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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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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.
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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.
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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)
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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 =
∆σ
∆ε

=
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

∆V
V

=
σ

εxx + εyy + εzz
=

Es

3(1− 2ϑ)
(4)

where ∆V
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 6=0)

UCS(FC=0)
(6)

REu =
Es(FC 6=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].
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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.
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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.
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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.
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Figure 13. Fitted curves of Gs development as a function of FC/CD in oven- and ambient-cured
conditions.
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Figure 14. Fitted curves of resilient modulus development as a function of FC/CD in oven- and
ambient-cured conditions.
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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 improv-
ing 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.

Author Contributions: Conceptualization, M.M.J., S.J. and A.R.; methodology, M.M.J., S.J. and A.R.;
validation, M.M.J., S.J. and A.R.; formal analysis, M.M.J., S.J. and A.R.; investigation, M.M.J., S.J. and
A.R.; resources, H.R.; data curation, D.J.A.; writing—original draft preparation, M.M.J., S.J., T.O.,
H.R., D.J.A. and A.R.; writing—review and editing, T.O., S.J., H.R. and D.J.A., supervision, T.O., S.J.,
H.R. and D.J.A.; project administration, T.O., H.R. and D.J.A. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Technical and Vocational University (TVU) with Fund Number
25/400/96/161 and Letter Number 25/410/1616.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Sustainability 2023, 15, 11484 16 of 19

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors wish to acknowledge the technical support from Chem Concrete
Pty Ltd. (www.chemconcrete.com.au).

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

References
1. Islam, M.S.; Hashim, R. Bearing Capacity of Stabilised Tropical Peat by Deep Mixing Method. Aust. J. Basic Appl. Sci. 2009, 3,

682–688.
2. Al-Swaidani, A.; Hammoud, I.; Meziab, A. Effect of Adding Natural Pozzolana on Geotechnical Properties of Lime-Stabilized

Clayey Soil. J. Rock Mech. Geotech. Eng. 2016, 8, 714–725. [CrossRef]
3. Umar, M.; Kassim, K.A.; Chiet, K.T.P. Biological Process of Soil Improvement in Civil Engineering: A Review. J. Rock Mech.

Geotech. Eng. 2016, 8, 767–774. [CrossRef]
4. Saberian, M.; Khabiri, M.M. Effect of Oil Pollution on Function of Sandy Soils in Protected Deserts and Investigation of Their

Improvement Guidelines (case Study: Kalmand Area, Iran). Environ. Geochem. Health 2018, 40, 243–254. [CrossRef] [PubMed]
5. Zainorabidin, A.; Wijeyesekera, D.C. Geotechnical Challenges with Malaysian Peat. 2007. Available online: https://repository.

uel.ac.uk/download/41d7bd3a3df6b74d6069261c0817e0b8f3d7dad24a5ff57f5dc3af0e34011ad3/363072/Zainorabidin%2C%20
A%20%282007%29%20AC%26T%20252-61.pdf (accessed on 13 April 2023).

6. Puppala, A.J.; Musenda, C. Effects of Fiber Reinforcement on Strength and Volume Change in Expansive Soils. Transp. Res. Rec.
2000, 1736, 134–140. [CrossRef]

7. Saberian, M.; Rahgozar, M.A. Geotechnical Properties of Peat Soil Stabilised with Shredded Waste Tyre Chips in Combination
with Gypsum, Lime or Cement. Mires Peat 2016, 18, 1–16. [CrossRef]

8. Rogers, C.D.; Boardman, D.I.; Papadimitriou, G. Stress Path Testing of Realistically Cured Lime and Lime/cement Stabilized Clay.
J. Mater. Civ. Eng. 2006, 18, 259–266. [CrossRef]

9. Thyagaraj, T.; Zodinsanga, S. Swell–shrink Behaviour of Lime Precipitation Treated Soil. Proc. Inst. Civ. Eng. Improv. 2014, 167,
260–273. [CrossRef]

10. Jahandari, S. Laboratory Study of Moisture and Capillarity Impact on Lime Concrete Resistance due to the Increase of Ground Water
Level; Faculty of Civil and Surveying Engineering, Department of Geotechnical Engineering, Graduate University of Advanced
Technology: Kerman, Iran, 2015.

11. Ameri, M.; Kalantari, B.; Jahandari, S. Laboratory Study of Determination of Optimum Amount of Water and Clay in Mortar Made
with Lime and Fly Ash. In Proceedings of the International Conference on Research in Science and Technology, Kualalumpur,
Malaysia, 14 December 2015.

12. Jahandari, S.; Saberian, M.; Zivari, F.; Li, J.; Ghasemi, M.; Vali, R. Experimental Study of the Effects of Curing Time on Geotechnical
Properties of Stabilized Clay with Lime and Geogrid. Int. J. Geotech. Eng. 2019, 13, 172–183. [CrossRef]

13. Jahandari, S.; Toufigh, M.M.; Li, J.; Saberian, M. Laboratory Study of the Effect of Degrees of Saturation on Lime Concrete
Resistance due to the Groundwater Level Increment. Geotech. Geol. Eng. 2018, 36, 413–424. [CrossRef]

14. Jahandari, S.; Li, J.; Saberian, M.; Shahsavarigoughari, M. Experimental Study of the Effects of Geogrids on Elasticity Modulus,
Brittleness, Strength, and Stress-Strain Behavior of Lime Stabilized Kaolinitic Clay. GeoResJ 2017, 13, 49–58. [CrossRef]

15. Saberian, M.; Jahandari, S.; Li, J.; Zivari, F. Effect of Curing, Capillary Action, and Groundwater Level Increment on Geotechnical
Properties of Lime Concrete: Experimental and Prediction Studies. J. Rock Mech. Geotech. Eng. 2017, 9, 638–647. [CrossRef]

16. Firoozfar, A.; Khosroshiri, N. Kerman Clay Improvement by Lime and Bentonite to Be Used as Materials of Landfill Liner. Geotech.
Geol. Eng. 2017, 35, 559–571. [CrossRef]

17. Costigan, A.; Pavía, S.; Kinnane, O. An Experimental Evaluation of Prediction Models for the Mechanical Behavior of Unreinforced,
Lime-Mortar Masonry under Compression. J. Build. Eng. 2015, 4, 283–294. [CrossRef]

18. Pavlík, V.; Užáková, M. Effect of Curing Conditions on the Properties of Lime, Lime–metakaolin and Lime–zeolite Mortars.
Constr. Build. Mater. 2016, 102, 14–25. [CrossRef]

19. de Bruijn, P.B.; Jeppsson, K.-H.; Sandin, K.; Nilsson, C. Mechanical Properties of Lime–hemp Concrete Containing Shives and
Fibres. Biosyst. Eng. 2009, 103, 474–479. [CrossRef]

20. Walker, R.; Pavia, S.; Mitchell, R. Mechanical Properties and Durability of Hemp-Lime Concretes. Constr. Build. Mater. 2014, 61,
340–348. [CrossRef]

21. Thyagaraj, T.; Samuel, Z.; Kumar, K.S.R. Relative Efficiencies of Electrolytes in Stabilization of an Expansive Soil. Int. J. Geotech.
Eng. 2016, 10, 107–113. [CrossRef]

22. Bartlett, S.; Farnsworth, C. Performance of Lime Cement-Stabilized Soils for the I-15 Reconstruction Project: Salt Lake City, Utah.
Transp. Res. Rec. 2002, 1808, 58–66. [CrossRef]

23. Chand, S.K.; Subbarao, C. Strength and Slake Durability of Lime Stabilized Pond Ash. J. Mater. Civ. Eng. 2007, 19, 601–608.
[CrossRef]

24. Malekpoor, M.; Toufigh, M. Laboratory Study of Soft Soil Improvement Using Lime Mortar-(well Graded) Soil Columns. Geotech.
Test. J. 2010, 33, 225–235.

www.chemconcrete.com.au
https://doi.org/10.1016/j.jrmge.2016.04.002
https://doi.org/10.1016/j.jrmge.2016.02.004
https://doi.org/10.1007/s10653-016-9897-y
https://www.ncbi.nlm.nih.gov/pubmed/27888372
https://repository.uel.ac.uk/download/41d7bd3a3df6b74d6069261c0817e0b8f3d7dad24a5ff57f5dc3af0e34011ad3/363072/Zainorabidin%2C%20A%20%282007%29%20AC%26T%20252-61.pdf
https://repository.uel.ac.uk/download/41d7bd3a3df6b74d6069261c0817e0b8f3d7dad24a5ff57f5dc3af0e34011ad3/363072/Zainorabidin%2C%20A%20%282007%29%20AC%26T%20252-61.pdf
https://repository.uel.ac.uk/download/41d7bd3a3df6b74d6069261c0817e0b8f3d7dad24a5ff57f5dc3af0e34011ad3/363072/Zainorabidin%2C%20A%20%282007%29%20AC%26T%20252-61.pdf
https://doi.org/10.3141/1736-17
https://doi.org/10.19189/MaP.2015.OMB.211
https://doi.org/10.1061/(ASCE)0899-1561(2006)18:2(259)
https://doi.org/10.1680/grim.12.00028
https://doi.org/10.1080/19386362.2017.1329259
https://doi.org/10.1007/s10706-017-0335-4
https://doi.org/10.1016/j.grj.2017.02.001
https://doi.org/10.1016/j.jrmge.2017.01.004
https://doi.org/10.1007/s10706-016-0125-4
https://doi.org/10.1016/j.jobe.2015.10.001
https://doi.org/10.1016/j.conbuildmat.2015.10.128
https://doi.org/10.1016/j.biosystemseng.2009.02.005
https://doi.org/10.1016/j.conbuildmat.2014.02.065
https://doi.org/10.1179/1939787915Y.0000000017
https://doi.org/10.3141/1808-07
https://doi.org/10.1061/(ASCE)0899-1561(2007)19:7(601)


Sustainability 2023, 15, 11484 17 of 19

25. Toohey, N.M.; Mooney, M.A.; Bearce, R.G. Stress-Strain-Strength Behavior of Lime-Stabilized Soils during Accelerated Curing. J.
Mater. Civ. Eng. 2013, 25, 1880–1886. [CrossRef]

26. Pakravan, H.R.; Ozbakkaloglu, T. Synthetic Fibers for Cementitious Composites: A Critical and in-Depth Review of Recent
Advances. Constr. Build. Mater. 2019, 207, 491–518. [CrossRef]

27. Wang, L.; Tang, S. High-Performance Fiber-Reinforced Composites: Latest Advances and Prospects. Buildings 2023, 13, 1094.
[CrossRef]

28. Wang, L.; Tang, S.; Chen, T.E.; Li, W.; Gunasekara, C. Sustainable High-Performance Hydraulic Concrete. Sustainability 2022, 14,
695. [CrossRef]

29. Wang, L.; Tang, S. High-Performance Construction Materials: Latest Advances and Prospects. Buildings 2022, 12, 928. [CrossRef]
30. Maher, M.H.; Ho, Y.C. Behavior of Fiber-Reinforced Cemented Sand under Static and Cyclic Loads. Geotech. Test. J. 1993, 16,

330–338.
31. Omine, K.; Ochiai, H.; Yasufuku, N.; Kato, T. Effect of Plastic Wastes in Improving Cement-Treated Soils. Proc. 2nd Int. Congr.

Environ. Geotech. 1996, 875–880.
32. Prabakar, J.; Sridhar, R.S. Effect of Random Inclusion of Sisal Fibre on Strength Behaviour of Soil. Constr. Build. Mater. 2002, 16,

123–131. [CrossRef]
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