volume volcanic ash natural
pozzolan on the acid resistance of alkali-activated natural pozzolan and limestone powder.
To explore the possibility of synthesizing a sustainable and durable blend of alkali-activated
mortar using volcanic natural pozzolan and limestone powder, the hardened mortar was
exposed to 6% sulfuric acid resistance for 3, 6, 9, and 12 months. The binder’s morphol-
ogy was examined through scanning electron microscopy–energy-dispersive spectroscopy
(SEM/EDS), the difference in mineral phases was observed through X-ray diffraction (XRD),
and changes in the frequency of vibration of different functional groups and their bond
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characteristics were studied using Fourier transform infrared (FTIR) spectroscopy. The
findings of this study can reduce the waste that leads to environmental and health hazards.

2. Materials and Methods

2.1. Materials
2.1.1. Natural Pozzolan and Limestone Powder

The natural pozzolan (NP) used for this research was volcanic ash from the coast of
the Red Sea, Saudi Arabia, and was commercially acquired from a local company. The
limestone rock was mined in large sizes from a limestone quarry site in Riyadh (Saudi
Arabia) and was transported to a tile-making factory in Hafr Al-Batin, Saudi Arabia. The
dust generated during the cutting process of producing tiles was used for this research
work. The two base materials were initially oven-dried at 105 ± 5 ◦C for 24 h, after which
they were sieved through a No. 200 sieve. A particle size analyzer (HELOS (H3533) and
QUIXEL brand) was used to determine the particle size distributions of the precursor
materials. The analyzer worked using laser scattering principles. The precursors were
dispersed in distilled water using the wetting method; then, the system was vigorously
agitated to avoid sedimentation. The characteristics of the raw materials (NP and LSP)
are given in Table 1. The specific surface areas (BET) of precursors were determined with
Micromeritics ASAP2020 using nitrogen gas adsorption. The surface of the powdered
sample was cleared of all adsorbed gasses (outgassing process). Then, the sample was
cryogenically cooled using liquid nitrogen, followed by dosing of nitrogen gas into the
system at reduced pressure. X-ray fluorescence (XRF) spectrometry was used to determine
the elemental compositions of precursors. An XRF machine works by sending radiation
waves to the samples in an intense X-ray beam from a radioisotope source. The primary
source of rays excites the sample by detaching the tightly bound inner shell electrons from
the excited atoms of the samples. When the excited atoms are relaxed to the original state,
a fluorescent X-ray is emitted. The energies of these emitted rays are detected using an
energy-dispersive detector that identifies the elemental traces in the sample, while the
intensity of the X-rays is used to determine the quantity of the elements. X-ray diffraction
(XRD) is a rapid and simple technique for non-destructive characterizations of crystalline
materials. The results were analyzed by MATCH XRD software using the COD database.
The chemical compositions of NP and LSP from X-ray fluorescence (XRF) spectrometry are
shown in Table 2. The test provides information especially on structures, phases, preferred
crystal orientations, and structural parameters. The mineralogical composition and phase
nature of PMs were explored using an XRD Bruker instrument, model d2-Phaser, with Cu
Ka radiation (40 kV, 40 mA) by continuous scanning within an angle 2-theta range of 4–80◦
and at a scan speed of 2.5◦/min.

Table 1. Physical characteristics of NP and LSP.

Materials
Specific
Gravity

Volume
Mean

Diameter
(μm)

Specific
Surface

Area
(cm2/g)

d90 (μm) d50 (μm) d10 (μm)

LSP 2.7 12.1 0.6 31.0 6.4 1.20
NP 2.3 5.8 3.1 11.6 4.8 1.4

Table 2. Chemical constituents of NP and LSP.

Oxide
Components (%)

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O L.O.I

NP 2.0 74.0 13.0 1.5 0.5 4.0 5.0 5.0
LSP 94.1 2.5 0.8 1.2 0.6 - 0.3 44.0
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2.1.2. Alkaline Activators

The alkali activator used for this study is a combination of 10 M NaOH(aq) (NS) and
NaSiO3(aq) (SS), the SS contains H2O: 62.11%, SiO2: 29.13% and Na2O: 8.76% with silica
modulus, and SiO2/Na2O of 3.3. It should be noted that sodium hydroxide was made a
day in advance of mixing in order to allow the solution to cool.

2.1.3. Aggregates

The fine aggregate used for this study was desert sand from dunes that met ASTM
C33’s gradation size requirements, as shown in Table 3. The fine aggregates’ specific gravity
in saturated surface dry conditions was 2.63, and its fineness modulus was 2.6.

Table 3. Physical characteristics of NP and LSP.

S/N Sieve Size (mm) Cumulative Passing (%)

1 9.6 100
2 4.75 95
3 2.63 81
4 1.18 50.5
5 0.6 25.4
6 0.3 6.2
7 0.15 1.9

2.1.4. Acid Solution

The acidic solution used for the durability test was concentrated 6% H2SO4(aq) solution
supplied by Ajax Finechem Pty Ltd. with a molar mass of 98.08 g and specific gravity of
1.84. The purity level was 96.5%.

2.2. Experimental Program
2.2.1. Mix Design for the Mortar Preparation

The mortar was produced with three different precursor combinations (NP:LSP = 40:60,
50:50, and 60:40). The mortar was developed using a mass ratio of Na2SiO3(aq)/10 M
NaOH(aq) (SS/NH) = 1.0. The mixes were designated as AANxL100-x, where x represents
the percentage of NP present in the mix. The mix was designed to study the effect of a
high volume of LSP (AAN40L60), an equal volume of NP and LSP (AAN50L50), and a high
volume of NP (AAN60L40). A fine aggregate to binder ratio of 2.0 was maintained for all
mixes. The (NaOH(aq) + Na2SiO3(aq))/(NP + LSP) ratio was maintained at 0.5, while free
water was 10%. Table 4 depicts the mix proportions used for this research.

Table 4. Mix proportions in kg/m3 of the developed mortar.

Mix No. Mix ID NP LSP
NH

Molarity
SS/NH SS SH H2O

Fine
Aggregate

M1 AAN60L40 363.0 242.0 10 1.0 151.5 151.5 60.5 1210
M2 AAN50L50 302.5 302.5 10 1.0 151.5 151.5 60.5 1210
M3 AAN40L60 242.0 363.0 10 1.0 151.5 151.5 60.5 1210

2.2.2. Mortar Preparation

The required dry quantities of materials, shown in Table 4, were mixed with the Liya
5.0 L planetary bench mixer. The precursor was mixed with the fine aggregate for 3 min.
The alkaline activators (10 NaOH(aq) + Na2SiO3(aq)) and water were mixed to achieve a
homogeneous mixture. The mix was then placed in a cube mold of 50 × 50 × 50 mm3,
conforming to ASTM C109, followed by consolidation using a Liya vibrating table. The
surface was then meticulously smoothed with a trowel, covered with a polythene sheet to
stop moisture evaporation, and finally oven-dried for 24 h at 75 ◦C. The demolded samples
were subsequently cured over the course of 28 days by curing at a laboratory temperature
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of 20 ± 5 ◦C for strength development. The samples were then immersed in 6% H2SO4(aq)
for 12 months and tested for 3-, 6-, 9-, and 12-month residual strength and change in mass.
The sample morphology, bond characterization, and mineral phases after immersion were
examined using SEM/EDX, FTIR, and XRD analysis, respectively.

2.2.3. Evaluation of the Resistance to Acid

To evaluate the resistance of the developed alkaline-activated mortar to acid attack,
a cubic sample of 50 × 50 × 50 mm3 was used. The impact of acid on the mortar under
study was investigated using 6% H2SO4, which was prepared using distilled water. Before
being submerged in the solution, the 28-day-old specimens were weighed. The samples
were immersed for 365 days and the solution was changed every month to maintain a pH
of 1 throughout the test. The performance of geopolymer mortar specimens was evaluated
using physical observation and by measuring the loss in weight and the residual strength.

2.3. Evaluation Methods
2.3.1. Water Absorption

Absorption is a measure of pore spaces present in the matrix of a specimen. The
determination of water absorption is usually performed by controlling the drying of
specimens in an oven until a constant mass is achieved, which signifies the complete
removal of existing moisture. Water absorption of binder specimens was determined
following ASTM C-642, with the exception that the samples were dried in an oven at 75 ◦C
(similar to curing temperature) for 24 h and their masses were recorded. The samples were
then placed in water for 24 h and the masses of the samples were measured in surface-dried
conditions. The water absorption was evaluated using Equation (1).

Water absorption (%) =
m2 − m1

m1
× 100 (1)

where m1 is the average mass of the oven-dried specimen in air and m2 is the average mass
of the surface-dried specimen after immersion.

2.3.2. Weight Loss

To study the resistance to acid attack, the cubic sample of 50 × 50 × 50 mm3 of
known original weight was fully immersed in 6% H2SO4(aq) after 28 days of air-curing for
12 months. The solutions were changed every 30 days to keep the acidic solution’s concen-
tration at a pH level of 1. The loss in weight after 3, 6, 9, and 12 months of immersion was
measured by sensitive weighing balance upon drying the sample surface water using a dry
towel to ensure dry surface conditions. Three replicates were used for each measurement,
and the average was determined. The results are recorded as shown in Equation (2).

Percentage weight change (%) =
W2 − W1

W2
× 100 (2)

where W1 is the average surface-dried mass after immersion and W2 is the average air-dried
specimen before immersion.

2.3.3. Compressive Strength

The mortar compressive strength was determined according to ASTM C150 using a
Liya compression testing machine with a uniform loading rate of 0.9 kN/s. The testing on
three replicates was determined after 28 days of curing and 3, 6, 9, and 12 months after
immersion in acidic solution. The loss in the compressive strength was determined using
Equation (3).

Loss in compressive strength (MPa) =
σ2 − σ1

σ2
× 100 (3)
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where σ1 is the average loss in compressive strength of the specimen before immersion and
σ2 is the average loss in compressive strength of the specimen after immersion.

2.3.4. Binder Products Characterization

The morphology of the binders before and after immersion in the acidic solution was
examined with the JSM-5800LV SEM device using an accelerating voltage of 20 kV, while
the elemental composition of each spectrum was determined with an energy-dispersive
X-ray spectroscopic analyzer. The bonds and functional groups of the binder products were
characterized using Perking Elmer 880 (KBr pellet technique) Fourier transform infrared
(FTIR) spectroscopy.

3. Results and Discussion

3.1. Characterization of Precursors (NP and LSP)

Figure 1 shows the particle size distribution (PSD) curves for NP and LSP. LSP (Figure 1,
LSP) had a mean particle size of 12.1 μm, whereas NP powder had a mean particle size
of 5.8 μm (Figure 1, NP). Critical observation of the SEM shown in Figure 2 reveals that
the geometry of the particles of the materials differs significantly. LSP is spherical in shape
while NP is flaky. This points to the fact that the preponderance of NP over LSP will
enhance the permeability due to the presence of more interstitial pores within the matrix
of the binder, as shown in Figure 2. The excessive absorption in NP-dominated binder is
equally evident in Figure 2. The NP contains a diffuse hump at 2θ ≈ 23◦, which indicates
the amorphous nature of NP. NP consists of plagioclase (Ca, Na) Al2Si2O8, microcline
(KAl2Si2O8), and quartz (SiO3), as revealed in Figure 3. LSP is crystalline in nature and
mostly contains quartz (SiO2) with calcite (CaCO3). The activation of NP and LSP resulted
in the formation of N-A-S-H and C-A-S-H products, while the unreactive silica acts as a
filler, thereby reducing the porosity of the resulting binder [29].

Figure 1. NP and LSP particle size distribution.
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Figure 2. Micrograph images.

Figure 3. XRD: (a) NP and (b) LSP.

3.2. Effect of Binder Combination on Absorption

Figure 4 shows the absorption rate of the alkaline-activated mortar with different
NP/LSP binder ratios (AAN40L60, AAN50L50, AAN60L40). The absorption rate increased
as the immersion duration increased but decreased as the NP/LSP ratio increased such that
the increment in NP/LSP from 0.67 to 1.0 and 1.5 led to 3.16% and 6.8% moisture contents,
respectively. The sample with the high-volume NP (AAN60L40) had the highest absorption
value; this can be attributed to the higher specific surface area of NP (3.1 cm2/g) (Table 1)
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and the angular flaky shape of LSP, as revealed in the SEM results shown in Figure 2.
The preponderance of NP over LSP (AAN60L40) makes the mortar more porous, thereby
increasing its absorption capacity.

Figure 4. Effect of binder combination on absorption.

3.3. Visual Characterization in Acidic Exposure

The visual examination of the AANL mortar mixtures after one year of exposure
to an acid solution (6% H2SO4) is depicted in Figure 5. It was observed that AAN60L40
exhibited little surface deterioration after 12 months in acid solution, unlike AAN50L50,
whose surface became gritty after 12 months of exposure with minor surface distortion.
When the NP content was further reduced to 40% (AAN40L60), the sample exhibited major
surface deterioration and cracks with edge delamination. This implies that the sample with
a high volume of NP showed better resistance to acid attack than the sample with a high
volume of limestone powder.

 
Figure 5. Visual examination of samples exposed to 6% H2SO4 attack: (a) AAN60L40, (b) AAN50L50,
and (c) AAN40L60.
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3.4. Effect of Binder Combination on Change in Weight of acid Exposed Specimen

Figure 6 shows the samples exposed to 6% H2SO4 for 3 months; all the specimens,
i.e., AAN40L60, AAN50L50, and AAN60L40, experienced weight gain. However, after
6 months of exposure, the samples experienced weight reduction by 23%, 31.12%, and
12.7%, respectively. After 9 months of exposure, AAN40L60 and AAN50L50 experienced
substantial losses in weight, while AAN60L40 exhibited marginal weight loss. AAN40L60
and AAN50L50 deteriorated further after 12 months, with weight loss of 10.59% and 7.62%,
respectively, while AAN60L40 maintained its stability. This shows that high-volume natural
pozzolan with high silica content enhanced the corrosion resistance against acid attack.

Figure 6. Change in weight of samples exposed to 6% H2SO4.

3.5. Residual Compressive Strength after Acid Attack

The residual compressive strengths of mortar mixtures exposed to 6% H2SO4 for 3,
6, 9, and 12 months are shown in Figure 7. Comparing the strength values of 28 days to
various months of exposure, it was observed that for all samples exposed to acid attack
(Figure 7), there was a sharp reduction in the compressive strength recorded throughout
the exposure period, except for AAN60L40. The AAN40L60 sample experienced the highest
residual strength loss of 75.56%, as shown in Figure 8, while AAN60L40 had the lowest
loss of 16.80% after one year of exposure. At the balanced proportion of NP and LSP,
the strength loss was 34%, 42%, 53%, and 69% for 3, 6, 9, and 12 months, respectively
(Figure 8). There was no significant difference between the strength loss at 6 and 9 months
in AAN60L40. Generally, the sample synthesized with a high volume of limestone (LSP)
powder showed less resistance to acid attack, whereas AAN60L40 with a high volume of
natural pozzolan (NP) exhibited the highest resistance to acid attack.
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Figure 7. Compressive strength of samples exposed to 6% H2SO4.

Figure 8. Percentage loss in compressive strength with 1 year of exposure to acid attack.

271



Sustainability 2022, 14, 14451

3.6. Mineralogy, Morphology, and Bond Characteristics of Mortar after Exposure to
Acid Environment
3.6.1. XRD Characterization of AANL Binder

The XRD spectra of the exposed and unexposed binder are depicted in Figure 9.
AAN60L40, AAN50L50, and AAN40L60 have almost similar microstructural characteristics
before exposure to a severe acidic environment, as reflected in the compressive strength
results (Figure 7); thus, AAN40L60 is used as the control for the unexposed samples. The
alkaline activators can dissolve complex aluminosilicate present in the base materials to
release monomers that come together to form the product through condensation, as shown
in Equations (4)–(6). The alkaline-activated products formed are gehlenite (Ca0.Al2O3.SiO2),
anorthite (CaAl2Si2O8), and albite (NaAlSi3O8) (Figure 9a).

CaCO3 → CaO + CO2 (4)

Na2SiO3(aq) → Na2O + SiO2 + H2O (5)

NaOH(aq) → Na2O + SiO2 + H2O (6)

Figure 9. X-ray diffractograms of the exposed and unexposed samples.

These products enhanced the strength development, but exposure to sulfuric acid
destroyed phases such as gehlenite and albite in the LSP-dominated binder, as shown in
Figure 9. The destruction of gehlenite and albite could be due to ion exchange between
hydroxonium ion of an acid and calcium in LSP to form gypsum, as shown in Equation (7).

CaCO3 + H2SO4 + H2O → CaSO4.2H2O + CO2 (7)

The formation of gypsum on all the tested binders after acidic exposure is evidenced
in Figure 9b,c. The gypsum formed caused leaching of the alkali-activated product, subse-
quently leading to mass and strength reduction in the mortar; however, this effect is not
prominent in the binder developed with a high content of NP (AAN60L40).
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3.6.2. FTIR Analysis of Samples after Acid Attack

Figure 10 shows the FTIR image of the mortar before and after exposure to sulfuric
acid attack. The major functional groups affected were the hydroxyl group, binding water
present within the pores, and Si-O-Si reorganization. The wavenumbers at 3500 cm−1 and
2375 cm−1 showing the presence of hydroxyl group (O-H) stretching and water molecule (H-
O-H) bending at the wavenumbers of 1645 cm−1 were observed in the unexposed samples
(Figure 10a). A stretching vibration of C-O-O (CO3

2−) was observed at a wavenumber of
1418 cm−1 in the unexposed sample. However, upon exposure to the acidic environment,
the broad peak of the hydroxyl group was decomposed due to acid attack, as revealed
in Figure 10b–d. Furthermore, the H-O-H bending at wavenumber 2335 cm−1 in the
unexposed sample changed to a deeper peak due to the precipitation of more water
molecules entrapped in the binder matrix due to H2SO4(aq). The carbonyl group around
1427 cm−1 in the unexposed sample was observed to be depleted after acid attack.

Figure 10. FTIR spectra of specimen unexposed and exposed to 6% H2SO4.

Furthermore, the intensity band of Si-O-T from the aluminosilicate framework at
1018 cm−1 due to asymmetric vibration, which corresponds to binder gel, becomes broad-
ened after acid attack. This implies that the depolymerization of C-A-S-H and N-A-S-H
products occurred due to the elimination of Al and Si atoms from the binder. A weak
absorption band of dihydrate gypsum (S-O) at a wavenumber of 649 cm−1 was also found
in the exposed samples, whereas it was absent in the unexposed samples. For the unex-
posed sample, in-plane bending vibration of C-O was found in a weak absorption peak
of 721 cm−1, and this was shifted to a lower band of 711 cm−1. The high strength loss
recorded in AAN60L40 and AAN50L50 exposed samples is caused by the formation of
gypsum after decalcification of the binder matrix, while the marginal strength loss in
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AAN60L40 is due to the presence of high silica content that hindered high degradation of
the aluminosilicate framework.

3.6.3. SEM and EDX Analysis of Samples after Acid Attack

Figures 11–14 depict the SEM and EDS findings for the AANL binder under acidic
and non-acidic conditions. The control sample’s SEM image showed a uniform and denser
microstructure as a result of more alkaline-activated product production (Figure 11). From
the EDS (unexposed sample) results, the Si/Na values of 0.96–1.4, Si/Ca = 0.84–2.33
and Si/Al = 4.84–7.11 were noted in spectra 5 and 6 (Figure 11). This indicates the for-
mation of aluminosilicate products such as C-A-S-H and N-A-S-H, thereby enhancing
strength development.

However, after exposure to 6% H2SO4 for 1 year, spectrum 4 of AAN60L40 (Figure 14)
exposed to acid attack showed the presence of gypsum, C-A-S-H, and N-A-S-H products
with a dense microstructure. The exposed sample EDS results show that the Si/Al ratio
decreases with an increased in the percentage of NP. The highest value of Si/Na = 8.7,
was observed on spectrum 17 for AAN40L60 (Figure 13); Si/Na = 7.2 for AAN50L50, as
shown in spectrum 10 (Figure 14) and Si/Na = 6.6 for AAN60L40, as depicted in spectrum 3
(Figure 14). Furthermore, there was a higher Ca/Si ratio of 10.5 in AAN60L40, as revealed
in spectrum 3, than in AAN50L5 (spectrum 10), with Ca/Si = 0.5. For AAN40L60, as shown
in spectrum 18, Ca/Si = 2.1. AAN60L40 with the highest value of Ca/Si and the lowest
value of Si/Al had the highest resistance to H2SO4, with residual compressive strength of
20.8 MPa after 1 year of exposure to acid attack. AAN40L60 and AAN50L50 have a porous
microstructure, as shown in the magnified micrographs (Figures 13b and 14b), which
accounted for the loss in strength recorded.

 

Figure 11. SEM and EDS of unexposed control sample.
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Figure 12. SEM and EDS of AAN40L60 exposed to 6% H2SO4: (a) low magnification; (b) high magnification.

 
Figure 13. SEM and EDS of AAN50L50 exposed to 6% H2SO4: (a) low magnification; (b) high magnification.
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Figure 14. SEM and EDS of AAN60L40 exposed to 6% H2SO4: (a) low magnification; (b) high magnification.

4. Conclusions

The impacts of high-volume natural pozzolan on the sulfuric acidic resistance of
alkali-activated mortar after 1 year of exposure to sulfuric acid are summarized as follows.

1. The mortar exhibited more expansion in the presence of a low volume of NP.
2. The maximum strengths of 20.8 MPa and 6.68 MPa were noted in mortar developed using

a high volume of NP (AAN60L40) and a low volume of NP (AAN40L60), respectively.
3. The ultimate residual strengths were 16.8% and 1.4% for AAN60L40 and

AAN40L60, respectively.
4. The mass gains were 75.6% and −10.64% for AAN60L40 and AAN40L60, respectively.
5. Samples synthesized using AAN60L40 (60% NP:40% LSP) exhibited no surface dete-

rioration, while samples synthesized using AAN40L60 (40% NP:60% LSP) exhibited
major surface cracks with minor multiple-edge delamination.

6. The high sulfuric acid resistance of AAN60L40 mortar is attributed to the presence of
high values of Si/Al = 7 and Ca/Si = 10 present in C-A-S-H and N-A-S-H products,
which resulted in the pore-filling effects within the microstructure.

7. The low strength recorded in AAN40L60 was due to the formation of gypsum in the
binder product, whereas samples synthesized with a high volume of natural pozzolan
(AAN60L40) showed more stability against acid attack.

8. AAN60L40 exhibited the highest resistance to sulfuric acid attack.
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Abstract: The lack of disposal facilities for waste tires from various vehicles is a major environmental
and economic problem. Crumb rubber (CR) generated from waste tires can be used to partially
replace fine natural aggregates in self-compacted concrete (SCC), lowering sand usage and protecting
raw material resources. The main objective of this study is to summarize the influence of CR as a
partial replacement for sand on the behavior of SCC. For this aim, 42 papers were selected out of 89
that were relevant to the objective of this study. The mechanical properties, i.e., compressive strength,
flexural strength, splitting tensile strength, modulus of elasticity, and bond strength, as well as the
ultrasonic pulse velocity (UPV), were all reduced by the insertion of CR into SCC mixtures. With the
addition of CR, fracture energy decreases, but the ductility of concrete in terms of characteristic length
can be enhanced. Meanwhile, replacing sand with CR can also reduce the durability performance of
SCC, such as sorptivity, free-drying shrinkage, rapid chloride permeability, and depth of chloride
penetration, except for the electrical resistivity, depth of carbonation, and impact resistance, which
exhibit a positive tendency. Based on the results of the reviewed articles, predicted reductions in the
strength of the SCC incorporating CR were also recommended. Moreover, the results of the reviewed
studies were employed to develop empirical models that demonstrate the relations between various
mechanical properties.

Keywords: waste crumb rubber; rubberized self-compacted concrete; mechanical properties; durability
properties; empirical model

1. Introduction

Concrete is one of the world’s largest industries [1], with global use of approximately
25 gigatons per year [2]. Concrete has a very high negative impact on the environment,
caused by the emission of CO2 and exploitation of natural resources, due to its huge volume
of use [3]. Moreover, the amount of excess waste tires from different kinds of vehicles
continues to rise, and it is rapidly becoming one of the world’s most critical environmental
and ecological issues. Each year, nearly one billion used tires are discarded [4], and this
number is expected to reach around 1.2 billion by 2030 [5]. Nearly 1 billion tires end
their life cycle every year [4,5]. Because of the large increase in the number of cars on the
road worldwide, the accumulation of massive amounts of scrap tires has now become an
important waste management issue [6–8]. Reusing or recycling used tires effectively is
critical [9–13]. Therefore, rubber waste utilization in the construction industry has advanced
significantly in recent years, as it contributes to sustainability in two ways.

To begin with, it involves reusing materials that would otherwise pollute the envi-
ronment and consume rare land resources. Second, it minimizes land and environmental
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degradation due to it requiring relatively less digging [14,15]. Additionally, conventional
methods of tire disposal, such as disposal in landfills and combustion, may cause major
ecological issues, either through site degradation or greenhouse gases. Burning the tires
may appear to be the simplest and most cost-effective method. However, air pollution
caused by toxic fumes and CO2 emissions during the open burning procedure ended this
illegal approach [16]. Waste-tire rubber is a material that is not biodegradable and has a
relatively long life.

On the other hand, using natural aggregates in concrete has increased significantly.
Therefore, to overcome this problem in the construction industry, building sustainable
concrete needs to be considered. To achieve this, using waste tires in concrete production
might be feasible [5,15–17].

Self-compacted concrete (SCC) is a superior type of concrete with excellent fluidity
and segregation resistance and can be used for highly reinforced concrete elements without
the aid of vibration [18–20]. SCC was established in Japan in the late 1980s and has lately
been utilized in many countries for various purposes [20]. SCC is a novel category of
high-strength concrete. SCC mixtures typically include supplementary cement-based mate-
rials such as fly ash and slag to develop rheological properties in fresh conditions, reduce
costs, and minimize adverse environmental impact [21–23]. Compared to conventional
vibrating concrete, SCC has some advantages because it does not require vibration, has
low energy costs, and can decrease noise [24–26]. Despite recent developments, SCC is
currently broadly utilized in the industry as a result of its benefits, including increased
on-site productivity, improved quality of construction, and enhanced on-site working
conditions [27]. Although, as indicated by Tuyan et al. [28], SCC costs higher than conven-
tional concrete because of the higher binder content and chemical admixture required [28].
Therefore, to permit SCC to reach its full performance regarding industry engagement, it is
essential to develop ways to make SCC a more environmentally friendly and eco-efficient
composite type [28]. Moreover, in designing SCC mixes, 60–70% of the mix’s total volumes
are occupied by aggregates. Therefore, aggregates play a vital role in the fresh and hard-
ened state behavior of the produced concrete [29]. Hence, using CR in SCC instead of a
natural aggregate reduces SCC costs while reducing carbon dioxide emissions in concrete
production [13,26].

In the literature, several investigations on self-compacted concrete (SCC) with different
utilizations of recycled waste-tire aggregate as an alternative to natural gravel and sand
in the manufacture of SCC were studied. Most research has focused on self-compacted
rubberized concrete’s mechanical properties [30]. Güneyisi et al. [31] studied the effects of
substituting fine and coarse aggregates with tire rubber. Their study observed the largest
decrease in compressive strength in mixtures where only fine particles were replaced by
rubber. Ilker et al. [32] substituted waste-tire rubber with aggregates at rates of 60, 120, and
180 kg/m3 by total weight for the different rubberized SCC mixes, and they observed a
reduction in strength values as the rubber content increased [32]. Hilal et al. [33] discovered
a similar trend when replacing fine and coarse aggregates with waste-tire rubber in concrete
mixes containing 30% fly ash by weight [33]. This loss of strength is due to the low rigidity
and hydrophobicity of crumb rubber relative to natural aggregates, which causes non-
remarkable growth of the interfacial transition zone (ITZ). The utilization of CR similarly
influences the properties of the bond between the aggregate and the cement paste, which
later impacts the strength of concrete that includes CR [8,34–36]. When examining the
mechanical characteristics of concrete using CR, most studies have found a reduction
in mechanical strength [30]. On the other hand, only some studies have dealt with the
durability properties of rubberized SCC.

From an ecological standpoint, incorporating rubber obtained from waste tires into
concrete would reduce the number of waste tires disposed of and provide a resource of en-
vironmentally friendly concrete. From an engineering standpoint, incorporating scrap tires
into concrete may produce a material with enhanced dynamic and durability properties,
including ductility, carbonation resistance, etc. Mallek et al. [30] presented that increasing
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the rubber replacement in SCC causes a higher or similar carbonation depth to that of the
control mix. On the other hand, they found that increasing the replacement level of rubber
causes a reduction in carbonation depth after exposure to CO2 exceeds one day. On the
other hand, they found that increasing the replacement level of rubber causes a reduction in
carbonation depth after exposure to CO2 exceeds one day [30]. A reduction in carbonation
depth was also reported by Thomas et al. [37]. Gesoglu and Güneyisi [15] conducted
rapid chloride penetration experiments on several rubberized SCC mixes with/without fly
ash and discovered that when the rubber percentage increases, chloride ion penetration
increases, particularly for the mixes without fly ash. Karahan et al. [38] observed a similar
outcome. They designated four different categories of mixtures with 0%, 10%, 20%, and
30% replacement levels of sand with CR [38].

Table 1 illustrates the review papers published previously on rubberized SCC com-
pared to the current review. Based on the above-mentioned table, there are a few review
articles about the use of rubber in the production of SCC. However, it can be understood
from Table 1 that there is a gap in studies about a comprehensive review of the effect of
using CR as a partial sand replacement on the various properties of SCC. Another reason is
that most experimental investigations work by substituting natural sand with CR due to
rubberized SCC’s better properties than the findings attained by replacing natural gravel
with waste rubber [39]. To some extent, constructing models to estimate the performance of
SCC comprising CR in mechanical and durability conditions has not been comprehensively
studied yet. In addition, no effort has been made to review the investigations that have been
released since 2018 about SCC that includes rubber. For this aim, in this study, 42 papers
about the influence of CR as a sand replacement on the performance of SCC were reviewed
for their mechanical and durability properties, as can be seen in Figure 1. The properties
of SCC in its hardened state are distinct from normal concrete. Therefore, this research
focuses on the mechanical properties of rubberized self-compacted concrete in terms of the
compressive, splitting, flexural, elastic module, bond strength, and fracture parameters.
The UPV test, used to examine the quality and homogeneity of concrete, was also reviewed.
Durability properties were also assessed, i.e., sorptivity, electrical resistivity, free-drying
shrinkage, rapid chloride permeability, depth of carbonation, depth of chloride penetration,
and impact resistance. Based on the outcomes of the reviewed publications, predicted
percentages of the SCC’s strength, made including CR, were also suggested. Besides the
properties mentioned above, empirical models between mechanical properties were also
created to construct models for the developed type of concrete, named rubberized SCC.

Table 1. Comparison between published paper reviews on SCC using crumb rubber versus current review.

Ref. Year
Replacement

Type
No. of Papers

Reviewed
Range Mechanical Properties Durability Properties Empirical Models

[40] 2010 Coarse and
fine aggregate 4 2006–2009 Compressive, splitting,

and flexural

Thermal resistance, noise
reduction, air entrainment

and shrinkage, impact
resistance and ductility

_

[41] 2016 Coarse and
fine aggregate 12 2006–2016

Compressive, splitting,
flexural, and dynamic
modulus of elasticity

Shrinkage _

[39] 2018 Coarse and
fine aggregate 27 2006–2018

Compressive, splitting,
flexural, and

elastic module

Water absorption, water
sorptivity, impact

resistance, ductility,
brittleness, fracture energy,

shrinkage, fatigue
behavior, SEM

_

[42] 2020 Coarse and
fine aggregate 14 2006–2018

Compressive strength,
modulus of elasticity,

flexural strength,
ultrasonic pulse

velocity

Stiffness, fracture energy,
durability, deformability
before failure, dynamic

properties, strain
capacity, fatigue strength

_

Current
Review

Submitted
review Fine aggregate 42 2006–2021

Compressive, splitting,
flexural, elastic module,

and fracture energy,
characteristic length,
bond strength, and

(UPV)

Sorptivity, electrical
resistivity, free-drying

shrinkage, rapid chloride
permeability, depth of
carbonation, depth of

chloride penetration, and
impact resistance

Compressive and splitting,
compressive and flexural,

compressive and modulus,
compressive and UPV, and

compressive and bond
strength
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Figure 1. Reviewed papers about rubberized SCC published between 2006 and 2022. (2006) [43,44];
(2009) [32]; (2010) [45]; (2011) [15,46]; (2012) [4,38,47,48]; (2013) [49,50]; (2015) [51,52]; (2016) [16,31,53];
(2017) [18,33,54,55]; (2018) [56–61]; (2019) [19,62–64]; (2020) [65–69]; (2021) [7,30,70,71]; (2022) [72,73].

2. Methodology of Paper Selection

Using keywords such as rubberized self-compacted concrete, waste crumb rubber, and
recycled crumb rubber, a search was undertaken in the databases of Scopus and Google
Scholar to identify studies that were carried out until January 2022. The publications were
restricted to rubberized self-compacted concrete and were published beginning in 2006.
The titles of the articles were then evaluated to determine whether they were relevant to
the objectives of the study or irrelevant. The relevant ones are those that focus on the use of
crumb rubber as a fine aggregate replacement in the production of self-compacted concrete,
and they were read in their full text in order to extract data. In total, 130 papers were found,
and the duplicate papers (41 papers) were removed using Mendeley. Finally, only 42 papers
were selected for the current review. The selected papers were about the influence of crumb
rubber as a sand replacement on the performance of self-compacted concrete. Figure 2
shows a flow chart diagram of the process of selecting articles.

Figure 2. Flow chart diagram about the process of selecting relevant papers.
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3. Manufacturing of CR Aggregates

Every year, one billion end-of-life tires are manufactured worldwide, of which 355 million
end-of-life tires are produced in Europe [74]. Only approximately 5% of used tires are
utilized for civil engineering purposes; the majority are landfilled. However, given the
enormous demand for construction, about 32 billion tons annually [75], the utilization of
recycled organic materials such as crumb rubber (CR) in Portland cement concrete can
successfully alleviate environmental constraints [4]. Additionally, end-of-life tires are also
used for a variety of projects, such as playground surfacing and sports fields [76].

Crumb rubber is manufactured from end-life tires in a variety of techniques. Ambient
grinding and cryogenic processing are two of the most common techniques. Mechanical
grinding at ambient temperature is frequently utilized in industry, where discarded tires
are chopped into small pieces using “cracker mills” and “granulator” procedures. Ambient
grinding is a multistep process that utilizes complete or pre-treated automobile or truck
tires in the form of shreds or chips, as well as sidewalls or treads. Rubber, metals, and
textiles are separated successively. The tires are shredded in a shredder. The chips are fed
into a granulator, which shreds them into minute bits while simultaneously eliminating
steel and fiber. Any remaining steel is magnetically removed, and the remaining fiber
is sifted using a combination of shaking screens and wind sifters. Further grinding in
secondary granulators and high-speed rotary mills can produce finer rubber particles [77].

Cryogenic processing involves freezing scrap tires in liquid nitrogen below the glass
transition temperature and crushing them using automatic hammers [40,77]. In both
methods, magnetic fields are used to separate the steel wires in the tires from the rubber
particles, and vibrating sieves are used to separate the rubber particles from the wire
mesh [40,78].

Moreover, the CR surface structure itself is highly influenced by its production process.
A novel high-pressure water-jet-based technology (2–3 kbar) has been shown to produce
CR with a rougher and larger surface area compared to traditional techniques such as
mechanical shredding or cryogenic processing [79].

4. Utilization and Types of Crumb Rubber in SCC

In the literature, the utilization of CR as a partial substitution of natural aggregate in
the production of SCC to enhance the sustainability of concrete has been investigated in
some research. Table 2 highlights the types and utilization of CRs for sand substitution
in the preparation of SCC composites. Figure 3 shows the different types of waste rubber
aggregates that can be used in the production of concrete. Further, Table 3 illustrates the
type of waste rubber used as a fine aggregate in the production of SCC in previous studies.

Table 2. Classification of scrap tire rubber.

Type Size (mm) Replacement Type Refs.

Shredded or chipped tire rubber >4.75 mm Coarse aggregate partial) [8,31]
Crumb rubber aggregate 4.75–0.425 Fine aggregate (partial) [8,31]

Granular tire rubber <0.425 Cement (partial) [8,80]
Fiber rubber aggregate Short fibers: 8.5–21.5 Strips: <8 Fiber/aggregate [36,81]

Figure 3. Different sorts of rubber aggregates: (a). chipped, (b). crumb, (c). granular, and (d). fiber.
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5. Effect of Crumb Rubber on the Hardened Properties of SCC

Table 4 highlights the hardened properties of rubberized SCC that have been studied
in the literature. The following table focuses on the studies that investigate the impact
of CR (as a sand substitution) on the hardening of SCC. The properties that have been
reviewed in this section were the compressive, splitting, elastic module, flexural, bond
strength, fracture energy, characteristic length, and UPV of SCC made with or without
rubber. The partial substitution of sand with CR particles ranged from 0% to 50%, although
most studies utilized up to 30%. Introducing CR into SCC mixes causes a systematic
decrease in hardened properties. The decline in mechanical characteristics of SCC caused
by the CR inclusion is typically due to the lower strength of CR particles and their poor
adhesion to the hardened cement paste matrix. [19,30,53]. This effect can be explained
by air entrainment on the interfacial transition zone (ITZ) between rubber particles and
cement paste and the lower modulus of elasticity of rubber aggregate than the natural
aggregate modulus. However, it is feasible to produce rubberized SCC specimens that
could be applicable for structural applications. On the other hand, the ductility behavior
in characteristic length was enhanced by utilizing CR aggregates. Therefore, reviewing
the hardened properties of the rubberized SCC is a topic of interest for future research in
this field.

Table 4. Hardened properties of rubberized SCC concrete reported in the literature.

Ref.
Compressive

Strength
Tensile

Strength
Flexural
Strength

Elasticity
Modulus

Bond
Strength

Fracture
Energy

Characteristic
Length

UPV

[15] �
[50] �
[30] �
[45] �
[43] �
[4] � �

[47] � � �
[31] �
[49] � �
[48] � � � �
[51] � � � �
[52] � � �
[46] � � �
[68] � �
[7] � � �

[66] � �
[16] � � � �
[18] � � �
[64] � �
[38] � � � �
[19] � � � �
[71] �
[65] � �
[62] � � �
[53] � � � � �
[60] � � �
[59] � � �
[44] � �
[57] � �
[58] �
[69] �
[67] � �
[56] � � �
[61] � � � �
[32] �
[54] � � � �
[33] � � � � �
[72] � � �
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5.1. Compressive Strength

When various forms of rubber aggregate are utilized to partially replace natural gravel
and sand, irrespective of rubber aggregate size, replacement level, or aggregate type substi-
tuted, a reduction in the strength of SCC is predictable. Compressive strength is the main
critical mechanical attribute in the concrete industry. Each new concrete mix must meet the
structural minimal strength criteria. The 28-day compressive strength values published in
the literature versus different replacement levels of CR are depicted in Figure 4. It is clear
from the previous studies that rubberized SCC mixes were produced with compressive
strengths ranging from 21 to 80 MPa. Therefore, based on the available compressive strength
findings, rubberized SCC is suitable for structural applications [18,30,43,47,48,50,54,56,61].
Adding CR to SCC has a detrimental effect on its compressive strength. The SCC strength
diminishes as the CR content increases, regardless of the CR particle type. The degree of
strength loss is proportional to the amount of CR utilized [16,46,58,65–67]. Khalilpasha
et al. [47] discovered that adding more rubber weakens the specimens when compressed.
In addition, different studies detected that the compressive strength value at 28 days was
measured at a rate of 56 MPa in the SCC mix made without CR. When 15% of the CR
particles was replaced with natural fine aggregate, this value went down to 25 MPa [30,48].
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Figure 4. Variation of compressive strength of SCC made with different replacement levels of CR:
1 [50], 2 [30], 3 [45], 4 [43], 5 [4], 6 [47], 7 [31], 8 [48], 9 [51], 10 [52], 11 [46], 12 [68], 13 [7], 14 [66],
15 [16], 16 [18], 17 [64], 18 [38], 19 [19], 20 [71], 21 [65], 22 [62], 23 [53], 24 [60], 25 [44], 26 [49], 27 [57],
28 [58], 29 [67], 30 [56], 31 [61], 32 [72], 33 [54].

Similarly, Abdel Aleem and Hassan [56] reported that the reference compressive strength
with no rubber was about 76 MPa and then dropped to 62 MPa, 49 MPa, 41 MPa, and 33 MPa
as the CR content increased to 5%, 10%, 15%, and 20%, respectively. Bignozzi et al. [43] used
CR at 0%, 22%, and 33% of the total volume of fine aggregates. They found that the compres-
sive strength of SCC mixes decreased with an increasing CR particle percentage. Rubber
particles have lower tensile strength and less adhesion to hardened cement paste, which
causes a reduction in the compressive strength of the mixture [19,30,53]. Nevertheless, it
was found in some studies that increasing compressive strength by more than 30% led
to a drop in compressive strength of less than 20 MPa [4,7,44,49,52]. Therefore, it can be
mainly concluded that the rubberized SCC could be used for structural applications with
CR inclusion of up to 30%.
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The variance in normalized residual compressive strength as a function of CR con-
centration is depicted in Figure 5. It was shown that increasing CR to 50% resulted in a
55% decrease in strength [19]. Likewise, some other studies investigated the use of 40%
CR in the production of SCC, which could decrease the compressive strength by around
61% [51,57,62]. In the earlier studies, it was detected that raising CR to 30% decreased the
normalized compressive strength value by 58% [18,54,61]. A similar phenomenon was
found by some other researchers [38,64,68,71]. According to most research, growing the
CR content up to 25% leads to a 50% loss in the compressive strength results [31,45,60].
To some extent, Ganesan et al. [50] obtained a compressive strength loss of around 13%
when 20% CR granules were used as an alternative to natural fine aggregates. A study
by Hesami et al. [53] stated that if 15% of the aggregate was composed of rubber, the
compressive strength dropped by 29%. The compressive strength dropped by about 13%
if 5% of the aggregate was made of rubber. Based on the summarized data, the percent
reduction in compressive SCC for different CR replacement levels can be predicted using
Table 5. According to the above-mentioned table, using CR at a 30% and 40% replacement
level could decrease compressive strength in the range of 40–60% and 60–70%, respectively.
However, with a 10% CR replacement level, the compressive strength decreases at a lower
rate (10–25).
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Figure 5. Normalized percentage of compressive strength: 1 [50], 2 [30], 3 [45], 4 [43], 5 [4], 6 [47],
7 [31], 8 [48], 9 [51], 10 [52], 11 [46], 12 [68], 13 [7], 14 [66], 15 [16], 16 [18], 17 [64], 18 [38], 19 [19],
20 [71], 21 [65], 22 [62], 23 [53], 24 [60], 25 [44], 26 [49], 27 [57], 28 [58], 29 [67], 30 [56], 31 [61], 32 [72],
33 [54].

Table 5. Predicted percentage reduction values in the compressive strength of SCC via CR content.

CR Content (%) 10 20 30 40

Compressive strength reduction (%) 10–30 25–45 30–60 40–70

5.2. Splitting Tensile Strength

The splitting tensile strength test was performed horizontally on cylinder-shaped
samples between the compression testing machine’s loading surfaces. The force was applied
until the cylinder failed along its vertical diameter. Similar to compressive strength, the

289



Sustainability 2022, 14, 11301

tensile strengths of SCC dropped as the CR concentration increased. Figure 6 summarizes
previous experiments’ splitting tensile strength results for different replacement amounts
of CR. It is obvious that SCC’s splitting strength diminishes as the CR content increases.
When the CR replacement ratio rises from 0% to 12% at 28 days, splitting strength drops
from 4 to 2.7 MPa [47]. Similar to the above findings, it was realized that when 15% of
the sand volume is replaced with CR, the tensile strength drops from 5.7 to 4.9 MPa [53].
Cemalgil and Etli [65] used 0% to 20% of the CR as a part of the fine aggregate and found
a compressive strength range of 5 to 7 MPa. In addition, Si et al. [60] determined that the
splitting tensile strength outcomes eventually decline when the amount of CR reaches 25%.
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Figure 6. Variation of splitting tensile strength of SCC made with different replacement levels of CR:
1 [47], 2 [48], 3 [51], 4 [52], 5 [46], 6 [7], 7 [66], 8 [16], 9 [18], 10 [38], 11 [19], 12 [65], 13 [62], 14 [53],
15 [60], 16 [57], 17 [67], 18 [56], 19 [61], 20 [72], 21 [54].

Further, Alaloul et al. [7] discovered the same outcome when they employed 30% of
CR. This reduction would be owing to the physical features of crumb rubber particles,
specifically their high elastic deformation capacity before splitting. Unlike plain concrete,
which splits abruptly, SCC with CR particles splits gradually [7,47,60].

Figure 7 depicts the variance in normalized residual split tensile strength as a func-
tion of CR content. Garros et al. [66] studied the performance of SCC with various CR
replacement ratios. They found that by increasing CR to 50%, the residual tensile strength
value was 53% [44]. Similarly, other studies found that using 40% CR in the manufacture
of SCC resulted in a more than 45% loss in tensile strength [57,62]. It was also stated that
the addition of 30% CR content led to a reduction of 40% in the tensile strength [18,54,61].
Karahan et al. [38] used the same proportion of CR and discovered that the residual in the
splitting tensile strength results was approximately 77%. Valizadeh et al. [70] claimed that
when 10% or 20% CR was used, the splitting strength of SCC mixtures was lowered by
6.5% and 36%, respectively, compared to the control mix prepared without CR. Comparable
phenomena were also detected by Cemalgil and Etli [65] and AbdelAleem and Hassan [56].
Other research has shown that the tensile strength of SCC made with rubber decreases
by more than 40% when 15% CR is added to the mixture [48,66]. From the plotted results
shown in Figure 7, it can be concluded that using CR up to 40% might result in a loss in
splitting values of about 50%. To predict the percent reduction in splitting tensile strength
for various CR additions, Table 6 was developed based on the conducted literature data.
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Figure 7. Normalized percentage of splitting tensile strength: 1 [47], 2 [48], 3 [51], 4 [52], 5 [46], 6 [7],
7 [66], 8 [16], 9 [18], 10 [38], 11 [19], 12 [65], 13 [62], 14 [53], 15 [60], 16 [57], 17 [67], 18 [56], 19 [61],
20 [72], 21 [54].

Table 6. Predicted percentage reduction values in the splitting tensile strength of SCC via CR content.

CR Content (%) 2 20 30 40

Splitting tensile strength reduction (%) 5–20 10–30 25–40 35–55

5.3. Modulus of Elasticity

The elastic module is the most critical characteristic of concrete since it describes
the elastic properties of concrete and is mostly determined by the paste’s qualities and
the stiffness of the aggregates utilized. The elastic module of SCC is shown in Figure 8
as a function of the rubber content. The summarized investigations show that the CR
replacement levels mainly used were 30% of the total sand volume. The substitution of
CR particles for fine natural aggregates (sand) had a detrimental effect on the static elastic
module. The static elastic module was reduced as the rubber replacement level increased.
This concrete variation is due to air entrainment induced by CR aggregates and the rubber
aggregate’s relatively low elastic modulus compared to sand [48]. It was also declared that
the lower stiffness of rubber particles than the natural aggregates caused that reduction. In
other words, the aggregate type used greatly impacts measuring the modulus of elasticity
of concrete [53,61,82,83]. For instance, the modulus of elasticity lowered from 44 GPa to
36 GPa as the CR addition increased from 0% to 15%, respectively [53]. Raj et al. [46] also
testified that the elastic modulus increased as the water/powder decreased but decreased
as the CR increased. The elastic modulus of SCC was found to be 33 GPa for the reference
mix and then declined to 22 GPa for the mix made with 20% CR aggregate. Tian et al. [68]
found that the elastic module value dropped from 34 GPa to 23 GPa as the CR percentage
rose from 0% to 30%, respectively.
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Figure 8. Variation of elastic modulus of SCC made with different replacement levels of CR: 1 [51],
2 [46], 3 [68], 4 [16], 5 [19], 6 [62], 7 [53], 8 [44], 9 [61], 10 [54].

In Figure 9, the normalized percentage of the elastic module versus CR addition is
shown. As indicated in Figure 9, compared to the reference mix, modules of elasticity
were reduced by 10%, 12%, 22%, and 48% for specimens with 10%, 20%, 30%, and 40% CR,
respectively [62]. Ismail and Hassan [16] determined that the elastic module of rubberized
SCC containing 40% CR aggregates was 46% less than that of the reference mix. Previous
studies revealed that by substituting 30% CR for sand in SCC mixes, the elastic module
could be reduced by approximately 36% [54,61]. Garros et al. [44] also reported the decline
behavior of static modulus by adding CR aggregates. They claimed that the percent
decrease in the elastic module was higher than 70% for the mix of 50% CR. Moreover,
the percent decrease in the elastic module was 42% for the mix with 50% CR content [19].
Table 7 shows the predicted percentage reduction in the modulus of elasticity of SCC for
different contents of CR, concerning the collected data in the literature. The reduction in
the modulus of elasticity was 5–15%, 15–25%, 25–40%, and 35–55% for the 105, 20%, 30%,
and 40% contents of CR.

Table 7. Predicts percentage reduction values in the modulus of elasticity of SCC via CR content.

CR Content (%) 10 20 30 40

Modules of elasticity reduction (%) 5–15 15–30 25–40 35–55

5.4. Flexural Strength

In Figure 10, which displays the outcomes published in the former investiga-
tions [7,16,18,19,38,47,48,51,52,54,56,61], the flexural strength of rubberized SCC follows
the same pattern as that observed in the splitting test. From the above-mentioned figure, the
highest replacement ratio of CR aggregates was 50%. Due to the weak connection between
CR aggregates and the hardened cement matrix, SCC’s flexural values were dramatically
reduced as the CR concentration rose. This is like how the elastic modules’ compressive
and tensile strengths work. It was claimed that growing the amount of CR particles from
0 to 12% led to a significant decrease in flexural strength value from 5.5 to 4 MPa [47].

292



Sustainability 2022, 14, 11301

At 28 days, Najim and Hall [48] found that SCC with a CR replacement ratio of 15% by
volume had a flexural strength of 5.5 MPa, which is lower than the mix made without
rubber aggregates. Multiple studies demonstrated that growing the replacement level of
CR from 0 to 30% reduced the flexural strength values from 6 to 4 MPa [18,38,54,61]. The
reduction in flexural findings may be attributed to the fact that CR aggregates do not have
as much elasticity as natural aggregates [56].
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Figure 9. Normalized percentage of elastic modulus: 1 [51], 2 [46], 3 [68], 4 [16], 5 [19], 6 [62], 7 [53],
8 [44], 9 [61], 10 [54].
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Figure 10. Variation of flexural strength of SCC made with different replacement levels of CRs: 1 [47],
2 [48], 3 [51], 4 [52], 5 [7], 6 [16], 7 [18], 8 [38], 9 [19], 10 [53], 11 [56], 12 [61], 13 [72], 14 [54].

As illustrated in Figure 11, the flexural strength of SCC reduces approximately linearly
as the CR particle replacement ratio increases. In one study, for the CR additions of 10%,
20%, 30%, 40%, and 50%, the residual flexural strength in SCC specimens was 96%, 90%,
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81%, 68%, and 59%, respectively [19]. In addition, the percent decrease in flexural strength
was about 32% for the rubberized SCC made with 30% CR content [51], while for the
equivalent CR replacement ratio, the reduction in compressive strength was 42% [53].
These findings are in line with those of other researchers [16,52]. According to AbdelAleem
and Hassan [56], at 28 days, flexural test values decreased by 46% as the CR replacement
ratio reached 20%. Likewise, to the above mechanical properties, the predicted percentage
reduction in the flexural strength of SCC with various contents of CR is tabulated in Table 8
depending on the available literature studies. The reduction in the flexural strength was in
the range of 30–40% as the CR content reached 40%.
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Figure 11. Normalized percentage of flexural strength: 1 [47], 2 [48], 3 [51], 4 [52], 5 [7], 6 [16], 7 [18],
8 [38], 9 [19], 10 [53], 11 [56], 12 [61], 13 [72], 14 [54].

Table 8. Predicted percentage reduction values in the flexural strength of SCC via CR content.

CR Content (%) 10 20 30 40

Flexural strength reduction (%) 5–15 15–25 20–35 30–40

5.5. Bond Strength

Figure 12 shows the bond strength values for the SCC mixtures as a function of CR.
Karahan et al. [38] evaluated the bonding strength of a 15 mm diameter reinforcing bar
to the SCC by performing a direct pullout test on the reinforcing bars embedded in the
100 × 200 mm cylinder specimens. Bond strength was calculated and evaluated in this in-
vestigation using the greatest pullout load sustained during the test. As shown in Figure 12,
the rubberized SCC combinations had a lower bond strength capacity than the control
mixture, most likely due to the cement paste’s poor bonding to the CR aggregate. Although
a steady decline in bond strength capacity was observed as CR content increased, the
decreases in bond strength were only negligible. For example, raising the CR content from
10% to 30% did not affect the bond strength, which was reduced from 5.2 to 4.8 MPa [38].
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Figure 12. Variation of bond strength of SCC made with replacement levels of CR: 1 [38], 2 [33].

Hilal [33] also inspected the influence of CR on the bond strength behavior of rub-
berized SCC. A 150 × 150 × 150 mm specimen and a steel bar with a 16 mm diameter
were employed for this purpose. In the current study, three different sizes of CR were
utilized, number 18 CR, number 5 CR, and mixed CR. A testing machine with 600 KN
capacity was outfitted with a specially designed test apparatus to carry out the loading.
It was reported that the reference mix had maximum bond strength and that as the CR
content increased, the bond strength declined progressively. However, the 25% CR mixture
resulted in the lowest bond strength values on the 90th day, regardless of the CR type. This
was because the CR particles had low adherence to the adjacent cement paste. The bonding
strength of the mixes depicted in the above figure drops as the CR size and quantity rise.
With the inclusion of CR replacement ratios of 5%, 10%, 15%, 20%, and 25%, there was
a decrease in bond strength values by 20%, 24%, 30%, 40%, and 45%, respectively [33].
Consequently, using CR in the SCC could significantly reduce the bond strength property.
Emiroglu et al. [84] also claimed that the reduction in bond strength is attributed to poor
bonding qualities around rubber particles and cement matrices. In the rubberized concrete
near the ITZ, there are numerous micro-cracks. In this instance, research suggests treating
rubber to increase the adhesion between rubber aggregates and the hardened cement
matrix.

5.6. Fracture Energy

Fracture energy can be calculated as the amount of energy needed to open a unit area
of crack surface [85]. Compared to other mechanical parameters, SCC that includes CR
exhibits better ductility than SCC made without rubber particles. Figure 13 depicts the
fracture energy of SCC specimens made with or without CR particles. Li et al. [64] explored
the impact of CR aggregates on the fracture energy of SCC at a curing time of 90 days. They
found that raising the CR content from 0 to 30% improved the fracture energy from 109 to
130 N/m. Moustafa and ElGawady [86] studied the dynamic behavior of high-strength
concrete made with rubber aggregate. They reported improved fracture energy outcomes
with increased waste rubber particle replacement ratios.
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Figure 13. Variation of fracture energy of SCC made with different replacement levels of CRs: 1 [33],
2 [64].

On the other hand, Hilal [33] examined the influence of CR particles on the mechanical
characteristics of SCC. It was noticed that the three different types of CR particles display
the same influence on the fracture energy test values. Their study determined the fracture
energy using 100 × 100 × 500 mm beam specimens. The size of CR particles ranged from
0 to 4 mm. As the mixed-type CR replacement level increased from 0 to 25%, the fracture
energy began to decrease dramatically, from 156 N/m to 112 N/m, which meant that CR
had a negative effect on the SCC’s critical deflection. According to Gesoglu et al. [87], the
fracture energy of porous concrete was reduced or increased depending on the category
or size of waste rubber particles. With the addition of 20% CR and a 20% combination of
tire chips and CR, the fracture energy was reduced by 25% and 74%, respectively, while
the fracture energy improved by up to 42% when 10% tire chips or a 20% combination
of tire chips and CR were added to the concrete mix. As a result of the preceding, it may
be inferred that test values from rubberized concrete, SCC, and conventional concrete
combinations are inconsistent. Because both increases and reductions in fracture energy
have been documented, it is hard to say whether rubber incorporation enhances or lowers
fracture energy. However, fracture energy can be improved with the right quantity of
rubber particles, so more research into the fracture energy of rubberized SCC is prospective
and should be pursued.

5.7. Characteristic Length

The characteristic length is an indicator of material brittleness. It is primarily deter-
mined by important concrete mechanical properties such as fracture energy, elastic module,
and splitting strength. The concrete could be less brittle because its characteristic length
is higher [88]. It was previously declared that the characteristic length of normal concrete
is higher than that of SCC. In Figure 14, the influence of rubber aggregates on the char-
acteristic length parameter of SCC was plotted. Hilal [33] used three types of fine rubber
aggregates as a fractional substitution for sand. The three types of crumb rubber aggregates
were number 18 CR (0.1–1.00 mm), number 5 CR (0.1–4.0 mm), and mixed CR (0.1–4 mm).
An increasing tendency in the characteristic length values can be observed from the above
figure as the replacement ratios of rubber aggregate growth, regardless of the rubber size.
It was found that the addition of CR at a 25% replacement ratio obtained the maximum
value of the characteristic lengths of 718 mm, 681 mm, and 670 mm for the number 18,
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number 5, and mixed CR types, respectively. Further, with increasing the CR replacement
ratios to 5%, 10%, 15%, and 25%, the characteristic length grew by 20%, 17%, 24%, 32%,
and 72%, respectively, with respect to the mixed CR type. This fracture characteristic of
SCC made with scrap tire rubber requires more research due to a shortage of experimental
findings. Other authors, on the other hand, examined the ductility of normal concrete made
with scrap tire rubber substituting sand or gravel. According to Vadivel et al. [89], adding
rubber aggregate content increased ductility. The impact of different types and sizes of
rubber aggregates on concrete ductility was examined by Gesoglu et al. [87]. They found
that using CR with a size of 1.00–4.00 mm increased ductility but using tire chips with a
maximum size of 10 mm or a very fine CR range of 0.1–1.00 mm reduced ductility.
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Figure 14. Variation of characteristic length of SCC made with different replacement levels of CR:
1 [33].

Further research is needed due to the limitation of test data on the ductility of rub-
berized SCC. Because of the improvement in ductility of rubberized concrete, the results
presented in Figure 14 are encouraging. SCC ductility could be improved with the proper
amount and the correct size of rubber particles.

5.8. Ultrasonic Pulse Velocity (UPV)

Ultrasonic pulse velocity (UPV) testing is used to measure the homogeneity of concrete
and its voids. The results of the UPV test of rubberized SCC mixtures are shown in Figure 15.
Rahman et al. [4] determined that as the percentage of CR in SCC grew from 0% to 10%, the
UPV decreased from 3780 m/s to 3540 m/s at 28 days. Si et al. [60] demonstrated that the
UPV of the rubberized SCC was 4260–4015 m/s. There were less UPV readings when more
CR was added to the SCC mixture. They achieved the lowest UPV of 4015 m/s for the mix
incorporating 25% CR. Yung et al. [49] reported the UPV at 28 days and achieved 4160 m/s
for the control mix, but the inclusion of 20% CR could decrease the UPV to 3800 m/s.
Hesami et al. [53] highlighted the reduction in the UPV values due to the increase in
the CR addition. It was stated that this reduction in UPV values by introducing CR into
the SCC mixes could be referred to as the formation of a pore system and the reduction
in the elastic module of rubberized concrete. This variance is compatible with the well-
established fact that UPV is affected by several variables, including air and CR content,
which trap air on its surface. As a result, the UPV value drops as the air content in the
rubberized concrete mixture grows due to the increase in the CR percent replacement
level [90]. Moreover, the percent decrease in UPV outcomes as a function of CR is shown in
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Figure 16. Oikonomou and Mavridou [4] measured the UPV test results for the rubberized
SCC mixes with a percent decrease of 7%, 11%, and 17% for the CR addition of 5%, 10%,
and 15%, respectively. Moreover, for the 15% CR content, a percent decrease in UPV values
of 8% was obtained [48,53]. In the summarized UPV results, the highest CR replacement
ratio was 20%, which caused a reduction of 6% [60].
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Figure 15. Variation of UPV of SCC made with different replacement levels of CR: 1 [4], 2 [49], 3 [48],
4 [53], 5 [60].
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Figure 16. Normalized percentage of UPV: 1 [4], 2 [49], 3 [48], 4 [53], 5 [60].

6. Impact of CR on Durability Behavior of SCC

The following table (Table 9) summarizes the durability characteristics of the rub-
berized SCC as reported in the summarized literature. Major research that examined the
impact of CR particles on the durability behavior of SCC used a CR addition of less than
30% of the total fine aggregate volume. The durability aspects of the rubberized SCC that
have been investigated in the literature were the sorptivity, electrical resistivity, shrinkage,
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rapid chloride permeability, carbonation depth, chloride penetration depth, and impact
resistance. Except for electrical resistivity, depth of carbonation, and impact resistance,
which show a different trend, the utilization of CR in SCC mixes resulted in a decrease in
the durability of concrete samples. Compared to mechanical properties, there is a dearth of
research on the durability of rubberized SCC composites.

Table 9. Durability properties of rubberized SCC concrete reported in the literature.

Ref.
Sorptivity

(mm/min 0.5)

Rapid Chloride
Permeability
(coulombs)

Depth of Chloride
Penetration (mm)

Shrinkage (%)
Electrical

Resistivity
(kΩ-cm)

Depth of
Carbonation (mm)

Impact
Resistance

[15] � �
[30] � � �
[49] � �
[52] �
[64] � �
[38] �
[60] � �
[44] �
[61] �
[54] �

6.1. Sorptivity

For the sorptivity test, silica gel was applied on each specimen’s side surface, while a
plastic sheet was placed over each top. In the pan, the samples were positioned with the
test surface side submerged from 1 mm to 3 mm in water. After initial contact with water,
each specimen’s mass was recorded and weighed at various time intervals to determine
the mass increase. Figure 17 shows the sorptivity height in mm of SCC made with four
percent levels of CR. According to Li et al. [64], the sorptivity height decreased gradually
with the inclusion of CR particles. They measured sorptivity that fell from 1.71 to 1.04 mm
for the CR content ranging between 0% and 30%, respectively. Segre and Joekes [91] and
Oikonomou and Mavridou [88] have said that there are similar trends. The reason for the
above could be due to two factors: Firstly, the hydrophobic property of rubber results in
an interaction angle greater than 90 degrees between CR particles and the cement matrix,
reducing the capillary action of water to penetrate specimens. Secondly, CR particles can
make capillary tubes longer and more curved, stopping water and chloride ions from
entering specimens [92].
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Figure 17. Variation of sorptivity height in mm of SCC with different replacement levels of CR: 1 [64].
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On the other hand, Figure 18 shows the sorptivity coefficients of SCC versus CR and
fly ash replacement levels for 28 and 90 days of curing. The fly ash replacement levels of
0%, 20%, 40%, and 60% as a substitution for cement were cured for 28 days and 90 days.
Unlike the findings depicted in Figure 17, it can be noted from Figure 18 that the sorptivity
increased significantly as the CR percentage increased, regardless of the fly ash content
and curing time. After 28 days, the sorptivity of the reference mix was 0.078 mm/min
0.5, but it increased to 0.106 mm/min 0.5 when 25% CR was added. In addition, for the
SCC mixes made without CR, the sorptivity coefficients evaluated after 90 days showed
superior sorptivity values than those at 28 days of curing age [15]. However, the rubberized
SCC mixes that have a different percent level of fly ash as a substitution for cement binder
exhibit a reduction phenomenon in the sorptivity values more so than the rubberized
concrete mixes made without the fly ash binder. For instance, the non-fly ash content of
concrete mixes at 90 days of sorptivity was approximately 7% lower than that observed at
28 days.
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Figure 18. Variation of sorptivity in mm/min 0.5 of SCC made with different replacement levels of
CR and fly ash at different curing days: 1 [15].

Meanwhile, this change was shown to have a bigger impact on the fly-ash-containing
rubberized SCCs. This was because of the fly ash’s long-term pozzolanic action [15].
Additionally, it was formally found that the type of aggregates, supplementary cementitious
materials, and curing time all play a vital role in the water sorptivity values of a concrete
specimen [15]. Therefore, to produce a rubberized concrete with CR particles, the utilization
of fly ash as a substitution instead of cement and prolonged curing time could be an efficient
way to advance its sorptivity property.

6.2. Chloride Ion Permeability

The impact of CR content on the chloride ion permeability values (in coulombs) of
SCC mixes is shown in Figure 19. Karahan et al. [38] demonstrate the impact of CR
particles on the resistance of SCC to chloride ion penetration. The electrical charge trans-
mitted through concrete specimens was used to express the chloride ion permeability
resistance in coulombs. It was observed that the lowest value of chloride ion penetration
was recorded for the control mix that contained no CR (755 coulombs). In total, 860, 994, and
1196 coulombs of electricity flowed over the SCC mixes containing 10%, 20%, and 30% CR.
As shown from this experiment, the rubberized SCC had a weaker restriction to chloride
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ion absorption than the reference mix. The percent increases in chloride ion permeability
were 14%, 32%, and 58% for the mixes with 10%, 20%, and 30% CR content, respectively.
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Figure 19. Variation of rapid chloride permeability in coulombs of SCC with different replacement
levels of CR: 1 [15], 2 [64], 3 [38].

Similarly, Gesoglu and Guneyisi [15] revealed an increasing chloride ion permeabil-
ity value after 28 days when 15% CR is employed in SCC production. On the contrary,
Li et al. [64] demonstrated that as the CR replacement ratio grew from 0% to 30%, the chlo-
ride ion permeability dropped from 597 to 469 coulombs. Further, Figure 20 demonstrates
the influence of CR on the chloride permeability depth in mm. From the above-mentioned
figure, increases in CR content increase chloride penetration depth. For example, an SCC
mixture containing 15% CR increased chloride ion penetration by 35%. This could be
because CR particles tend to make concrete materials more porous, make internal packing
less dense, and create micro-cracks in the ITZ [30].
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Figure 20. Variation of the depth of chloride penetration in mm of SCC with different replacement
levels of CR: 1 [30].
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Figure 21 illustrates the chloride ion permeability findings via CR and fly ash levels
and the testing age. According to Figure 21, the rubberized SCC’s chloride depth was
between 1904 coulombs and 3460 coulombs and 476 coulombs and 3139 coulombs after
28 days and 90 days, correspondingly. The chloride ion penetration increased linearly
with increasing CR content, particularly in concrete without fly ash. Increasing CR from
0% to 15% in the first batch of concrete (at 28 days and 0% fly ash), the chloride depth of
SCC rose from 2491 to 3451 coulombs, respectively. While for the comparable mixes the
chloride ion values decreased as the curing time prolonged to 90 days. As a result, the
increased CR content increased the chloride ion penetration, but the results diminished
with increasing curing time. Moreover, the addition of fly ash did not result in a significant
decrease in the chloride ion permeability of the concrete at 28 days of curing. After 28 days,
the chloride ion permeability of the concrete that had fly ash added to it dropped from
2491 coulombs to 2320, 2180, and 1904 coulombs when 20%, 40%, and 60% of the fly ash was
added. However, it was found that introducing fly ash into rubberized SCC mixes greatly
increased their resistance to chloride penetration when the curing time was prolonged
to 90 days. Regardless of the CR replacement ratio, the SCC with 20%, 40%, and 60% fly
ash additions had an average reduction in chloride ion permeability of 67%, 79%, and
78%, respectively. This meant that the concrete went from moderate to very low. This
can be explained by the fact that the detrimental effect of CR on chloride penetration
was significantly reduced with the addition of fly ash after 90 days. As Manmohan and
Mehta [90] noted, this conclusion is related to the long-term interaction of fly ash, which
improves the concrete’s pore structure, reducing chloride ion infiltration. The improved
pore structure reduces the permeability of chloride ions.

350

1350

2350

3350

4350

0 5 10 15

Ra
pi

d 
ch

lo
rid

e 
io

n 
pe

rm
ea

bi
lit

y 
(C

ou
lo

m
bs

) 

Crumb rubber (%)

1 (0% FA, 28day) 1 (0% FA, 90day) 1 (20% FA, 28day)
1 (20% FA, 90day) 1 (40% FA, 28day) 1 (40% FA, 90day)
1 (60% FA, 28day) 1 (60% FA, 90day)

Figure 21. Variation of rapid chloride ion permeability of SCC made with different replacement levels
of CR and fly ash at different curing days: 1 [15].

6.3. Shrinkage

Figure 22 depicts SCC’s free-drying shrinkage values with different rubber replace-
ment levels and curing times. It is clear from the test results shown in Figure 22 that the
use of CR causes an increase in free-drying shrinkage measurement in comparison to the
mix manufactured without CR. Yung et al. [49] investigated the shrinkage behavior of
SCC made with different levels of CR particles. The CR replacement levels were 0%, 5%,
10%, 15%, and 20% as a substitution for natural fine aggregates by volume. The specimens
were subjected to drying conditions for up to 60 days. Their investigation discovered that
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adding CR caused a higher shrinkage value than the mix made with no CR, regardless of
the drying age. The shrinkage value of the 28-day rubberized SCC of the reference mix
was about 0.0183%, and the overall reduction in shrinkage outcome of concrete with CR
that had been passed through a # 30 sieve was 0.0294% when the CR addition reached 5%
of the total fine aggregate volume. At 5% CR addition, the reduction in shrinkage was
the smallest, nearly 35% higher than the reference mix. However, with increasing the CR
addition to 20%, the shrinkage value was the maximum, and the average shrinkage value
was 0.0336%, which was 90% greater than the reference mix.
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Figure 22. Variation of shrinkage of SCC with different replacement levels of CR and drying times:
1 [60], 2 [49].

Since a portion of the fine aggregate was replaced with rubber, which had a substan-
tially lower elastic module than the other materials, its deformation capability was limited;
consequently, its shrinkage was greater than that of ordinary concrete [93]. Si et al. [60]
also examined the impact of rubber particles on the shrinkage performance of SCC. The
shrinkage value of SCC mixes increased with the increased CR content, irrespective of the
curing time. This could be because the elastic module of rubber aggregates is lesser than
that of sand. Zaoiai et al. [94] conducted another study investigating the shrinking of SCC
using rubber aggregate. They substituted a portion of the natural gravel and sand with
rubber aggregate at various levels and recorded shrinkage reductions at 28, 90, 200, and
300 days when the rubber content was increased. After 300 days, the greatest degree of
shrinkage was observed. The results indicated that after 300 days, shrinkage was reduced
by 16%, 33%, 20%, and 5%, accordingly, when 2.5, 5, 10, and 20% rubber contents were
added. As compared to the reference SCC, rubberized SCC undergoes greater displacement
while the cement matrix starts to shrink.

Further, shrinkage could be decreased by treating the rubber aggregate in the rub-
berized SCC mix with NaOH [60]. Due to the length change over time, shrinkage can
be a critical factor in the design of concrete elements [94]. For this aim, shrinkage values
of normal concrete were also discussed. Bravo and de Brito [95] investigated the shrink-
age properties of normal concrete by substituting tire rubber aggregate (a size range of
4–11.2 mm) for natural aggregates at varied replacement percentages of 5%, 10%, and 15%.
They observed an increase in shrinkage as the volume of rubber aggregate in the concrete
mixture increased. The rise in shrinkage after 90 days was roughly 45% more than that
of the control mix, with a rubber replacement level of 15%. As seen from the above, the
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shrinkage of SCC and conventional concrete increases with the use of more waste-tire
rubber in the mix, irrespective of the rubber size.

6.4. Electrical Resistivity

CR can significantly impact the electrical resistivity over time, as shown in Figure 23.
The electrical resistivity of concrete is determined by the pore structure of the material
and the ionic concentration in the pore water [96]. The high resistivity of the concrete may
help limit the ionic current between the anodic and cathodic sites, reducing steel corrosion
in steel-reinforced concrete [97]. Thus, the structure’s durability could be enhanced by
increasing the concrete mixture’s electrical resistivity. Yung et al. [49] indicate that adding
CR aggregate increased electrical resistance. They discovered that when the CR content
is increased from 0% to 20%, the electric resistivity increases by 19%, 37%, 215, and 35%
after 7, 28, 56, and 91 days, respectively. Similarly, Si et al. [60] stated that incorporating CR
aggregate improved electrical resistance. They discovered that an increased CR concentra-
tion from 0 to 25% enhanced electrical resistivity by 9%, 22%, 28%, 37%, and 52% after 3,
7, 14, 21, and 28 days, respectively. Moreover, at day 28, the electrical resistivity of SCC
containing 15% and 25% rose by 51.27% and 52.28%, respectively. Rubber is an insulating,
waterproof, and flexible substance. It acts as a barrier to pore fluid transmission [98,99].
Thus, the rubber particles can be used to improve the resistance of concrete to electricity.
Contrary to the above findings, Mallek et al. [28] demonstrate that electrical resistivity low-
ers when the CR concentration increases. They declared that rubber improves porosity and
hence facilitates current flow. The relationship between electrical resistivity and porosity is
inverse. The drop in electrical resistivity with increasing CR addition could be explained by
rubber’s lower resistivity compared to natural aggregates. In summary, if the right amount
and design are considered, the use of CR in the production of SCC may be beneficial in
terms of electrical resistivity. Increasing the electrical resistivity of concrete can enhance
concrete’s resistance to corrosion. According to a previous study, there is a clear tendency
for the corrosion rate to decrease as the resistivity of concrete increases [97].
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Figure 23. Variation of electrical resistivity of SCC with different replacement levels of CR and curing
ages: 1 [30], 2 [60], 3 [49].

6.5. Carbonation

The utilization of CR changes the carbonation depth after different CO2 exposure
times (see Figure 24). Mallek et al. [30] showed that after 15 days of CO2 exposure, the
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carbonation depth of rubberized SCC rose by approximately 1.7 %. On the other hand,
the outcomes generally indicate that carbonation depth increases with increasing CO2
exposure time. Besides that, it has also been found that the carbonation level drops as
the CR content rises. A decrease of 3.0%, 5.6%, and 4.8% in carbonation depth can be
seen after 30 to 45 days of CO2 contact, when the CR concentration is increased from
0% to 15%, respectively. This finding may be due to CR’s hydrophobic nature, which
retards the carbonation movement. Rubber is characterized by its hydrophobicity, which
means that it does not interact readily with water. This can minimize the amount of liquid
CO2 surrounding these CR particles, thus reducing carbonation depth. Additionally, CR
aggregates can deceive hydrates that help the carbonation process by forming a physical
obstacle that retards the carbonation phenomenon. Further, Luhar et al. [100] showed
that when sand was substituted with rubber fiber, the carbonation depth decreased. They
demonstrated that a rise in water permeability and absorption could lead to a rise in carbon
depth. The maximum carbonation depth of 9.0 mm was measured for normal concrete
exposed to CO2 for 90 days with a 30% rubber content.
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Figure 24. Variation of the depth of carbonation of SCC with replacement level of CR: 1 [30].

6.6. Impact Resistance

Figure 25 shows the effect of CR particles on the impact resistance of SCC as a function
of the number of blows. AbdelAleem et al. [61] studied the influence of a CR aggregate on
the impact resistance of SCC. It was observed that when CR was added to SCC mixtures, it
made concrete more impact resistant. The impact resistance of concrete can be measured
using two different approaches: impact resistance by drop-weight test and impact resistance
by flexural loading tests (impact energy). The drop-weight test values indicate an increasing
trend in blow numbers at ultimate failure by nearly 91% and in blow numbers required
for the first crack by about 89% as the CR inclusion rises from 0% to 30%. The flexural
loading test indicated an improvement in ultimate impact energy of up to 2.42 times as
the CR percentage rises from 0% to 25%. Khalil et al. [52] studied the impact resistance
of SCC with the presence of CR aggregates. When the proportion of CR varies between
0% and 30%, drop-weight values reveal an increase in ultimate failure and the first crack
of 2.8 and 3 times, respectively. Ismail and Hassan [54] observed an enhancement in the
impact resistance of SCC with CR content in both impact resistance tests (drop-weight and
flexural loading). Flexural loading values indicated that the utilization of 30% CR enhanced
ultimate failure by 116%.
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Figure 25. Variation of average blows of SCC with different replacement levels of CR: 1 [61], 2 [54],
3 [52].

Furthermore, when rising the CR addition from 0% to 30%, blow numbers for the
first crack and the number of blows for the ultimate failure increased from 141 to 277 and
263 to 277 and 263, respectively. As expected, the addition of CR improves the energy
absorption capacity of rubberized SCC in contrast to SCC, with an increase in the required
blow numbers to induce the initial crack and failure. This behavior could be explained by
the CR particles’ ability to absorb energy due to their high deformability. In other words,
CR particles act as springs, causing fracture propagation to be slowed [52,89,101]. This may
be related to a weak ITZ between the CR and the matrix, which acts as a starting point for
cracks, as well as the angularity of these components, which elongates the crack pathway,
i.e., the crack deformation increases. Other researchers have previously established the
above conclusion by investigating the impact resistance of rubberized normal concrete
mixtures [89,102].

In summary, introducing CR particles in manufacturing SCC or normal concrete
increased the material’s impact resistance. However, the behavior of rubberized SCC and
impact resistance loading remains mostly unclear. Additional experimental investigations
are warranted in light of the potential application of rubberized SCC in concrete structures.

7. Microstructure

One of the most important factors that affects hardened self-compacted concrete (SCC)
properties is the zone between the cement paste matrix and the rubber particles called the
interfacial transition zone (ITZ). The mechanical and durability characteristics of concrete
are directly influenced by the aggregates’ adhesion to the cement matrix. This microstruc-
tural analysis could be made by scanning electron microscopy (SEM) to examine the ITZ
between the rubber particles and the cement paste matrix. According to Guo et al. [103],
one of the primary disadvantages of rubberized concrete is the poor bond between rubber
particles and the cement paste matrix, which diminishes compressive strength. To solve
this drawback, the surface of the rubber particles should be treated using surface modifiers
(such as NaOH) or an admixture (such as silica fume) [104]. Bignozzi and Sandrolini [43]
demonstrated good adhesion between tire rubber and the cement matrix after rubber
particles had been pre-treated and coated with cement matrix. Zaouai et al. [69] revealed
a poor bond between the cementitious matrix and rubber particles. This resulted in a
highly porous region. This weak adhesion may contribute to the decrease in mechanical
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strength (see Figure 26a). Ziebelmann [105] demonstrated that rubber particles do not react
chemically with cement paste and that the use of rubber particles cannot form chemical
bonds. These findings explain the lack of adhesion observed in the SEM and justify the
increased air content and large porosity reported in composites containing rubber particles.
By modifying the poor adherence of the ITZ, it is feasible to obtain enhancement in the
properties of SCC-containing rubber aggregates. The pre-coating of rubber aggregates with
crushed dune sand in SCC improves the ITZ (see Figure 26b). This mineral admixture
acts as a micro-filler to fill the ITZ between the surface of rubber particles and the cement
paste matrix [69]. Najim and Hall [106] utilized several pre-treatment techniques for rubber
particles, including NaOH treatment, cement paste coating, water washing, and mortar
coating. Using SEM, microstructural analysis and porosity were investigated, as can be
seen in Figure 27. In the specimens that were pre-coated with mortar, the compressive
strength and splitting tensile strength increased by 37 and 19%, respectively, compared to
un-treated rubber. This was due to a significant improvement in the ITZ. There is still a
lack of studies about microstructure analysis of rubberized SCC; therefore, further studies
are required.

Figure 26. SEM image of ITZ between rubber aggregates and cement paste, (a) un-coated CR particles,
and (b) pre-coated CR particles [69].

Figure 27. SEM image of ITZ between cement paste and rubber aggregate, without pre-treatment
(SCRC1), and with pre-coating with mortar—(SCRC3) [106].
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8. Empirical Relationships among Hardened Properties

The hardened properties of several SCCs with different replacement levels of CR
were conducted in this section to generate empirical models between different hardened
properties under the influence of CR particles (see Figures 28–32 and Equations (1)–(5)). In
order to determine whether the current relations are strong, the coefficient of determination
(R-square) of the rubberized SCC for the various hardened properties was also determined.
The constructed models could help researchers estimate the hardened properties of this
type of developed concrete.

8.1. Compressive vs. Splitting

The relation between the compressive and splitting strengths of SCC comprising
CR particles is depicted in Figure 28. Experimental data from prior research studies
demonstrate a power function between the compressive and splitting tensile strengths of
rubberized SCC. Both parameters were in good agreement with a coefficient of determi-
nation (R-square) of 0.66. Equation (1) can be implemented to predict the splitting tensile
values of rubberized SCC regarding compressive strength.

Splitting tensile strength = 0.22compressive strength0.72 (1)

y = 0.22x0.72

R² = 0.66
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Figure 28. Compressive strength and splitting tensile strength relation of rubberized SCC.

8.2. Compressive vs. Flexural

From the conducted results in the summarized literature, a relation between compres-
sive and flexural strength for rubberized SCC was drawn, as depicted in Figure 29. As a
result, a power relation between the compressive and flexural strength of SCC mixes made
with various replacement levels of CR aggregates was constructed with an R-square value of
0.58, which shows an exponential relation. Moreover, Equation (2) was proposed to predict
the flexural strength of rubberized SCC in correspondence to its compressive strength.

Flexural strength = 0.51compressive srength0.62 (2)

8.3. Compressive vs. Modulus of Elasticity

Compressive strength for rubberized SCC has been shown to correlate with its corre-
sponding modulus of elasticity based on the reviewed literature, as shown in Figure 30. As
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a result, an R-squared value of 0.77 was calculated between the properties above rubberized
SCC. According to Equation (3), the modulus of elasticity of SCC made with rubber can be
predicted concerning its compressive strength.

Modulus of elasticty = 3.43compressive strength0.55 (3)
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Figure 29. Compressive strength and flexural strength relation of rubberized SCC.
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Figure 30. Compressive strength and modules of elasticity relation of rubberized SCC.

8.4. Compressive vs. UPV

Figure 31 displays the connection between UPV and compressive strength of the
previous experimental results for SCC produced with CRs. As shown in the figure below,
fitting a power curve can result in a very strong relationship between the two property
equations, with an R-square of 0.88. Unlike the previous relations, the compressive strength
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of rubberized SCC can be predicted depending on the existing UPV results, as shown in
Equation (4).

compressive strength = 0.01 × UPV5.72 (4)

y = 0.01x5.72

R² = 0.88
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Figure 31. UPV and compressive strength relation of rubberized SCC.

8.5. Compressive Strength vs. Bond Strength

According to the earlier experimental studies, Figure 32 shows that the compressive and
the bond strength of the rubberized SCC are well connected with a power function. The R-
square value of 0.88 suggests that they have a very good relationship. From Equation (5), the
bond strength of SCC made with CR can be forecasted if the compressive strength data exist.

Bond strength = 0.24 × compressive strength0.91 (5)

y = 0.24x0.91

R² = 0.88
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Figure 32. Compressive strength and bond strength relation of rubberized SCC.
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9. Discussion

This study aims to better understand the mechanical and durability properties of
self-compacted concrete (SCC) with different amounts of crumb rubber replacement (CR).
According to the existing research, substituting fine aggregates with CR particles in forming
SCC mixes does not exceed 50% of the total fine aggregate volume, whereas most studies
employ 30% CR content. This paper presents a complete evaluation of the prior literature
on this subject. The following findings can be taken from the comprehensive critical review
of the literature data that were previously published:

1. The incorporation of CRs can reduce the mechanical properties of SCC, including
compressive, splitting tensile, elastic module, and flexural parameters. The utilization
of CR as a partial substitution for natural fine aggregate significantly reduces the
strength of SCC, irrespective of the amount of rubber aggregate used. This impact
can be related to the limited adhesion and bond strength between CR particles and
the cement matrix, the poor stiffness of rubber aggregate in comparison to natural
aggregates, and an increased amount of air entrapped within rubber CR particles and
the cement matrix. However, by adding mineral admixture (such as fly ash), these
qualities of rubberized SCC can be even better.

2. It seems that rubberized SCC with CR could be used in certain structural parts, but
substitute levels must be sensibly calculated in order to keep a significant level of
mechanical properties. This article presents test findings that support this hypothe-
sis. According to the available literature data, predicted reductions in some of the
mechanical properties of SCC were shown in Tables 5–8, and it can be realized that
using CR up to 30% of total sand volume could be an appropriate replacement level.

3. For SCC that includes CR, very little is known about fracture parameters. The in-
creased and decreased fracture energy of SCC have been reported in the literature
due to the addition of CR aggregates. Additionally, using more CR volume fractions
enhanced the ductility of SCC in terms of characteristic length. However, the ductility
of rubberized SCC needs to be studied further.

4. Similar to the aforementioned mechanical properties, the inclusion of CR particles into
the SCC mixes causes a reduction in bond strength values as well. Because of this, it
is clear that the cement matrix and CR aggregates have weak bonding characteristics,
causing a decrease in binding strength. Research suggests treating rubber to improve
the bond between the rubber and the cement matrix to address this issue.

5. Incorporating CR into the SCC mixture decreased the ultrasonic pulse velocity (UPV)
values, indicating that the CR impacted the pore structure of the SCC mixture. The
pretreatment method for rubber aggregate eliminated the decline in ultrasonic pulse
velocity (UPV).

6. A few studies are investigating the durability behavior of rubberized SCC, and a lack
of information exists.

7. An earlier research study discovered that the sorptivity of SCC decreases with the
increase in CR content as a partial alternative to sand. However, a different investiga-
tion claims the opposite. It was also reported that extending curing time and adding
fly ash partially instead of cement can improve the sorptivity coefficient of rubberized
concrete. Rubberized SCC’s sorptivity quality has to be properly understood through
further experimentation.

8. Regardless of the curing time and fly ash content, a significant increase in chloride ion
permeability results was recorded as the percentage of CR increased. In theory, this
may be related to the fact that CR particles tend to increase the porosity of concrete,
making it less dense and creating micro-fissures in the ITZ. Prolonged curing time
and using fly ash could improve the chloride ion permeability of rubberized SCC.
With using fly ash as a partial substitution for cement, a steady decrease in chloride
ion permeability was experimented with at 28 days of curing age, whilst a remarkable
reduction in chloride permeability outcomes of rubberized SCC mixes was noticed for
a long-term curing age (90 days). This result comes from the long-term action of fly

311



Sustainability 2022, 14, 11301

ash on concrete, which modifies the pore structure of the concrete, lowering chloride
ion infiltration.

9. Adding rubber aggregates to SCC results in greater shrinkage. The behavior of normal
rubberized concrete is similar to the rubberized SCC. Shrinkage values of rubberized
SCC increase as CR% rises. This happened because rubber particles have a lower
elastic modulus than natural fine aggregate.

10. When CR particles were added to SCC, the electric resistance increased. Only a few
studies came to the inverse conclusion. Rubberized SCC needs to be studied further
to comprehend its potential applications in concrete construction.

11. Based on the findings of accelerated carbonation tests, it can be inferred that the
existence of CR enhances carbonation resistance. This was due to the hydrophobicity
of CR particles that do not easily combine with water, leading to a reduction in the
amount of CO2 around the CR particles. Rubberized SCC, on the other hand, may
be good for buildings that are exposed to harsh weather and need to be resistant
to carbonation.

12. Enhancement in the impact resistance of rubberized SCC is expected with the utiliza-
tion of CR particles. Including CR improves rubberized SCC’s ability to absorb energy
when compared to SCC. This is because CR can absorb energy because of its unique
stiffness property.

10. Conclusions and Recommendations for Further Research

10.1. Conclusions

The main purpose of this recent review was to show and investigate a complete
literature evaluation on the influence of CR as a partial substitution for sand (by volume)
on the mechanical and durability properties of SCC, which led to important findings:

1. Self-compacted concrete can be made by utilizing crumb rubber (CR) as a part of sand
to make it more sustainable and environmentally friendly.

2. From this review, it was clarified that most studies implemented CR as a partial alter-
native to fine aggregate due to the superior properties of rubberized SCC compared
to the one that replaced coarse aggregate with waste-tire rubber.

3. Rubberized SCC’s mechanical and durability qualities are substantially influenced by
the morphology of CR particles and their replacement level.

4. Increased CR content considerably affected the different mechanical characteristics of
rubberized SCC.

5. Reduction in SCC strength is expected using CR. This reduction could be something
in the range of 30–40% for compressive strength, 20–35% for tensile strength, 15–35%
for modulus of elasticity, and 15–30% for flexural strength, depending on the content
of CR.

6. If properly designated, the ductility of SCC can be enhanced by adding CR as a partial
alternative to sand.

7. The addition of CR can greatly enhance several of the durability attributes of rubber-
ized SCC, including electrical resistivity, carbonation depth, and impact resistance.
However, additional research into the various durability features of rubberized SCC
is required.

8. Rubberized SCC could be utilized in several structural applications. However, to main-
tain appropriate mechanical and durability properties, the replacement level must be
carefully designed. In addition, there is still a lack of studies on the performance of
rubberized SCC.

9. The empirical models developed in this review article demonstrate that significant
relations exist between the various mechanical parameters of rubberized SCC.

10. Microstructure analysis of the ITZ in rubberized SCC reveals that this weak zone
between CR particles and the cement paste matrix can be improved by pretreating the
CR particles using surface modifiers or admixtures.
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10.2. Rcomendations for Further Research

Based on the research conducted in this study, the following recommendations need
to be considered:

1. For future research, using CR in concrete production needs to be further investigated
due to its potential use in structural concrete elements (walls, slabs, and columns) or
even using rubber powder partially instead of sand or cement.

2. Incorporating CR into the SCC mixtures for structural components subjected to impact
loading is strongly suggested. For this reason, it might be important to examine the
durability properties of this material under different types of loading.

3. The ductility behavior of rubberized SCC is not completely explored and understood.
Therefore, investigating fracture parameters of rubberized SCC could be a topic
of interest.

4. There are a rare number of studies about the durability properties of rubberized SCC.
Experimental studies on the various durability properties of rubberized SCC could
answer the possibility of using this type of material in hazardous conditions.
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