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Abstract

Waste materials are increasingly being employed as alternative raw materials in
road pavement construction by the asphalt pavement sector, which is helping to
decrease both environmental concerns and building costs at the same time.
Specifically, the goal of this research is to determine if ceramic waste powder
(CWP) can be utilized as a filler in hot mix asphalt (HMA) at various percentages
in place of traditional limestone filler. It was decided to employ Marshall,
resilient modulus, and dynamic creep tests on asphalt mix prepared with various
CWP ratios (0, 3, 6, and 9%) by aggregate dry weight in evaluating the strength,
properties, and performance of the asphalt mixes. The results revealed that using
CWP improved Marshall stability, resilient modulus, and dynamic creep
performance in the modified hot mixes asphalt. Furthermore, the 6% CWP
mixture had the maximum creep stiffhess, with a 156% improvement in resisting
permanent deformation as compared to the conventional HMA with limestone
filler. As a result of this research, CWP can be regarded as an acceptable
alternative to conventional fillers in HMA, allowing for the removal of huge
quantities of waste ceramic lime from landfills, resulting in significant
environmental advantages.

Keywords: Ceramic waste powder, Dynamic creep, Hot mix asphalt, Marshall
stability, Resilient modulus.
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1. Introduction

The rapid growth in traffic and axial load has resulted in a deterioration in asphalt
pavement performance, indicating the need to improve pavement material quality.
Smoothness, safety, durability, and cost-effectiveness are all qualities of good
pavements, which must also be able to withstand anticipated loads. The structural
and functional weaknesses in asphalt mixtures were the major reason that
encouraged the engineers and researchers to investigate using additives to eliminate
those shortcomings and improve the mixtures [1-5]. However, the usage of
additives must be cost-effective and environmentally sustainable; otherwise, they
would be ineffective [6, 7]. On the other hand, the growth of the world population
and the development of the industrial revolution led to an increase in the
consumption of natural resources, which began to decrease day by day.

Incorporating waste materials into flexible road building has both
environmental and economic benefits, as seen above. In the case of ceramic waste,
the percentage of different stages of manufacture ranged from 3% to 7% [8]. These
large quantities of ceramic wastes were managed and controlled by landfills, and
they occupied large areas. Thus, those solid wastes can cause significant
environmental pollution issues. Therefore, it seems to be essential to look into the
feasibility of utilizing such solid wastes. Using waste ceramic in pavement
construction represents one of the environmentally friendly methods as well as the
economic considerations. In a flexible pavement, a modified asphalt binder
considered one of the most commonly important construction materials.

Researchers conducted several studies to determine the feasibility of paving
asphalt roads with recycled industrial waste and by-products. The availability of a
variety of materials was employed as modifiers used to improve the asphalt
concrete roads. For example, fibers and fillers are known to make the mixes more
durable [9]. Additionally to other types of modifiers such as polymers, elastomers,
antistripping agents, and metal complexes, their usage has been demonstrated to
improve the properties of asphalt cement and asphalt cement mixtures [10]. These
additives are found in a variety of forms, including liquid and solid [11].

There were a variety of industrial wastes studied. These included plastics and
polymers as well as ceramics and brick powder, waste tires as well as reclaimed
asphalt pavement (RAP), fly ash and cement kiln dust [12-16]. In general, the
majority of inert industrial wastes, such as RAP or slag, have been employed as
coarse and fine aggregate replacement materials in asphalt mixes or cement
concrete. Some wastes, such as crumb polymer, are widely used as modifiers
against thermal cracking and fatigue cracking at low temperatures [17, 18].

The ceramic material is non-organic, and non-metal used on a large scale around
the globe. However, a large amount of waste produced annually from the
manufacture of this type of material, as well as the quantities produced from
construction waste, caused serious environmental issues [19]. Instead of being
disposed of in landfills, vast quantities of ceramic waste can be recycled as
aggregate (Ceramic Waste Aggregate or CWA) and reused in construction works
[20-22]. Huang et al. [18] were investigated using CWA of hot mix asphalt. On the
other hand, Ceramic glaze is commonly found on the surface of waste ceramic
materials, such as those from the sanitary ware [23].
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The interfacial adhesion between CWA and asphalt in asphalt mixtures would
be prevented by this glaze. Therefore, waste ceramic was used as fine aggregates
in most previous studies [23, 24]. When 15% of the coarse aggregates in asphalt
mixtures were substituted by CWA, Ven et al. [25] discovered that the mixes
worked well, but at the end of the sample tests, many smooth pieces of ceramic
waste separated.

Many researchers have considered the possibility of replacing mineral filler in
asphalt mixtures with waste powders. Ahmed et al. [26] examined the effect of
waste cement kiln dust as a mineral filler on the mechanical properties of asphalt
mixtures and discovered that limestone powder can be completely replaced with
cement kiln dust in asphalt paving mixtures.

Tapkin [27] investigated the impact of replacing filler with fly ash , and found
from the mechanical properties of the asphalt mixture, using fly ash as a filler in a
wearing course layer represents a good modifier.

According to Do et al. [28], using waste lime as a mineral filler in asphalt
mixtures will increase stiffness, resistance to permanent deformations properties,
and fatigue resistance. One of the factors that have a considerable impact on the
performance of the asphalt pavement is the temperature difference [29, 30]. Rutting
and fatigue cracking are associated with temperature variation of flexible roads.
Some researchers claim that the use of ceramic materials in flexible pavement
materials can minimize the temperature change and, as a result, reduce pavement
distresses due to low ceramic thermal conductivity [31, 32].

According to the previous study's findings, using waste powders as filler in
asphalt mixtures not only improves the engineering characteristics but also has a
good influence on the asphalt mixture. Natural resources are currently being
depleted at an alarming rate as a result of the expansion of civil infrastructure,
making it imperative to develop alternatives to these. Fillers from the industrial
sector should be recycled wherever possible since recycling wastes are both
environmentally friendly and economically feasible.

There were large quantities of ceramic waste produced from factories during the
manufacture of tiles and construction [8]. Iran has a tile and ceramic production capacity
of around 400 million m2 per year, ranking it in fifth place in the world for ceramic and
tile generation [33]. Due to the increased emphasis on recycling waste and by-product
materials in the manufacturing of asphalt pavements, as well as the inflation in the cost
of traditional fillers, this study will explore the possibility of utilizing CWP as a filler
material in hot mix asphalt pavements (HMA). The judicious use of CWP as a waste
filler would not only lower the production costs of asphalt mixes, but it also has the
potential to improve the performance of the mix against various distresses.

A further issue is that to yet, the performance of a pavement mixture containing
CWP has not been well investigated in high and low temperatures. CWP generated
from ceramic waste is being used as a raw material in an asphalt mixture for
decreasing both economic and environmental consequences, according to the
findings of this study. If the inventive industrial potential of this industrial waste is
recognized, it has the potential to be diverted from landfills and put to beneficial use.
Marshall stability, resilient modulus, and dynamic creep tests were among the tests
that were utilized for this purpose. As a result, to assess the effect of CWP on HMA,
the obtained findings were compared to the control mixtures.
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2. Materials and Preparation
2.1. Aggregates

Crushed granite aggregate was used in this investigation, and limestone was used
as the conventional mineral filler, as was usual. The mechanical properties of the
aggregate that was used are indicated in Table 1. Specific gravity (SG), water
absorption (WA), and aggregate impact value (AlV) are the three most fundamental
tests for aggregate properties. According to the specific gravity findings, coarse
aggregate has a greater specific gravity of 2.69 than fine aggregate, which has a
specific gravity of 2.63. This implied that coarse aggregate exhibited higher
strength than fine aggregate. The high strength indicates that these aggregates are
suitable to be used for testing of asphalt mixture in order to ensure these aggregates
are not easily broken into pieces when subjected to load. Meanwhile, the water
absorption of the coarse and fine aggregates was less than 2%. The coarse aggregate
has a lower percentage of water absorption as compared to the fine aggregates. The
low percentage of water absorption indicated low bitumen absorption by the
aggregates. This showed that fine aggregates will absorb more bitumen than coarse
aggregates due to their high surface area. Nevertheless, the aggregates were
acceptable to be used in this study because they passed the requirement according
to the JKR standard (2008) [34].

Table 1. Aggregate properties results.

Physical

properties test Type Value Specification
sG Coarse 2.69 ASTM C127 [35].
Fine 2.63 ASTM C128 [36].
WA Coarse 0.62% ASTM C127
Fine 1.05% ASTM C128
AlV Retained at a sieve size of 10mm  14.04% BS EN 1097-2 [37].

Figure 1 presents the particle size distribution of aggregates at asphaltic
concrete wearing 14 (ACW14) gradation. The median gradation was chosen
between the lower and upper limits based on the distribution, and the percentages
of aggregates required for each sieve size were calculated. This gradation combined
the coarse and fine aggregates.
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2.2. Asphalt binder

As a control sample, the asphalt binder PEN 60/70 with 50 °C as a softening point
was used to prepare the asphalt mixtures. In Table 2, the properties of the asphalt
binder were displayed with the specifications. Moreover, this type of binder
represents the ideal grade to prepare asphalt mixture and resist the rutting
deformations as mentioned by Ali and Al-Mansoori [32].

Table 2. Properties of PEN60/70 binder.

Test Result Standard

Penetration at 25°C (0.1 mm) 67 ASTM-D5 [38].

Softening point (°C) 50 ASTM-D36 [39].

Viscosity at 135°C (Pa.s) 0.54 ASTM-D4404 [40].

Ductility at 25°C (cm) >100 ASTM-D113 [41].
2.3. Filler

During the production of conventional hot mix asphalt (HMA), the amount of
limestone filler utilized accounted for 6% of the total mass of the aggregate
materials used. Whereas the ceramic waste powder filler that was used to modify
the hot mix asphalt was in different ratios as (3%, 6%, and 9%) by aggregate dry
weight. Crushed lime aggregate material is used to produce the limestone powder
(LSP). Then, it was incorporated with 6% into an asphalt mixture with a specific
gravity of 2.65 g/cm?. The LSP particles had a specific surface area of 476 cm?/g
and were less than 75 microns.

Ceramic waste was collected from a ceramic factory and construction wastes.
Initially, ceramic waste had been crushed manually using a hammer to obtain small
sizes. Then, they were ground by a jaw crusher to facilitate the sieving process, and
it was sieved by using the sieve size no 1.18 mm to remove the large particles.
Finally, to generate a finer powder, it was ground for at least 9 hours by using the
Los Angeles abrasion test machine. To produce the modified asphalt mixture, three
different percentages of the CWP that passed through the sieve (0.075 mm) were
used. The size of the CWP which was smaller than 0.075 mm (No. 200 sieve), was
presented in Fig. 2.

(a) Ceramic waste in the factory. (b) CWP used as filler.

Fig. 2. The particle size of CWP.
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Table 3 demonstrates that the oxides in the selected fillersare SiO», Al,O3, CaO,
and MgO, and that SiO; and Al,O3 are the major components of CWP while SiO;
and CaCO comprise the majority of LSP. Except for limestone filler, the total SiO,,
Al>O3, and Fe in the CWP exceeded the minimum requirement of 70% ASTM C618
class N [42]. (Natural Pozzolan; which has binding property when mixed with lime
in the presence of water). The magnesium oxide (MgO) content of the two fillers
met the specifications, as indicated in Table 3 (less than 5%). Because rutting is
caused by bleeding at high temperatures [43], the oil absorption property is required
to absorb the extensive oil in the bitumen mix. This will help of reducing rutting.
The presence of a large amount of silica was the main focus of this investigation.

Table 3. Chemical properties of mineral fillers.

Requirements for ASTM
CWP LSP C618, Class N (Natural

Chemical composition

(%) Pozzolan) [42].
Silicon Dioxide, SiO; 75.45 41.88 -
Aluminum Oxide, Al,O3 12.22 - -
Sodium Oxide, Na,O 3.71 - 1.5% Maximum
Iron Oxide, Fe;0s 3.00 0.063 -
Magnesium Oxide, MgO 1.20 3.75 5% Maximum
Sum of SiO,, Al,Os, Fe 88.62 41.88 70% Minimum
Calcium Oxide, CaO 1.48 47.23 -
Iron, Fe 0.95 - -

Potassium Oxide, K,O 1.79 0.10 -

The distribution of the particle size in LSP and CWP fulfilled the criteria of
AASHTO M17 specification [44], as shown in Table 4. Particles smaller than 20
wm compose around 7% of the LSP, while particles less than 20 um represent
approximately around 6% of the CWP. The percentage of particle size less
than 20 um for all of the selected fillers was lower than the acceptable percentage
of 20%.

Table 4. The size distribution of mineral filler particles.
Sieve size (mm) % Passing LSP % Passing CWP  Specifications

0.600 100 100 100
0.300 96.23 93.41 95-100
0.075 87.53 78.39 70-100
0.053 70.11 60.22 -
0.020 7.15 5.75 -

Pan 0 0 -

2.4. Asphalt mixture preparation

Four types of asphalt mixtures were prepared: 0% (control), 3%, 6%, and 9% CWP
by aggregate dry weight. The preparation of the modified HMA mixture was
performed from CWP filler, asphalt binder, and an aggregate. While the traditional
HMA mixture consisted of asphalt binder, aggregate, and limestone filler. The
asphalt binder and aggregates were mixed together at the same time to coat all of
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the aggregates with an asphalt binder. The viscosity standard was used to determine
the mixing (0.17+0.02 Pa.s) and compacting (0.28+0.03 Pa.s) temperatures for each
type of mixture [45, 46]. The Marshall compactor was used to compact the loose
asphalt mixture at 75 blow/face compaction to produce the dense-graded mixture.
Three replicate samples with 100 mm diameter and an average height of 63.5 mm
were prepared for both the control and CWP asphalt mixtures. According to
AASHTO T 245-15 [47], the Marshall samples were generated at their optimum
bitumen content (OBC) value to subject them to mechanical tests.

3. Methods
3.1. Marshall test

Prior to a fundamental engineering evaluation, the Marshall stability and flow test
provide an empirical assessment of an asphalt mixture, taking into account factors
such as temperature and traffic loads. The ASTM D6927 standard was followed
throughout the execution of this test [48]. For 40 minutes, the compacted mixture
was immersed in a water bath at 60 °C. After that, the mixture was subjected to
compressive loads by a universal compressive machine which led to the failure of
the mixture and was recorded as stability. The flow was obtained simultaneously
as a result of the mixture's deformation. The stiffness of the mixture can be
calculated using the stability and flow findings.

3.2. Resilient modulus test

According to ASTM D7369-11 [49], this test was carried out to determine the
elasticity behavior of the asphalt mixture after being subjected to a series of
impact loads repeatedly. The recoverability of the asphalt mixture following
loading was investigated in this study at 25 and 40 °C in order to assess the
potential for fatigue cracking and rutting, respectively. Prior to testing, the
samples were subjected to a minimum of four hours of conditioning in the
Universal Testing Machine (UTM).

It was utilized a haversine wave pattern with five conditioning pulses followed
by five loading pulses, along with a 1000 N loading force, for this experiment.
Meanwhile, to simulate high traffic volume, the loading pulse width was adjusted
to 100 ms and the pulse repetition period to 1000 ms [50]. At 25 and 40 °C, the
assumed Poisson's ratio was 0.35 and 0.40, respectively [46]. The software was
then used to calculate the resilient modulus, as shown in Eq. (1). The same sample
was then rotated 90 degrees and evaluated again.

Mp == (0.27 + 1) (1)
Ht

where the parameters MR, P, H, t, and u are representing resilient modulus (MPa),

applied load (N), horizontal deformation (m), sample thickness (m), and Poisson’s

ratio, respectively.

3.3. Dynamic creep test

The BSEN 12697-25 [51] procedures were followed while conducting the dynamic
creep test with a universal testing apparatus. The rutting potential of the asphalt
mixture is determined by this test, which is a destructive test. Prior to testing, the
samples were subjected to a 4-hour conditioning period in the Universal Testing
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Machine (UTM) at 40 °C. The sample was subjected to a cyclic loading stress of
300 kPa for 3600 cycles. After the 3600 cycles were completed, the total permanent
strain and displacement of the sample were determined. The mixture with the
highest creep stiffness has a high potential for rutting resistance. Based on the
results of this test, the creep stiffness modulus and the creep strain slope were
calculated employing Egs. (2) and (3).
g

E=- )
log €3600—-1log €1200
“10g 3600-l0g 1200

CSS = 3)
where the parameters E, g, ¢, and CSS denote the creep stiffness modulus in (MPa),
applied stress in (kPa), cumulative axial strain at 3600 cycles in (mm), and creep
strain slope, respectively.

4. Results and Discussion
4.1. Marshall test

The OBC for the control and CWP mixtures was determined using the Marshall
results shown in Table 5. As a result, the OBC for CWP mixtures containing 0%
(control mixture), 3%, 6%, and 9% was 5.5%, 5.37%, 5.29%, and 5.48%,
respectively. It can be seen that the OBC of 3% and 6% mixtures was lower than
the control mixture. Also, little differences were found between the OBC of 0%
and 9% mixtures. All of the OBC values chosen met the JKR (2008) requirements
[34]. Table 5 shows the OBC verification results for the control, 3%, 6%, and 9%
CWP mixtures.

The Marshall stability and flow values were with the specification of JKR
(2008) [34]. According to the findings, flows were in the moderate range, ranging
between 2 and 4 mm. A high flow rate can result in permanent deformation,
whilst the inverse can result in cracking. According to the stiffness determined
by stability and flow, the 6% CWP asphalt mixture had the highest stiffness
(5060 N), followed by 3% CWP (4142 N), 9% CWP (3931 N), and the control
mixture (3735 N).

Meanwhile, VFB had an effect on VTM. The control mixture had the highest
VFB and the lowest VTM, whereas the 6% CWP mixture had the lowest VFB and
highest VTM. In terms of stability, 6% CWP appears to have achieved the desired
void content, as well as an appropriate VFB and VTM, resulting in the mixture's
optimum stability.

The important factor in asphalt pavements, Marshall stability, can indicate the
resistance of asphalt pavements to deformation caused by loads [52]. The stability
of CWP asphalt mixtures was higher than the control mixture, as can be seen in
Table 5. The 6% CWP mixture had stability of 14,370 N higher than the control
(11950 N), 3% (12300 N), and 9% (12775 N) mixtures.

Furthermore, due to the reduction of stability at 9% CWP mixture, A 6% CWP
mixture appeared to be an optimum mixture. The bulk specific gravity of the mixes
may have played a role in the stability outcomes obtained.
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Table 5. Marshall properties of Control and CWP mixtures.

IKR Asphalt mixture at OBC
Parameter Specification  Control 3% 6% 9%

[34] 60/70 CWP CWP CWP
Stability (N) >8000 11950 12300 14370 12775
Stiffness 2000 3735 4142 5060 3931
(N/mm)
Flow (mm) 2.0-4.0 3.20 2.97 2.84 3.25
VTM (%) 3.0-5.0 3.3 43 4.8 35
VFB (%) 70-80 76.1 7322 723 75.33
Bulk specific - 2355 2337 2321  3.340
gravity

4.2. Resilient modulus test

Results of the resilient modulus test at 25 °C and 40 °C for different percentages of
CWP mixtures were shown in Fig. 3. At 25 °C, the resilient modulus values of the
0% (control), 3%, 6%, and 9% CWP mixtures were 2984, 3225, 4300, and 3175
MPa, respectively. As compared to the control mixture, the percentages of
improvement in resilient modulus for 3%, 6%, and 9% CWP mixtures were found
to be 8%, 44%, and 6%, respectively. In addition, As shown in Fig. 3, applying
CWP in modification of asphalt mixtures enhanced resilient modulus at 40 °C.

The resilient modulus of the 0%, 3%, 6%, and 9% CWP mixtures was found as
followed 514, 632, 754, and 582 MPa, respectively. At 40 °C, the resilient modulus
of the mixtures containing 3%, 6%, and 9% CWP increased by approximately 23%,
47%, and 13%, respectively, compared to the control mixture.

According to the findings, the resilient modulus of all of the mixes decreased
when the temperature was increased. At higher temperatures, an asphalt binder's
viscosity and resilient modulus decrease. By reducing the viscosity and resilient
modulus of an asphalt binder, it is possible to diminish the cohesion between
aggregates and other components in the mixture with a relative ease. Therefore, the
resilient modulus was also decreased in the mixture [53].

As shown in Fig. 3, the mixture containing 6% of CWP shows less sensitivity
to temperature increases. By increasing the temperature from 25°C to 40°C, the
resilient modulus values of the 0%(control), 3%, 6%, and 9% CWP mixtures were
reduced by 83%, 81%, 83%, and 82%, respectively, indicating that the 3% and 9%
CWP mixtures could be more suitable for hot climates.

It was discovered that stiffness can be used to predict the rutting behavior of
asphalt pavements, and mixtures with higher stiffness have greater rutting
resistance [54, 55]. The stiffer mixtures, which have higher stiffness values, are
better at distributing the applied load [56].

It can be shown in Figs. 3 and 4 that the stiffness values had a good correlation
with the resilient modulus for evaluating the stiffness of the asphalt mixture when it
came to evaluating its stiffness. The 6% CWP mixtures had the maximum stiffness
and resilient modulus at both temperatures, followed by 3% CWP, 9% CWP, and 0%
CWP mixtures.
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4.3. Dynamic creep

The percentage of cumulative strain for 3600 cycles was shown in Fig. 5. In
comparison to the control mixture, the CWP mixtures had the lowest permanent
strain. The ratio of the permanent deformation to the cross sectional area of the
asphalt mixture was used to calculate the resultant permanent strain. The lowest
cumulative strain indicates a better ability to withstand permanent deformation. The
highest permanent strain was 1.002% in the control mixture, whereas the lowest
permanent strain was 0.56% in the 6% CWP mixture. As a result, the permanent
strain has decreased by approximately 44%, indicating that the 6% CWP mixture
has a high resistance to permanent deformation or rutting.

Consequently, the creep stiffness was computed and presented in Fig. 6. The creep
stiffness trend for the 6% CWP mixture was found to be similar to the resilient
modulus trend, which was increased for the 3% and 6% CWP mixtures, and then
decreased for the 9% CWP mixture. The recorded creep stiffness results were 155,
210, 397, and 198 MPa for control, 3%, 6%, and 9% CWP mixtures, respectively.
According to the findings, the 6% CWP mixture reached the highest improvement in
creep stiffness, about 156%. These results were in line with permanent strain, with
the 6% CWP mixture displaying the lowest strain due to its stiffness.
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The CSS was determined by calculating the slope of two-thirds of the permanent
strain pattern in order to assess the resistance to permanent deformation at the first
stage. As shown in Fig. 7, the trend of CSS was in contrast with the trend of creep
stiffness. The CSS value for the 6% CWP mixture was 0.16, while the CSS value for
the control mixture was 0.27. These findings are consistent with the creep stiffness of
the mixture, where a low CSS resulted in a high stiffhess. Therefore, a low CSS value
indicates that the mixture has a high resistance to permanent deformation.
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Fig. 7. Creep strain slope of mixtures.
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In comparison to the control mixture, CWP mixtures have higher resistance to
permanent deformation or rutting based on dynamic creep results. Because of its
high creep stiffness and low CSS, the 6% CWP mixture displayed the lowest
permanent strain of all the CWP mixtures. Therefore, permanent deformation
resistance is high in this mixture. On the other hand, excessive CWP content had
an effect on the 9% mixture's performance, similar to what had been seen in other
performance tests.

5. Conclusion

The impact of different CWP percentages was investigated in this laboratory study as
compared with the traditional asphalt mixture. Various laboratory tests, such as
Marshall stability, resilient modulus, and dynamic creep tests, were performed to
assess the characteristics of HMA mixes containing 0% CWP (control), 3% CWP,
6% CWP, and 9% CWP. The following are the conclusions reached:

e The mixture with 6% CWP had the highest stability value, followed by 9% CWP,
3% CWP, and 0% CWP, respectively. The flow was decreased by increasing the
amount of CWP in the mixture. Therefore, the mixture with 6% CWP has 11%
less flow than the control mixture. The stiffness value of the 6% CWP mixture with
the highest stability and lowest flow was remarkable. As compared with the control
sample, the 6%, 3%, and 9% CWP mixtures had the highest stiffness, respectively.

e There is an inverse relationship between air voids and VFB. Therefore, the
lowest air void contents and the highest VFB were determined in the order of
0% (control), 9%, 3%, and 6% CWP mixtures.

e The mixture with 6% CWP had the highest resilient modulus values of the
mixtures at both temperatures of 25°C and 40°C, followed by 3% CWP, 9%
CWP, and 0% CWP (control), respectively. The variations in resilient modulus
between 0% and 9% CWP mixtures were found to be insignificant, according
to the findings.

o After using CWP, the creep resistance of the asphalt mixtures gradually
improved. The cumulative strain (permanent deformation) and CSS have an
inverse relationship with creep stiffness. As a result, the mixtures with the
highest creep stiffness also had the lowest cumulative strain and CSS.
Furthermore, as compared to the control mixture, the creep stiffness of the 6%
CWP improved by 156%, while the CSS was reduced by 41%. Therefore, the
CWP mixtures are resistant to permanent deformation to a high level.

Following the findings of this research, greater awareness of environmental
concerns and natural resource restrictions resulted in the potential benefit of
employing the studied CWP in road construction.
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