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Abstract: Semi-flexible pavement surfacing, or grouted macadam, is an alternative to conventional
flexible and rigid pavement. It is constructed by injecting cementitious grout into the voids of an
open-graded asphalt surfacing. The cement used in cementitious grouts has adverse environmental
effects because of the carbon dioxide emission in cement production. The objective of this study
was to investigate the potential of using irradiated waste polyethylene terephthalate (PET) and
fly ash (FA) as a (partial) cement replacement in cementitious grouts for semi-flexible pavement
surfacing. This study sought to assess the stiffness modulus and fatigue properties of the semi-
flexible specimens prepared with control grout, regular PET (2.57% PET + 10% FA) and irradiated
PET (4.75% PET + 10% FA)-based grouts and compares the stiffness modulus and fatigue properties
of semi-flexible specimens with the conventional hot mix asphalt (HMA) concrete. The semi-flexible
surfacing specimens showed superior performance, higher stiffness modulus, and better fatigue life
than the hot mix asphalt. The difference in fatigue cycles was apparent at lower stress ratios of 25
and 30%. The semi-flexible pavement mixtures exceeded 100,000 cycles at the lowest stress ratio of
25%, while the HMA fatigue cycles were less than 100,000 cycles. Furthermore, the semi-flexible
specimen with irradiated PET (which contain a higher amount of waste PET than the regular PET)
showed similar stiffness modulus and fatigue life as the specimens with regular PET and control
grout. The irradiation technique offers a sustainable solution for recycling higher amounts of waste
PET in highway materials for semi-flexible pavement surfacing.

Keywords: semi-flexible surfacing; stiffness modulus; fatigue prediction model; irradiated PET;
waste recycling; sustainability

1. Introduction

The semi-flexible pavement surface is a new hybrid pavement surface constructed by
pouring highly flowable cementitious grout into the voids of compacted porous asphalt
mixture. The typical voids of open-graded asphalt mixture designed for semi-flexible
pavement surfaces range between 25–35% [1,2]. These pavements have the combined
advantages of conventionally flexible and rigid pavements for rutting- and moisture-
related damage, joint-free pavement, resistance to fuel spillage, and can be opened to
traffic within 24 h [3]. However, the overall performance of semi-flexible pavement is
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a function of aggregate type and gradation, the composition of cement grout, material
stiffness properties, and testing conditions [4].

Semi-flexible pavements have different stiffness and fatigue properties from conven-
tional flexible and rigid pavements. Setyawan (2003) investigated the effect of different
types of cement grouts and varying temperatures on the stiffness properties of grouted
macadam. They used limestone to produce porous asphalt and poured the asphalt with
four grouts, ordinary Portland cement, OPC (control), silica fume (SF), fly ash and silica
fume (FA + SF), and pozzolanic-based cement grouts. The grout type was found to have
minimal effect on the indirect tensile stiffness modulus (ITSM) of grouted macadam after
28 days of curing. However, the temperature affected the stiffness modulus, where higher
temperatures reduced the stiffness modulus and vice-versa [5]. van de Ven and Molenaar
(2004) observed similar behavior in grouted macadam [6]. They found that temperature
and loading frequency significantly influenced the stiffness modulus of grouted macadam.
The results showed that the stiffness modulus of grouted macadam was more similar to con-
ventional asphalt concrete than cement concrete. However, the fatigue testing showed that
the grouted macadam was not significantly affected by testing temperature and showed
similar fatigue behavior as the cement concrete [6]. Similarly, Oliveria (2006) has shown
that the fatigue lines at different temperatures were very close to each other, indicating that
temperature variation has minimal effect on grouted macadam’s fatigue properties [7].

Semi-flexible pavement surfaces (grouted macadam) are limited to road sections for
heavy loads, slow traffic, and fuel-resistant surfaces. The locations suitable for semi-flexible
pavement surface include road junctions, toll plazas, gas stations, loading bays, bus stops,
terminal areas, airport aprons, and fueling areas. Because semi-flexible pavements are
constructed for heavy load conditions, the fatigue life can be predicted using the stress ratios
concept. Most research on semi-flexible pavement mixtures established the relationship
between the stress level (or stress ratio) and the number of cycles to fatigue failure [8–10].
The stiffness modulus of semi-flexible pavement mixtures is much higher than that of
conventional asphalt mixtures. Therefore, a pre-determined constant strain level for both
mixtures may not be suitable for comparing their fatigue lives [11]. However, the stress
ratio is appropriate for determining fatigue life. Previous studies on semi-flexible pavement
materials determined the stress ratios by taking a percentage level of 10 to 70% of the
material’s maximum indirect tensile strength [8–10].

The composition of the grouting material for semi-flexible pavement surfaces deter-
mines their performance. The composition of cement grouts may include but is not limited
to cement, water, superplasticizer, sand, and fly ash (and/or other supplementary cement-
ing materials) [12]. The cement grouts for filling the voids of open-graded asphalt mixtures
must have high flowability, which is achieved by adding a superplasticizer at a relatively
low w/c ratio [8,13]. Furthermore, the mechanical properties of cement grouts can be
improved by adding pozzolanic binding materials such as fly ash and silica fume [14].

Cement manufacturing for the construction industries emits high amounts of green-
house gases and is the third-largest source of carbon dioxide (CO2) emission into the envi-
ronment [15,16]. Using waste materials, byproducts, and mineral admixtures in cementing
materials ensures sustainability, enhanced performance, and cost-effectiveness [17,18]. Re-
cycling municipal wastes (such as crumb rubber, glass, plastic, and wood) and industrial
wastes (such as fly ash, silica fume, and ground granulated blast slag (GGBS)) utilized to
replace cement and fine and coarse aggregates can preserve the ecosystem by reducing the
utilization of natural resources and provide economic benefits to the construction indus-
try in terms of cost-effectiveness and enhanced concrete properties [19,20]. FA has been
widely used in concrete as a replacement of cement with promising results in improving
workability and compressive strength, as well as receiving environmental benefits [15].
However, high volume FA causes reduction in compressive strength of concrete which
can be improved by adding metakaolin [21]. Incorporating waste materials/byproducts in
cement mortars and concrete as a replacement for cement or other natural resources (for
example, sand and aggregates) reduces carbon footprint. Researchers have investigated the
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feasibility of using different materials, such as using waste steel slag as a coarse aggregate,
in concrete materials and predicted the electrical resistivity-compressive strength of con-
crete [22] and the effects of waste slag smelting on the compressive concrete strength [23],
the outcome of replacing fine aggregate with waste PET [24], cement grout modified with
polycarboxylate ether-based polymer [25], and the effect of GGBS and ferrous on current
flow and compressive strength of concrete [26]. These modifiers/admixtures can enhance
cement materials’ physical and strength properties.

Researchers have investigated the effects of recycling waste PET in cement concrete
manufacturing and its impacts on the strength properties by using waste plastic as fiber or
fine and coarse aggregate replacement in concrete mixtures [27]. Some researchers used
waste PET as an aggregate replacement to produce lightweight concrete elements [28,29].
One study showed that using recycled PET as a fiber in concrete mixture resulted in higher
concrete tensile strength and crack resistance [30,31] but reduced the compressive strength
significantly [32–35]. Even though incorporating PET in concrete has many benefits, it
also results in a lower compressive strength. Therefore, it is essential to employ alterna-
tive procedures, such as irradiation, when recycling waste PET in cement mortar/grouts
or concrete.

This study fabricated semi-flexible specimens using cement grouts containing irra-
diated and regular waste PET and FA as a partial cement replacement. Because of the
dearth of information on the fatigue life of semi-flexible pavement surfacing, this study
investigated the fatigue life of semi-flexible pavement materials through a comprehensive
experimental program. The study evaluated fatigue life by establishing the relationship be-
tween stress level (kPa) and the number of cycles to fatigue failure and stress ratio (%) and
the number of cycles to fatigue failure. The study performed the indirect tensile stiffness
modulus test (ITMS) and indirect tensile fatigue test (ITFT) on the cylindrical specimens at
varying temperatures and loadings and compared the ITMS and ITFT results with those for
conventional HMA specimens. The study then developed fatigue prediction models and
compared the fatigue results with those in the literature to determine the fatigue behavior
of semi-flexible pavement.

2. Materials and Methods
2.1. Gamma Irradiated Waste PET

The waste PET in powder form was sourced from a recycling factory. A sufficient
quantity of PET powder was irradiated with gamma rays at a dose of 100 kGy, which caused
cross-linking and chain scission that increased the salinity of the PET. These changes in-
creased the strength properties of the cement mortar and concrete [36–41]. This study used
the irradiated PET in the grouts to observe their performance compared to the regular PET.

2.2. Cement Grouting Materials

The grouting material consists of cement, regular and irradiated waste PET powder,
and fly ash. This study determined and optimized the grout composition using a response
surface methodology from previous research [42]. Table 1 presents the grout compositions
and their properties. The preparation of the cement grout followed the ASTM C305 standard
for semi-flexible pavement mixtures and used the 0.35 w/c ratio and 1.0% superplasticizer
dose for all grouts based on the author’s previous research [42]. The control grout is the
base cement grout for semi-flexible pavement mixtures.
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Table 1. Composition of the pre-designed grouts and their properties.

No.
Type of Grout

(Symbol) Composition of the Cement Grout Flow Value
(s)

Compressive Strength
(MPa)

1-Day 7-Day 28-Day

1 Control grout
(CN) Cement (100%) 12.6 30.17 40.06 56.83

2
Regular

PET-based
grout (RP)

Cement (87.43%),
RP (2.57%),

Fly Ash (10%)
11.0 22.27 46.6 66.4

3
Irradiated
PET-based
grout (IrP)

Cement (85.25%),
IrP (4.75%),

Fly Ash (10%)
11.7 22.9 47.5 66.8

2.3. Mixture Preparation
2.3.1. Selection and Mix Design of Open-Graded Asphalt Mixtures

Semi-flexible pavement surfaces are typically a combination of an open-graded asphalt
mixture (with air voids ranging from 25 to 35%) and highly flowable cementitious grout
poured and spread on the surface to penetrate the semi-flexible pavements [43]. The selected
aggregates determine the performance of semi-flexible pavement mixtures, and previous
studies have determined the gradation system for semi-flexible pavement surfaces [7,44].

This study used the REAM Type-I gap-graded asphalt (Figure 1), and the selected
gradation followed the Road Engineering Association of Malaysia (REAM) guideline [45].
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Figure 1. Gradation chart for type-1 REAM.

The recommended final optimum bitumen content (OBC) for semi-flexible pavement
surfaces is a bitumen content of 3.50% by weight of aggregates based on the results obtained
from the draindown test and air voids analysis.

2.3.2. Preparation of the Semi-Flexible Pavement Specimens

The aggregates and bitumen (using the final OBC) were pre-heated and mixed in a
mechanical mixer following the ASTM D6925 and poured into 305 mm × 305 mm × 50 mm
slab molds and compacted slightly. The slab specimens were removed from the molds
after 24 h. The slab molds containing porous asphalt mixtures were sealed at the joints
with silicone glue to prevent any possible leakage of highly flowable cement grouts. The
pre-designed cement grouts (CN, RP and IrP) were mixed, and the required grout quantity
was poured on top of the slab specimen, vibrated, spread and levelled using a rubber
scraper while constantly monitoring for leakages and the presence of air bubbles. Finally,
the specimens were covered with plastic sheets.
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The specimens were de-molded after 24 h and wrapped in waterproof polythene
sheets for curing. The slabs were cored to extract cylinders with a 100 ± 10 mm diameter.
The cylinders after extraction were wrapped in a plastic sheet and left to cure for 28 days
until the testing day.

2.4. Indirect Tensile Stiffness Modulus (ITSM) Test

The stiffness of asphalt material is a critical input parameter for the structural design
of pavement layers. The stiffness property measures the distribution of traffic load to
the layers beneath. This test also ranks the bituminous mixtures based on their stiffness
property. Another way to evaluate pavement structural behavior is by using the stiffness
modulus [46]. This study used the dynamic servo-hydraulic Universal Testing Machine
(UTM-100) to conduct the ITSM test on four mixtures, namely the semi-flexible pavement
mixture with (i) control grout (SFM-CN), (ii) regular PET + FA-based grout (SFM-RP),
(iii) irradiated PET + FA-based grout (SFM-IrP) and conventional HMA. All specimens
were tested at 10, 25 and 40 ◦C following the BS EN 12697-26 standard [46], as shown in
Figure 2. The samples for each mixture were tested at each temperature, and the average
results were used in the analysis.

Coatings 2023, 12, x FOR PEER REVIEW 5 of 17 
 

 

scraper while constantly monitoring for leakages and the presence of air bubbles. Finally, 
the specimens were covered with plastic sheets.  

The specimens were de-molded after 24 hours and wrapped in waterproof polythene 
sheets for curing. The slabs were cored to extract cylinders with a 100 ± 10 mm diameter. 
The cylinders after extraction were wrapped in a plastic sheet and left to cure for 28 days 
until the testing day. 

2.4. Indirect Tensile Stiffness Modulus (ITSM) Test 
The stiffness of asphalt material is a critical input parameter for the structural design 

of pavement layers. The stiffness property measures the distribution of traffic load to the 
layers beneath. This test also ranks the bituminous mixtures based on their stiffness prop-
erty. Another way to evaluate pavement structural behavior is by using the stiffness mod-
ulus [46]. This study used the dynamic servo-hydraulic Universal Testing Machine (UTM-
100) to conduct the ITSM test on four mixtures, namely the semi-flexible pavement mix-
ture with (i) control grout (SFM-CN), (ii) regular PET + FA-based grout (SFM-RP), (iii) 
irradiated PET + FA-based grout (SFM-IrP) and conventional HMA. All specimens were 
tested at 10, 25 and 40 °C following the BS EN 12697-26 standard [46], as shown in Figure 
2. The samples for each mixture were tested at each temperature, and the average results 
were used in the analysis. 

 
Figure 2. The sample position in the UTM for ITSM testing. 

2.5. Indirect Tensile Fatigue Test (ITFT) 
This study performed the fatigue test on the cylindrical specimens, which have 100±5 

mm diameter and are 45–50 mm high, cored from the slabs. The positioning rig was used 
to position and glue the deformation strips, as shown in Figure 3. It can also ascertain the 
position of the loading strips. The UTM-30 in the ITSM was employed to evaluate the 
fatigue life of semi-flexible pavement specimens. The ITFT to estimate the mixture’s fa-
tigue life was conducted at 25℃ under a stress-controlled mode and at five stress levels to 
obtain the best fatigue fit model. It is always appreciated to compare the fatigue life of 
semi-flexible with that of conventional HMA. However, because of the considerable dif-
ference in the modulus stiffness of the semi-flexible and HMA mixtures, it was inappro-
priate to apply the same stress levels to predict and compare the fatigue life.  

Therefore, this study adopted an alternative procedure using the maximum indirect 
tensile strength (ITS) of semi-flexible pavement mixtures and HMA mixtures. The 25, 30, 
35, 40, and 45% stress ratios of the respective indirect tensile strength (ITS) values were 
used to perform the ITFT, which followed the BS EN 12697-24 [47]. Three specimens of 
each mixture and each stress ratio were tested, and the average results were used in the 

Figure 2. The sample position in the UTM for ITSM testing.

2.5. Indirect Tensile Fatigue Test (ITFT)

This study performed the fatigue test on the cylindrical specimens, which have
100 ± 5 mm diameter and are 45–50 mm high, cored from the slabs. The positioning
rig was used to position and glue the deformation strips, as shown in Figure 3. It can
also ascertain the position of the loading strips. The UTM-30 in the ITSM was employed
to evaluate the fatigue life of semi-flexible pavement specimens. The ITFT to estimate
the mixture’s fatigue life was conducted at 25 ◦C under a stress-controlled mode and at
five stress levels to obtain the best fatigue fit model. It is always appreciated to compare
the fatigue life of semi-flexible with that of conventional HMA. However, because of the
considerable difference in the modulus stiffness of the semi-flexible and HMA mixtures, it
was inappropriate to apply the same stress levels to predict and compare the fatigue life.
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Therefore, this study adopted an alternative procedure using the maximum indirect
tensile strength (ITS) of semi-flexible pavement mixtures and HMA mixtures. The 25, 30,
35, 40, and 45% stress ratios of the respective indirect tensile strength (ITS) values were
used to perform the ITFT, which followed the BS EN 12697-24 [47]. Three specimens of
each mixture and each stress ratio were tested, and the average results were used in the
analysis. Figure 4 shows the setup for the ITFT. The methodology flow chart and the
pictorial representation of experimental program is shown in Figures 5 and 6, respectively.
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3. Results and Discussion
3.1. Stiffness Modulus of the Semi-Flexible Pavement Mixtures

The ITSM tests were carried out at varying temperatures of 10, 25, and 40 ◦C to de-
termine the stiffness of the HMA and the semi-flexible specimens with different grout
compositions. The test was conducted on four to five samples of each type of mixture.
The average results at each temperature were used for the analysis. Figure 7 presents the
average stiffness modulus of all semi-flexible pavement mixtures. The stiffness modulus
of the semi-flexible pavement mixtures and HMA mixtures decreased with higher tem-
peratures, indicating that the semi-flexible pavement mixtures are visco-elastic since the
temperature increase has a considerable influence on the stiffness modulus. The lower
stiffness modulus proves that the semi-flexible pavement mixtures are visco-elastic and can
be directly compared with the stiffness properties of conventional HMA mixtures. Other
researchers have observed a similar reduction in semi-flexible material’s stiffness modulus
with higher temperatures [7,43].
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Figure 7. Stiffness modulus of semi-flexible and HMA mixture at different temperatures.

The semi-flexible pavement mixtures have a higher stiffness modulus than the conven-
tional HMA. The regular and irradiated PET grout based semi-flexible pavement mixtures
showed similar stiffness modulus results at all temperatures. The stiffness lines for SFM-RP
and SFM-IrP overlap, but the SFM-CN has a slightly higher stiffness. The steeper curve
of the HMA mixture indicates a significant reduction in its stiffness modulus than in
the semi-flexible pavement mixtures. The stiffness of the semi-flexible surface materials
means that their behavior closely resembles the behavior of bituminous material than rigid
pavement material.

3.2. Fatigue Life of Semi-Flexible Pavement Mixtures

The ITFT was carried out at 25 ◦C under controlled-stress mode to investigate the
fatigue life of the semi-flexible and HMA specimens. The tests were carried out at five
applied stress levels of 420, 510, 590, 680, and 760 kPa for the semi-flexible pavement
mixtures, while the HMA mixtures were subjected to varying stress levels of 200, 250, 300,
350, and 400 kPa. Figure 8 shows the relationship between cycles to fatigue failure and
applied stress levels (kPa).
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The results (Figure 8) show that the semi-flexible pavement mixtures have a slightly
higher fatigue life than the HMA mixtures due to the considerable difference in their
stiffness modulus. The higher lines for the fatigue life of the semi-flexible pavement
mixtures indicate their higher fatigue lives. However, the fatigue lines were drawn using
the stress ratios because of the significant difference in the stiffness modulus. The ITFT
tests were conducted at 25, 30, 35, 40, and 45% stress ratios obtained from the ITS of the
corresponding mixtures discussed in the section describing the methodology.

Figure 9 presents an alternative interpretation of the fatigue lines for each type of
mixture. Figure 7 shows the fatigue lives of the semi-flexible and HMA mixtures at 25, 30,
35, 40, and 45% stress ratios, where the semi-flexible specimens reached a higher number
of fatigue cycles than the HMA mixture. The difference in the fatigue lives between the
semi-flexible pavement and HMA is apparent at lower stress ratios of 25% and 30%. The
semi-flexible pavement mixtures exceeded the 100,000 cycles at a 25% stress ratio, while
the fatigue cycles for the HMA mixture were less than 100,000 cycles. All semi-flexible
pavement mixtures show higher fatigue cycles than the HMA mixture at the other stress
ratios, consistent with the findings of earlier studies [9,10,48–50].
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3.2.1. Fatigue Prediction Models for the Semi-Flexible Pavement Mixtures

Table 2 presents the fatigue models for predicting the fatigue life of the semi-flexible
pavement mixtures. One method for developing the fatigue model is by establishing the
relationship between the applied stress and the fatigue cycles to failure, while the other
method is based on the relationship between the stress ratio and the fatigue cycles. The
following fatigue model was used to predict fatigue life [7].

N f = Aσ−a (1)

where Nf is the fatigue life, σ is the applied stress, and A and a are the regression coefficients
and obtained from experimental data.

Table 2. Equations developed to predict fatigue life.

Type of Mixture Applied Stress
σ (kPa) Stress Ratio Nf (Cycles)

Fatigue Prediction Model
(Based on the Stress Levels

and the Stress Ratios)
R2

SFM-CN

420 0.25 134,543

Nf = 2.31 × 1021 (σ ˆ -6.19)
Nf = 23.44 (σr ˆ -6.24)

0.99
0.99

510 0.30 45,965

590 0.35 14,984

680 0.40 6662

760 0.45 3721

SFM-RP

420 0.25 115,408

Nf = 1.87 × 1022 (σ ˆ -6.57)
Nf = 11.24 (σr ˆ -6.62)

0.99
0.99

510 0.30 30,980

590 0.35 10,776

680 0.40 5269

760 0.45 2225

SFM-IrP

420 0.25 147,366

Nf = 4.53 × 1023 (σ ˆ -7.10)
Nf = 5.18 (σr ˆ -7.14)

0.96
0.98

510 0.30 19,248

590 0.35 8150

680 0.40 2804

760 0.45 2277

HMA

200 0.25 65,461

Nf = 1.07 × 1016 (σ ˆ -4.90)
Nf = 18.59 (σr ˆ -5.77)

0.98
0.80

250 0.30 13,951

300 0.35 8674

350 0.40 4181

400 0.45 1778

The A and a coefficients in the fatigue prediction equation were determined from the
regression analysis. The results are presented in Table 2. The coefficient of determination
(R2) describes the relationship between fatigue life and applied stress. Table 2 shows a
higher R2 for all models, indicating a significant relationship between the applied stress
and the fatigue life.

A better way to correlate the fatigue lives of mixtures is by considering the common
stress ratios for the semi-flexible and HMA mixtures. Equation (2) is the fatigue life
prediction model that uses the stress ratio.

N f = Bσr
−b (2)
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where Nf is the fatigue life of the mixture, σr is the stress ratio in percentage, and B and
b are the regression coefficients representing the materials properties determined from
laboratory tests.

This study developed the fatigue models between the stress ratio and the correspond-
ing number of cycles to failure. Coefficients A and a for predicting fatigue was determined
from the regression analysis. The results are presented in Table 2. The coefficient of de-
termination (R2) describes the correlation between fatigue life and applied stress. Table 2
shows higher R2 for all models, indicating a significant correlation between the applied
stress and the fatigue life.

3.2.2. The Fatigue Life of the Semi-Flexible Pavement

The applications of semi-flexible pavement surfaces (grouted macadam) are limited to
road sections for heavy loads, slow traffic, and fuel-resistant surfaces. The semi-flexible
pavement surface is typically constructed at road junctions, toll plazas, gas stations, loading
bays, bus stops, terminal areas, airport aprons, and fueling areas. It is crucial to predict the
fatigue life using the stress ratios for the semi-flexible pavements for heavy load conditions.
Most research on semi-flexible pavement mixtures determined the relationship between the
stress level (or stress ratio) and fatigue life [8–10]. The stiffness modulus of a semi-flexible
pavement mixture is much higher than that of conventional asphalt mixtures. Therefore,
it may not be appropriate to use a pre-determined constant strain level to compare the
fatigue life of both mixtures [11].

Additionally, the stress ratio is also appropriate for investigating fatigue life. Previous
studies on semi-flexible pavement materials used varying stress ratios of 10 to 70% percent-
ages of the material’s maximum indirect tensile strength [8–10]. The justification for using
stress ratio for evaluating the fatigue lives of semi-flexible pavement mixtures from various
literature is discussed as follows.

Sunil et al. (2020) evaluated the fatigue life of a semi-flexible pavement mixture at
varying stress ratios [9] and predicted the fatigue life by establishing the relationship be-
tween fatigue cycles and stress ratios. They concluded that the ASTM gradation exhibit
better fatigue life at 10, 20 and 30% stress ratios. It is worth noting that the stress ratios for
the fatigue test were determined from the ITS test of the materials [9]. Another study inves-
tigated the fatigue life of semi-flexible pavement mixtures at 30, 50, and 70% stress ratios
and compared the results with that of asphalt concrete. The researchers drew the fatigue
curves between the number of cycles to fatigue failure and stress ratios and concluded that
the grouted open-graded asphalt concretes (semi-flexible pavement mixtures) have better
fatigue life than the asphalt concrete [10].

Wang et al. (2018) conducted an ITFT on semi-flexible specimens in a stress-controlled
mode. They used the 20, 30 and 40% stress ratios of the indirect tensile strength of the
materials to evaluate the fatigue life of carboxyl latex-modified semi-flexible pavement
mixtures [48]. They also used the relationship between fatigue cycles and stress ratios to
perform the regression analysis and predict the fatigue lives of semi-flexible pavement
mixtures. Hou et al. (2016) conducted a beam fatigue test on semi-flexible beam specimens
in a stress-controlled mode at 30%, 40%, and 50% stress ratios to investigate fatigue lives and
found that the grouted macadam (semi-flexible pavement mixture) has a higher fatigue life
than the dense-graded asphalt concrete [49]. Similarly, Chong et al. (2012) [50] performed a
fatigue test at five stress ratios (20, 30, 40, 50, and 60%) in a stress-controlled mode on beam
specimens and compared the fatigue lives of the different semi-flexible materials. They
concluded that it is possible to improve the fatigue life of the semi-flexible beam specimens
by using bitumen emulsion in the cement grouts [50].

These studies show that semi-flexible pavement mixtures have a higher fatigue life
than dense-graded asphalt mixtures. The present study obtained a similar result, where
the semi-flexible pavement mixtures exhibit higher fatigue lives (Figures 6 and 7) than
the HMA.



Coatings 2023, 13, 76 12 of 16

3.2.3. Permanent Deformation Versus Fatigue Life

This study evaluated the fatigue failure mechanisms in semi-flexible and HMA mix-
tures by establishing the relationship between the cumulative deformation and the number
of cycles to fatigue failure at different stress ratios, as shown in Figures 10–13. The material
went through three phases before failing. Phase 1 is a very short and rapid displacement
phase where the specimens underwent some compaction under repetitive loading. Phase 2
is the elastic zone with a constant deformation rate. This phase is larger than the two other
phases, and the samples are usually stable. In Phase 3, the mixture is unstable, where a
slight increase in the loading cycles causes a significant deformation, and the materials are
in a plastic state [51,52]. Cracks appeared on the specimen surface as they entered Phase 3,
which caused a complete rupture, as shown in Figure 10.
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Phase 1 for the semi-flexible pavement mixture is shorter than for the HMA, possibly
due to the rigid nature of the cementitious grouts. Figures 10–13 shows that, compared
to the conventional HMA, all semi-flexible pavement mixtures remain in the plastic zone
(Phase 2) for an extended period with minimal deformation. However, after entering
Phase 3, the semi-flexible pavement mixtures underwent an abrupt and significant increase
in deformation with a slight increase in fatigue cycles, causing a sudden specimen failure
due to the higher stiffness modulus of semi-flexible pavement mixtures. The conventional
HMA underwent complete failure after more fatigue cycles and higher deformation.

4. Conclusions

This study investigated the stiffness and fatigue properties of semi-flexible pavement
material with different cement grouts by considering the effects of varying temperatures on
stiffness modulus and varying loading on fatigue properties. It developed fatigue models



Coatings 2023, 13, 76 14 of 16

for predicting the fatigue life of semi-flexible materials. Based on the study results, the
authors draw the following conclusions.

1. The increase in temperature caused a considerable reduction in the stiffness modulus
of semi-flexible and HMA mixtures. The change in the stiffness modulus of the semi-
flexible pavement mixture with temperature indicates that the semi-flexible pavement
mixtures have a viscoelastic behavior, which allows for a direct comparison of the
semi-flexible pavement mixtures with the stiffness properties of conventional HMA
mixtures. However, the cement grout in the semi-flexible pavement mixtures gave
them a higher stiffness than the HMA mixture.

2. Analysis of the fatigue life based on the stress ratio revealed that the semi-flexible
pavement mixtures have higher fatigue life than the conventional HMA. The overlap-
ping of the fatigue lines of the semi-flexible pavement mixtures (control, regular PET
and irradiated PET) indicates that all mixtures have a similar fatigue resistance.

3. The fatigue prediction models are based on existing fatigue models and regression
analysis. The fatigue models are well-fitted, and the correlation (R2 > 0.90) between the
number of cycles to fatigue failure and applied stress or initial strain was significant.

4. The semi-flexible pavement mixture with regular PET (SFM-RP) and irradiated PET
(SFM-IrP) have similar fatigue results, indicating that it is possible to use a higher
percentage of waste irradiated PET (4.75%) than the regular waste PET (2.57%).
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29. Akçaözoğlu, S.; Atiş, C.D.; Akçaözoğlu, K. An investigation on the use of shredded waste PET bottles as aggregate in lightweight
concrete. Waste Manag. 2010, 30, 285–290. [CrossRef]

30. Fraternali, F.; Ciancia, V.; Chechile, R.; Rizzano, G.; Feo, L.; Incarnato, L. Experimental study of the thermo-mechanical properties
of recycled PET fiber-reinforced concrete. Compos. Struct. 2011, 93, 2368–2374. [CrossRef]

31. Borg, R.P.; Baldacchino, O.; Ferrara, L. Early age performance and mechanical characteristics of recycled PET fibre reinforced
concrete. Constr. Build. Mater. 2016, 108, 29–47. [CrossRef]

32. Marzouk, O.Y.; Dheilly, R.M.; Queneudec, M. Valorization of post-consumer waste plastic in cementitious concrete composites.
Waste Manag. 2007, 27, 310–318. [CrossRef]

33. Albano, C.; Camacho, N.; Hernández, M.; Matheus, A.; Gutiérrez, A. Influence of content and particle size of waste pet bottles on
concrete behavior at different w/c ratios. Waste Manag. 2009, 29, 2707–2716. [CrossRef] [PubMed]

34. Remadnia, A.; Dheilly, R.M.; Laidoudi, B.; Quéneudec, M. Use of animal proteins as foaming agent in cementitious concrete
composites manufactured with recycled PET aggregates. Constr. Build. Mater. 2009, 23, 3118–3123. [CrossRef]

35. Batayneh, M.; Marie, I.; Asi, I. Use of selected waste materials in concrete mixes. Waste Manag. 2007, 27, 1870–1876. [CrossRef]
[PubMed]

36. Schaefer, C.E.; Kupwade-Patil, K.; Ortega, M.; Soriano, C.; Büyüköztürk, O.; White, A.E.; Short, M.P. Irradiated recycled plastic
as a concrete additive for improved chemo-mechanical properties and lower carbon footprint. Waste Manag. 2018, 71, 426–439.
[CrossRef]

http://doi.org/10.1016/j.matpr.2020.10.311
http://doi.org/10.1016/j.conbuildmat.2019.117394
http://doi.org/10.1080/14680629.2018.1479290
http://doi.org/10.1016/j.conbuildmat.2020.121805
http://doi.org/10.1016/j.conbuildmat.2017.07.122
http://doi.org/10.1016/j.conbuildmat.2016.04.062
http://doi.org/10.1016/j.proeng.2012.07.582
http://doi.org/10.1016/j.resconrec.2018.11.002
http://doi.org/10.1016/j.cemconres.2004.07.022
http://doi.org/10.1016/j.matpr.2019.04.048
http://doi.org/10.1016/j.proeng.2014.12.192
http://doi.org/10.1016/j.matpr.2020.11.203
http://doi.org/10.1016/j.powtec.2022.117121
http://doi.org/10.1016/j.conbuildmat.2022.127008
http://doi.org/10.1007/s11356-022-20518-1
http://www.ncbi.nlm.nih.gov/pubmed/35543777
http://doi.org/10.1371/journal.pone.0269664
http://www.ncbi.nlm.nih.gov/pubmed/35830388
http://doi.org/10.1007/s43452-021-00341-0
http://doi.org/10.1016/j.conbuildmat.2022.128639
http://doi.org/10.1016/j.conbuildmat.2019.03.088
http://doi.org/10.1016/j.conbuildmat.2009.02.036
http://doi.org/10.1016/j.wasman.2009.09.033
http://doi.org/10.1016/j.compstruct.2011.03.025
http://doi.org/10.1016/j.conbuildmat.2016.01.029
http://doi.org/10.1016/j.wasman.2006.03.012
http://doi.org/10.1016/j.wasman.2009.05.007
http://www.ncbi.nlm.nih.gov/pubmed/19525104
http://doi.org/10.1016/j.conbuildmat.2009.06.027
http://doi.org/10.1016/j.wasman.2006.07.026
http://www.ncbi.nlm.nih.gov/pubmed/17084070
http://doi.org/10.1016/j.wasman.2017.09.033


Coatings 2023, 13, 76 16 of 16

37. Khan, M.I.; Sutanto, M.H.; Napiah, M.B.; Zoorob, S.E. Cementitious Grouts Containing Irradiated Waste Polyethylene Terephthalate. In
Cement Industry-Optimization, Characterization and Sustainable Application; Saleh, H.M., Ed.; IntechOpen: London, UK, 2020.

38. Khan, M.I.; Sutanto, M.H.; Khan, K.; Iqbal, M.; Napiah, M.B.; Zoorob, S.E.; Klemeš, J.J.; Bokhari, A.; Rafiq, W. Effective use of
recycled waste PET in cementitious grouts for developing sustainable semi-flexible pavement surfacing using artificial neural
network (ANN). J. Clean. Prod. 2022, 340, 130840. [CrossRef]

39. Khan, M.I.; Sutanto, M.H.; Napiah, M.B.; Khan, K.; Rafiq, W. Design optimization and statistical modeling of cementitious grout
containing irradiated plastic waste and silica fume using response surface methodology. Constr. Build. Mater. 2021, 271, 121504.
[CrossRef]

40. Khan, M.I.; Sutanto, M.H.; Napiah, M.B.; Zoorob, S.E.; Al-Sabaeei, A.M.; Rafiq, W.; Ali, M.; Memon, A.M. Investigating the
mechanical properties and fuel spillage resistance of semi-flexible pavement surfacing containing irradiated waste PET based
grouts. Constr. Build. Mater. 2021, 304, 124641. [CrossRef]

41. Khan, M.I.; Wen, L.S.; Sutanto, M.H.; Napiah, M.B.; Zoorob, S.E. Effect of Cement Grouts Containing Irradiated Polyethylene
Terephthalate on Properties of Semi-Flexible Mixtures. Key Eng. Mater. 2021, 888, 3–8. Available online: https://www.scientific.
net/KEM.888.3 (accessed on 27 November 2022). [CrossRef]

42. Khan, M.I.; Sutanto, M.H.; Napiah, M.B.; Zoorob, S.E.; Yusoff, N.I.M.; Usman, A.; Memon, A.M. Irradiated polyethylene
terephthalate and fly ash based grouts for semi-flexible pavement: Design and optimisation using response surface methodology.
Int. J. Pavement Eng. 2020, 23, 2515–2530. [CrossRef]

43. Anderton, G.L. Engineering Properties of Resin Modified Pavement (RMP) for Mechanistic Design; Engineer Research and Development
Center Vicksburg MS Geotechnical Lab: Vicksburg, MS, USA, 2000.

44. Hou, S.; Xu, T.; Huang, K. Aggregate Gradation Influence on Grouting Results and Mix Design of Asphalt Mixture Skeleton for
Semi-Flexible Pavement. J. Test. Eval. 2017, 45, 591–600. [CrossRef]

45. REAM. Road Engineering Association of Malaysia, “Specification of Semi-Rigid Wearing Course”; Road Engineering Association of
Malaysia (REAM): Selangor, Malaysia, 2007.

46. BS-EN-12697-26; Bituminous Mixtures—Test Methods for Hot Mix Asphalt—Part 26: Stiffness. British Standards: London, UK, 2004.
47. BS-EN-12697-24; Bituminous Mixtures—Test Methods for Hot Mix Asphalt—Part 24: Resistance to Fatigue. British Standards:

London, UK, 2012; Volume 24.
48. Wang, D.; Liang, X.; Jiang, C.; Pan, Y. Impact analysis of Carboxyl Latex on the performance of semi-flexible pavement using

warm-mix technology. Constr. Build. Mater. 2018, 179, 566–575. [CrossRef]
49. Hou, S.; Xu, T.; Huang, K. Investigation into engineering properties and strength mechanism of grouted macadam composite

materials. Int. J. Pavement Eng. 2016, 17, 878–886. [CrossRef]
50. Huang, C.; Liu, J.P.; Hong, J.X.; Liu, Z.F. Improvement on the crack resistance property of semi-flexible pavement by cement-

emulsified asphalt mortar. In Key Engineering Materials; Trans Tech Publications Ltd.: Wollerau, Switzerland, 2012; pp. 26–32.
51. Baghaee Moghaddam, T.; Karim, M.R.; Syammaun, T. Dynamic properties of stone mastic asphalt mixtures containing waste

plastic bottles. Constr. Build. Mater. 2012, 34, 236–242. [CrossRef]
52. Behbahani, H.; Najafi Moghaddam Gilani, V.; Salehfard, R.; Safari, D. Evaluation of Fatigue and Rutting Behaviour of Hot Mix

Asphalt Containing Rock Wool. Int. J. Civ. Eng. 2020, 18, 1293–1300. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.jclepro.2022.130840
http://doi.org/10.1016/j.conbuildmat.2020.121504
http://doi.org/10.1016/j.conbuildmat.2021.124641
https://www.scientific.net/KEM.888.3
https://www.scientific.net/KEM.888.3
http://doi.org/10.4028/www.scientific.net/KEM.888.3
http://doi.org/10.1080/10298436.2020.1861446
http://doi.org/10.1520/JTE20150190
http://doi.org/10.1016/j.conbuildmat.2018.05.173
http://doi.org/10.1080/10298436.2015.1024467
http://doi.org/10.1016/j.conbuildmat.2012.02.054
http://doi.org/10.1007/s40999-020-00532-5

	Introduction 
	Materials and Methods 
	Gamma Irradiated Waste PET 
	Cement Grouting Materials 
	Mixture Preparation 
	Selection and Mix Design of Open-Graded Asphalt Mixtures 
	Preparation of the Semi-Flexible Pavement Specimens 

	Indirect Tensile Stiffness Modulus (ITSM) Test 
	Indirect Tensile Fatigue Test (ITFT) 

	Results and Discussion 
	Stiffness Modulus of the Semi-Flexible Pavement Mixtures 
	Fatigue Life of Semi-Flexible Pavement Mixtures 
	Fatigue Prediction Models for the Semi-Flexible Pavement Mixtures 
	The Fatigue Life of the Semi-Flexible Pavement 
	Permanent Deformation Versus Fatigue Life 


	Conclusions 
	References

