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A B S T R A C T

The compaction effort of mixes should be studied with caution since it significantly influences the
mixtures' performance. A laboratory evaluation of warm mix asphalt (WMA) including synthetic
zeolite (SZ) and natural zeolite (NZ) was conducted in this study. Marshall properties, tensile
strength ratio, indirect tensile strengths at 25 and 60 °C, resilient modulus at 25 °C, and creep
compliances at 40 °C were all examined. The NZ and SZ binders were produced by mixing one
base binder (40/50 penetration grade) with 5% NZ and SZ binder components by weight. The 90
specimens were produced using the Marshall compactor at three different compaction efforts (35,
50, and 75 blows/face). Statistical analysis was conducted to examine the behavior and outcomes
of asphalt binders. The results showed that (1) Both NZWMA and SZWMA combinations require
35 blows/face compaction effort to meet the minimum criteria of 8 kN stability, 2–4 mm flow,
85% tensile strength ratio, 14% VMA, and 448 kPa unconditioned tensile strength; (2) The pro-
duction of NZWMA mixtures saves more time and fuel in the field than SZWMA mixtures while
meeting the Marshall properties, creep performance, and moisture susceptibility at 35 blows/face
compaction effort; and (3) A general trend of the Marshall, creep compliance, tensile strength,
and resilient modulus performance as a function of compaction effort was observed for the
NZWMA and SZWMA mixes used in this study.

1. Introduction
Standard hot mix asphalt (HMA) constructions with a higher temperature production (>140 °C) outcomes in higher fuel costs,

toxic pollutants, and significant gaseous emissions [1–3]. Over the years, the HMA industry has made consistent efforts to protect
nonrenewable resources to prevent environmental contamination [4,5]. That has resulted in a search for methods that minimize fuel
consumption and energy while still producing asphalt mixes with the required properties and workability. The utilization of warm-
mix asphalt technology is a positive move. The four varieties of asphalt mixes are hot-mix asphalt (>150 °C); warm-mix asphalt
(100 °C–140 °C); half-warm mix asphalt (60 °C–100 °C); and cold-mix asphalt (0 °C–30 °C) [6]. The organization of asphalt mixes in
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Fig. 1 is based on energy consumption, the required temperature, and gas emissions. It was investigated that every 10-degree Celsius
reduction in asphalt manufacturing temperatures reduces fuel exhaustion by roughly 1 L and CO2 emissions by 1 kg/t [7].

Among the methods mentioned above, WMA is commonly utilized to produce asphalt pavement under higher temperatures [8,9].
However, the temperature requires for WMA (100°C–150 °C) is much less than the temperature required for HMA (>150 °C), so
WMA may be manufactured at low temperatures without sacrificing mix performance [10]. WMA minimizes hazardous emissions
and gaseous pollutants from asphalt manufacturers, while also enhancing the working environment [11,12]. Aside from the profits of
lower temperatures, using WMA leads to extended hauling distances and enhanced workability. Furthermore, a low manufacturing
temperature reduces energy usage and lowers production costs [13,14].

In 1928; Jacob realized and innovated "Foamed Asphalt" in Germany. After the inception, numerous additional devices obtained
patent rights and licenses to sell in the United States for laboratory and field testing. In the mid-1990s, researchers led the first experi-
mental work on warm-mix foaming techniques in Europe. In 2006, the National Centre for Asphalt Technology (NCAT) published
studies on Evotherm, Asphamin, and Sasobit. Furthermore, the National Cooperative Highway Research Program (NCHRP) estab-
lished several initiatives to study the behavior of WMA in pavement construction. Several papers and ongoing research have currently
been presented to defend the utilization of WMA on technical, environmental, and economic considerations [15–23]. It should be
noted that low emission construction materials, in particular asphalt mixtures, are achieved by lowering mixing temperature [24] and
using recycled/waste materials instead of using virgin aggregates [25]. Besides WMA, many additives and foaming mixtures have
been conducted throughout time. Before using any of these technologies in infrastructure projects, it is necessary to evaluate the
many factors carefully. WMA is classified into three types: organic additives, chemical agents, and foaming technology [26–30].
Warm mix asphalt (WMA) technology has gained significant attention recently as an environmentally friendly alternative to tradi-
tional hot mix asphalt (HMA) production and compaction methods. WMA allows for lower mixing and compaction temperatures, re-
sulting in reduced energy consumption, lower emissions, and enhanced worker safety. One approach to further improve the perfor-
mance of WMA is the incorporation of additives such as zeolites, which are porous minerals with unique properties that can modify
the asphalt binder and improve the overall performance of the mixture [31].

The compaction process plays a critical role in achieving the desired density and durability of asphalt pavements. Compaction ef-
forts, including compaction temperature, compaction energy, and number of compaction passes, can significantly influence the per-
formance of asphalt mixtures. Therefore, it is essential to investigate the effects of incorporating zeolite additives into WMA mixtures
and evaluate their performance under different compaction efforts [32]. One of the key components of WMA is the addition of various
additives to lower the mixing and compaction temperatures, thereby reducing energy requirements and emissions. Zeolites, both nat-
ural and synthetic, have gained significant attention as potential additives in WMA due to their unique properties, including high sur-
face area, ion exchange capacity, and water absorption capability [33]. These properties make zeolites excellent candidates for en-
hancing the mechanical performance of asphalt mixtures. The mechanical performance of zeolite-WMA mixtures plays a crucial role
in determining the long-term durability and service life of pavements. Therefore, understanding the effects of zeolite additives on the
mechanical properties of WMA mixtures under different compaction efforts is essential for optimizing asphalt mixture design and
construction practice [34].

Some experiments have been realized recently to analyze the impact of different types and shapes of zeolites and petroleum wax
on the characteristics of the asphalt mix without considering the impact of compaction efforts [35–44]. Understanding the impact of
compaction efforts on the performance of WMA containing natural zeolite (NZ) and synthetic zeolite (SZ) is a necessity from an eco-
nomical point of view. A zeolite is a crystalline hydrated aluminum silicate with three-dimensional structures, and it contains about
20% H2O [45]. The interaction of these components having hot-asphalt binders gradually discharges H2O; converting it into steams at
ambient pressures and causing foaming [46]. Meanwhile, the amount of steam produced by zeolite is lower compared to water-based
systems. Nonetheless, the determination of the H2O content is a significant difficulty. The H2O content should be enough to increase
the binder phases without rendering the mix vulnerable to moisture-induced degradation. Investigators suggested introducing coat-
ing or adhesion enhancers to lower the moisture sensitivity of asphalt mixes [47]. Zeolites have been extensively studied as additives

Fig. 1. Asphalt mixture classification [6].
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in asphalt mixtures due to their ability to improve workability, moisture susceptibility, rutting resistance, and aging characteristics.
Natural zeolites, such as clinoptilolite and mordenite, as well as synthetic zeolites, have shown promising results in enhancing the
performance of asphalt mixtures. However, the effectiveness of these additives and their interaction with compaction efforts are still
not fully understood [48].

Zeolites are porous, hydrated alum inosilicates with a general formula of M x/m [(AlO2) x (SiO2y)]. H2O, where M x/m designates
ion-exchangeable cations, and the [(AlO2) x (SiO2y)] unit constitutes the zeolite framework characteristic property of zeolite group
minerals is the presence of water particles in their composition that are bound in a specific way, which is the so-called zeolite water.
When heating the mineral to a temperature of approximately 400 °C, water is constantly released without a change in the zeolite crys-
tal structure. In the WMA technologies, the zeolite water is not released in a whole amount because of the lower processing tempera-
ture. However, the amount of released zeolite water at a particular temperature (e.g., WMA production temperature) can be deter-
mined using thermal analysis [49]. Synthetic zeolite is utilized to manufacture the foaming mechanism in water-containing technolo-
gies. The product's alkali metal aluminosilicates have been hydrothermally crystallized. When the temperature increases, the crystal-
lization procedure started by zeolite structures occurs with around 20% H2O, resulting in a micro-foaming influence in asphalt mix-
tures. The micro-foaming action continues for around 6–7 h. Zeolites have highly distinct structures that are made up of huge air frac-
tions that can be occupied by molecules, and cations (sodium and calcium). Zeolite is created in a silicate framework and contains
enormous empty places in its structures, allowing for the existence of massive cations. The fundamental properties of the unique sili-
cate frameworks lead it to absorb and lose water simultaneously without causing damage to the crystalline structure [50,51]. Most of
the studies on natural Zeolite (NZ) and synthetic zeolite (SZ) additives for utilization in WMA mixtures are focused on the perfor-
mance characteristics of NZWMA and SZWMA mixtures without considering compaction temperatures and efforts. Thus, it seems
worthwhile to study the effect of compaction temperatures and efforts on the properties of NZWMA and SZWMA mixtures and com-
pare it to that of HMA mixtures. From an economic point of view, the low cost of NZ and SZ in Iraq (about 7.0–9.0 and 5.0–7.0 USD/
kg, respectively) compared to other WMA additives is an attractive option that satisfies the various benefits of using WMA mixtures at
3–5% of the weight of asphalt [7].

In recent years, several studies were conducted to assess the effect of zeolites (natural and synthetic) and petroleum wax on as-
phalt mix properties without considering the impact of compaction efforts [52,53]. Understanding the influence of compaction efforts
on the behavior of warm-asphalt mixtures containing natural zeolite (NZ) and synthetic zeolite (SZ) is a necessity from an economical
point of view. This study aims to investigate the mechanical performance of natural and synthetic zeolite-WMA mixtures as a function
of compaction efforts. The research will involve a comprehensive experimental program, including laboratory testing and statistical
analysis, to evaluate the following key performance indicators:
➢ Marshall stability and flow: The Marshall method will be employed to assess the resistance to deformation and flow

characteristics of zeolite-WMA mixtures at various compaction efforts.
➢ Indirect tensile strength: The tensile strength of zeolite-WMA specimens will be determined using the indirect tensile test, which

provides insights into the resistance to cracking and fracture behavior.
➢ Dynamic modulus: The dynamic modulus test will be conducted to evaluate the stiffness and viscoelastic properties of zeolite-

WMA mixtures, which are critical for predicting pavement response under traffic loads.
➢ Moisture susceptibility: The susceptibility of zeolite-WMA mixtures to moisture-induced damage will be investigated through

laboratory moisture conditioning tests, such as the AASHTO T283 test.
Statistical analysis is performed to analyze the data obtained from the laboratory tests and establish relationships between the me-

chanical properties and compaction efforts. The results provide valuable insights into the performance of zeolite-WMA mixtures, en-
abling a better understanding and optimization of their application in asphalt pavement construction.

2. Mix ingredients and experiments
2.1. Mix ingredients

The binder in the study is a widely utilized material having penetration grades of 40/50 in various places for the production of
pavements. The basic characteristics of the binder are illustrated in Table 1. Two WMA additives; synthetic zeolites (SZ) and natural
zeolites (NZ) were utilized in these experiments. The physical characteristics of the given additives are presented in Table 2. The addi-
tive ratios (by binder weight) were chosen in accordance with the recommendations of the producers. WMA binders were produced
by incorporating 5% NZ and 5% SZ into the plain (reference) binders. A stirrer (500 rpm) was used to produce the mixtures at
130 ± 5 °C for 15 ± 2 min [54]. The mixing procedure and conditions match the Saybolt-Furol viscosity of 85 s utilized in other in-
vestigations [54], to manufacture SZWMA and NZWMA mixtures.

River sand and crushed gravel were utilized as fine aggregates during sample manufacturing (Table 3). The gradation of the aggre-
gates was shown in Fig. 3. A sedimentary rock includes high silica concentration was used as gravel in the study. The filler material is
a CaCO3 with a specific gravity of 2.75 passed through a 200 sieve. Fig. 2 illustrates the experimental flow chart for this study and the
materials used in the mixtures.

2.2. Mixture design
In this study, Type D5 asphalt mixture according to the ASTM D3515 requirements [55] was utilized. Aggregates were sieved into

various sizes with CaCO3 filler to satisfy approximately the mid-range of the gradation limits specified by ASTM D3515 of surface
courses [55]. Fig. 2 shows the grading curve of the aggregates with fillers. The Marshall Method is utilized to design asphalt mixtures
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Table 1
Rheological properties of asphalt cement.

Property Results NCCL limits [16]

Penetration (25 deg. C,100 gm,5 s,0.1 mm) 44 40–50
Softening point (oC) 51.3 51–62
Ductility (25 °C, 50 mm/min, cm) ˃150 –
Specific gravity (25 °C/25 °C) 1.03 –
Flash point (oC) 305 –
Fire point (oC) 317 230 min.
Loss on heat (5 hrs, l63 deg. C, %) 0.12 0.75 max.
Retained Penetration % of original (25 deg. C,100 gm,5 s,0.1 mm) 61 55 min.
Residue Ductility (25 °C, 50 mm/min, cm) 55 25 min.
Rotational viscosity at 135 °C, cP 575.6 3000 max.
Asphaltenes (%) 28 –

Table 2
Properties of the WMA additives.

Additive Dosage (%) Physical properties

NZ 5 Physical state: Solid
Color: Light brown
Bulk density (gr/cm3 at 20 °C): 0.73
Water absorption (%): 18.5

SZ 5 Physical state: Solid
Color: White
Bulk density (gr/cm3 at 20 °C): 0.66
Static water adsorbs (%): 21.5

Table 3
Source and consensus properties of aggregate.

Property ASTM No. Coarse Agg Fine Agg ASTM limits [47]

Toughness (%) D-131 19.8 – 40 max.
Angularity (%) D5821& C-1252 95.7 43.0 55 min. (Coarse agg.)

40 min. (Fine agg.)
Soundness, Na2SO4 (%) C-88 0.91 0.68 10 max.
Water absorption (%) D127 & D-128 0.987 1.40 4.0 max.
Bulk sp. gr. D127 & D-128 2.666 2.646 –
Apparent sp. gr. D127 & D-128 2.739 2.748 –

[56]. The flow (mm) of the mixes, air void analyses (%), the void ratio in a mineral aggregate (%), and stability (kN) was evaluated to
realize the NCCL [49] and ASTM specifications [55]. The optimum binder amount (OBC) is 5.08 ± 0.3% by weight of aggregates for
the NZWMA reference mixture containing 5% CaCO3 filler. Maintaining uniformity throughout the study with OBC obtained at 75
Marshall blows and used in the NZ and SZ asphalt mix productions. NZWMA and SZWMA mixes have suitable mixing and compaction
temperatures of 130 + 5 and 128 °C, respectively, and 118 + 5 and 116 °C. The viscosity vs temperature relations were plotted to
evaluate the obtained relations.

After the mix design procedure, the variables of the amounts of NZWMA and SZWMA mixes and compaction efforts were evalu-
ated, and 3 SZWMA and NZWMA mix at 3 various compactions (i.e., 75, 50, and 35) were chosen. The total specimens prepared in
this study were 90 specimens (2 binders × 3 compaction efforts × 5 tests × 3 repetitions).

2.3. Analysis method
The Minitab application was used to perform variance analysis (ANOVA) with α = 0.05 significance level. The main variables in-

clude the binder type and the compaction efforts. An analysis of the variance model with a significant level of 0.05 is conducted to
evaluate the effect of compaction effort on the performance of asphalt with different levels of zeolite additive under different com-
paction values. For this, Marshall stability, static indirect tensile strength at 25 °C and 60 °C, semicircular bending (SCB) at 25 °C, sta-
tic creep at (40) °C, and permanent deformation (Kim test) at 60 °C, for warm asphalt mixtures, containing natural zeolite (NZ) and
synthetic zeolite (SZ) were designated as the dependent variables, while the different compaction efforts (i.e., 35, 50 and 75 of Mar-
shall blows) were the independent factors. In order to determine significant factors with a p-level of smaller than 0.05, a statistical
analysis was carried out. The P-level that is smaller than 0.05 shows that the related parameter is a significant parameter in the result-
ing performance. In addition, the percent contribution was also determined to find out the degree of effectiveness of the parameter on
the resulting performance. If this value is higher, then it can be accepted as the influence of the parameter is significant on the result-
ing performance. Meanwhile, the performance of asphalt was significantly influenced by the addition of zeolite; and the effect of nat-
ural zeolite was much more than synthetic zeolite.
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Fig. 2. Flow chart of the study's experimental works.

Fig. 3. Aggregate gradation.

2.4. Marshall stability and flow tests
Flow tests and Marshall stability were conducted on asphalt compacted samples for NZWMA and SZWMA mixtures by ASTM

D6927 [56]. In the Marshall tests, cylindrical compressed samples having a 100 mm diameter and a 63.5 mm height are put in water
at 60 °C for 30–40 min before being broken with curved steel loading plates at a constant velocity of 51 mm/min throughout the di-
ameter. The Marshall stability value in (kN) is the highest load measured at compression, whereas flow (mm) is the highest measured
deformation.

The Marshall quotient (MQ) (kN/mm) is the ratio of stability (kN)/flow (mm), which indicates the stiffness of the mix. The Mar-
shall test method in accordance with the Draft BSEN 12697-34 reintroduces the Marshall quotient (MQ). The aforementioned BSEN
12697-34 is expected to replace BS 598 - Part 107 [57].

2.5. Tensile properties
Bitumen detachment from aggregates, called also stripping, is connected with mixtures that are sensitive to long-term moisture

degradation. Stripping is unlikely with low void content in thick asphalts. Stripping is a problem on a water-permeable material, even
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if it is relatively dense, leading to a loss of internal cohesiveness and possible collapse of the surface. The stripping phenomena are de-
termined by the affinity between aggregates and bitumen, and the capacity of an aggregate to withstand the displacing action of wa-
ter.

Immersion tests determine how a compacted bituminous mix's mechanical feature changes following immersion into water. Thus,
stripping can be calculated as the ratio of the property after immersion divided by the initial one, and indirect tensile strength (ITS)
tests are the most considered in calculations. Meanwhile, the tensile strength ratio-TSR is the ratio of the indirect tensile strength of
bituminous specimens after the wet condition to the original condition of similar specimens and is generally mentioned as percent-
ages.

The tensile strength property and moisture susceptibility of the SZWMA mix and NZWMA mix combinations were evaluated using
indirect tensile strength (ITS) by ASTM D7369-12 [58]. These mixtures are compressed to the 7% air void contents. The specimens
were divided into two subgroups for ITS tests; conditioned (C) and unconditioned (U). The former ones were placed in water at 25 °C
for 2 h, while the latter ones were kept in water at 60 °C for 24 h before being placed in a water bath at 25 °C for 2 h. These specimens
were tested at a displacement-controlled rate of 51 mm/min using Marshall equipment up to the failure of the samples. Eq. (1) was
used to calculate the indirect tensile strengths of the specimens.

ITS = 2P/ πdt (1)

Where d is the specimen diameter (mm), P is the ultimate load (N), ITS is the indirect tensile strength (N/mm2), and t is the specimen
thickness (mm).

The conditional (C) tensile strength ratio and unconditional (U) tensile strength ratio (TSR) can be calculated using the ITS test at
25 °C using Eq. (2).

TSR (%) = ITSC / ITSU × 100 (2)

Where ITSC and ITSU are the conditional-unconditional indirect tensile strengths (MPa).
Fig. 4 shows the specimens and the instrument used to indicate the tensile test.

2.6. Resilient modulus test
The elasticity of the asphalt mixture is represented in its ability to flexible bending without making cracks, and its ability to defor-

mation which occurs to it as a result of the gradual decline of the layers of the foundation and sub-base. We can get a flexible asphalt
mixture by increasing the ratio of asphalt, using various grades of aggregate, and there are other factors that affect the flexibility of
the asphalt mixture like the thickness of the asphalt layer and temperature.

The elastic modulus is one of the most important mechanical properties of the asphalt mixture. It is considered the major criterion
for designing two layers of elastic paving in the elastic theory of layers. In addition, being very critical, the elastic modulus is used for

Fig. 4. (A) Condition samples (B) Indirect Tensile Strength (ITS) device.
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the asphalt mixture in predicting the performance of elastic paving. Thus, it is preferable to calculate the elastic modulus of the as-
phalt mixture during the design stage.

An indirect tensile test (ITT) was conducted at 25 °C according to ASTM D7369-11 [59] to determine the resilient modulus (MR).
The MR was calculated using ITT from tests on cylindrical specimens for each mixture at the prescribed asphalt percentages. For the
mixed specimens, the vertical diameter is stressed. The cylindrical specimens were subjected to a repetitive haversine compressive
load that is delivered at 1 Hz frequency for 0.1 s to simulate field circumstances and 0.9 s resting duration. For each blend, triplicate
samples were examined, and the mean value was reported. Fig. 5 indicates the process of ITT for the semi-circular specimen.

2.7. Creep compliance
To examine the rutting of asphalt mixtures, researchers utilized a variety of experiments, including creep compliance, wheel track-

ing, and dynamic creep. The rutting capabilities of asphalt mixes were investigated in this work by performing creep compliance tests
by AASHTO T-322 standard [60]. To analyze the performance of NZWMA and SZWMA mixes against permanent deformations, creep
compliance tests were executed on the samples. These tests were conducted for 1 h at a high-temperature level of 40 °C with a stress
level of 0.1 MPa. By the way, recovered deformation (r) assesses the capacity of the mix to recover deformations upon unloading,
whereas permanent deformations (p) assess the discomfort of permanent deformation upon unloading. Fig. 6 presents the process of
the creep compliance test.

3. Results and discussions
3.1. Flow, MS, and MQ test results

Fig. 7 illustrates the properties of Marshall for NZWMA and SZWMA mixes, and these presented results are the average values of
three identical tested samples. Fig. 7a illustrates the stability of the Marshall compactor-fabricated specimens as a proportion of com-
paction effort. In general, NZWMA or SZWMA mixtures had almost the same stability value over a range of compaction efforts
(35–75 blows/face). For instance, the stability changes of NZWMA mixtures produced at 75 compaction effort was 0.95 kN
(14.416 kN at 35 blows/face - 15.363 at 75 blows/face) and 0.78 kN (14.586 kN at 50 blows/face - 15.363 at 75 blows/face) for 35
compaction efforts and 50 compaction efforts. This means that it is possible to satisfy the minimum stability values of 8 kN using 35
blows/face for both NZWMA and SZWMA mixtures [56].

However, at similar compaction efforts, NZWMA mixtures showed a relatively higher Marshall stability than the SZWMA mix-
tures. A higher stability value was found for NZWMA mixtures produced at 75 compaction levels. NZWMA mixtures showed 2,5%,
2,6%, and 6,4% improvements in stability values than the SZWMA mixes for 35, 50, and 75 compaction efforts, respectively. Also,
Fig. 7a shows that NZWMA mixtures produced at 35 or 50 compaction efforts give a similar Marshall stability value to SZWMA mix-
tures produced at 75 compaction efforts. This indicates that NZWMA mixtures need less compaction effort than SZWMA mixtures.

Fig. 5. (A) SCB samples (B) Semi-Circular Bending (SCB) device.
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Fig. 6. (A) Creep samples (B, C, D) Creep Compliance Test.

The NZWMA mixes have higher stability than the SZWMA mixtures, implying higher rutting resistance, which can be due to the
increased density of the mixtures with “NZ” than the mixtures with “SZ”.

The statistical significance of the variation in Marshall stability with increasing compaction effort was tested using one-way vari-
ance analysis (ANOVA), and the findings were reported in Table 4. The obtained results showed there is no significant difference in
the stability values of three compaction attempts within both NZWMA and SZWMA mixes at the 0.05 level. Furthermore, in most situ-
ations, the difference in stability values among NZWMA and SZWMA combinations was found insignificant statistically, except for
NZWMA produced at 75 compaction efforts which are different from SZWMA mixes produced at 35 and 50 compaction efforts. For in-
stance, the stability change was 1.153 kN (15.363 kN for NZWMA at 75 blows/face and 14.2 kN for SZWMA at 50 blows/face), and
1.30 kN (15.363 kN for NZWMA at 75 blows/face and 14.063 kN for SZWMA at 35 blows/face). This finding implies that the effect of
compaction efforts on stability is substantial, which favorably affects the stability of NZWMA mixes.

Similar to the Marshall stability, the flows (Fig. 7b) of NZWMA or SZWMA samples were found almost similar values over the
three compaction efforts. The flow values of the samples containing NZ and SZ/asphalt binders were found similar to the trends seen
for stability at the same compaction efforts as in the case of optimal binder concentration. However, the NZWMA mixtures’ flow val-
ues were greater than those of the SZWMA mixtures. The increased stability and flow parameters of NZWMA result in increased mate-
rial toughness. Asphalt mixes are prone to thermal fatigue and low-temperature cracks, but increased toughness helps to prevent
crack formations and propagation. The finding confirmed that NZWMA combinations showed better performance than the SZWMA
mixtures.

The Marshall quotient (MQ) of samples formed using the Marshall compactor is presented in Fig. 7c as a percentage of compaction
effort. In general, more compaction efforts result in higher MQ for both NZWMA and SZWMA combinations. However, the change in
MQ of the NZWMA or SZWMA mixes as a function of compaction effort was much smaller. In compared to SZWMA mixes, NZWMA
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Fig. 7. The properties of Marshall for NZWMA and SZWMA mixes.

Table 4
Statistical analysis results of Marshall stability of NZWMA and SZWMA mixtures at different compaction efforts.

NZWMA SZWMA

1 2 3 1 2 3

NZWMA 1 – N N N N N
2 – N N N N
3 – S S N

SZWMA 1 N N S – N N
2 N N S – N
3 N N N –

Compaction effort: (1) 35 blows/face, (2) 50 blows/face, and (3) 75 blows/face.
N, non-significant; S, significant.

mixes have lower MQ (i.e., MQ reduces 2.6% and 1.8% for 35 and 50 compaction effort, respectively) but exhibit substantially greater
MQ (4.93%) at 75 compaction effort. Higher rises in MQ values in NZWMA mixes may be due to their higher stability and lower flow
values.

Fig. 7d illustrates the variation in VMA values of the samples formed with the Marshall compactor as the compaction effort is in-
creased from 35 to 75 blows/face. The VMA values obtained by the NZWMA and SZWMA specimens were identical to the flow pat-
terns at the same compaction effort. However, the VMA values of the NZWMA combinations were found to be lower than those of the
SZWMA mixtures with the same asphalt component. This is probably attributed to the complete evaporation of H2O from zeolite;
therefore, decreasing the effective asphalt content of the mixtures. Compared to SZWMA mixtures, NZWMA mixtures show a lower
VMA of 2.0% for 35 compaction effort, 1.3% for 50 compaction effort, and 4.1% for 75 compaction effort. That finding reveals that
NZWMA mixes have relatively poor durability than the NZWMA mixtures. In general, at mentioned compaction efforts, SZWMA and
NZWMA mix meet the lowest ASTM [56] and NCCL [57] requirements of 8 kN stability, 2–4 mm flow, and 14% VMA.
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3.2. Indirect tensile strength (ITS) results
The indirect tensile strength (ITS) tests were used to investigate the temperature and moisture effects on the ITS of the NZWMA

and SZWMA mixes formed at 35, 50, and 75 compaction efforts. Fig. 8a depicts the findings for the conditioned and unconditioned
tensile strength of various mixes. A general trend is that the higher compaction effort leads to higher unconditioned and conditioned
tensile strength for NZWMA and SZWMA mixes. In addition, the statistical significance of conditioned and unconditioned ITS with the
increase in compaction effort was assessed by a one-way ANOVA, and these findings are presented in Table 5. The change in the un-
conditioned ITS for the NZWMA mixes was a significant difference for 35 compaction efforts only. In contrast, there is no significant
difference in the case of conditioned ITS for all compaction efforts as shown in Fig. 8a. For instance, the unconditioned ITS change of
the NZWMA mixtures produced at 35 compaction effort was 168 kPa (1173 kPa at 35 blows/face – 1341 kPa at 50 blows/face) for 50
compaction efforts, and 252 kPa (1173 kPa at 35 blows/face – 1425 kPa at 75 blows/face) for 75 compaction efforts. Likewise, the
variation in unconditioned ITS for the SZWMA mixtures was a significant difference between 35 and 75 compaction efforts only. In
contrast, there was a significant difference in the case of conditioned ITS for 35 compaction efforts only (Fig. 8a). Moreover, the
change in unconditioned (U) and conditioned (C) ITS among the SZWMA and NZWMA mixes were found as insignificant statistically
in most cases.

Fig. 5a also shows that increases in compaction efforts for the NZWMA and SZWMA mixes give relatively more uncondi-
tioned and conditioned ITS. Overall, the NZWMA mixtures show a higher unconditioned and conditioned ITS at the same com-
paction efforts than the SZWMA mixtures. The NZWMA mixtures showed an increase of 3.7% for 35 compaction efforts, 13.7%
for 50 compaction efforts, and 6.3% for 75 compaction efforts of the ITS values of unconditioned specimens. Similarly, the in-
crease in the conditioned ITS values of the NZWMA mixes was 2.5% for 35 compaction efforts, 4.5% for 50 compaction efforts,
and 6.1% for 75 compaction efforts. A relatively higher unconditioned and conditioned ITS value of the NZWMA mixes could
be attributed to the more stiffness of NZ-asphalt binders.

The moisture weakness of SZWMA and NZWMA mixes was estimated using the tensile strength ratio-TSR of the unconditioned to
the conditioned group shown in Fig. 8b. Compared to the NZWMA mixtures, SZWMA mixtures show slightly higher TSR, indicating
enhanced durability to moisture damages. The increases in TSR values for the SZWMA mixes were 1.3% for 35 compaction efforts,
2.2% for 50 compaction efforts, and 1.7% for 75 compaction efforts.

Fig. 8. The properties of tensile strength for NZWMA and SZWMA mixtures.

Table 5
Statistical analysis results of unconditioned and conditioned ITS of NZWMA and SZWMA mixtures at different compaction efforts.

NZWMA SZWMA

U C U C

1 2 3 1 2 3 1 2 3 1 2 3

NZWMA 1 – S S – N N N N S N N N
2 – N – N S N N N N N
3 – – S S N S N N

SZWMA 1 N S S N N S – N S – S S
2 N N S N N N – N – N
3 S N N N N N – –

Compaction effort: (1) 35 blows/face, (2) 50 blows/face, and (3) 75 blows/face.
(U) Unconditioned ITS, and (C) Conditioned ITS. N, non-significant; S, significant.
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When the values of 448 kPa and 85% as the lowest allowable conditioned ITS and TSR were considered [59], the values of the
SZWMA and NZWMA mixes are higher than the limit values of 448 kPa and 0.85, respectively. Therefore, it is possible to satisfy these
values using 35 blows/face for NZWMA and SZWMA mixes.

3.3. Resilient modulus (MR)
Results of the MR test at 25 °C are illustrated in Fig. 9. Overall, at the same compaction efforts, NZWMA mixtures show slightly

higher MR values than SZWMA mixtures. NZWMA mixtures show a 2.3%, 2.8%, and 6.9% increase in MR value than the SZWMA
mixes for 35, 50, and 75 compaction efforts, respectively.

Furthermore, the statistical significance of the change in unconditioned and conditioned ITS with the increase in compaction ef-
fort was assessed by a one-way ANOVA, and obtained findings are presented in Table 6. The change in MR for the NZWMA mixes was
a significant difference for 75 compaction efforts only, whilst, there was no significant difference in MR for SZWMA mixtures at all
compaction efforts as shown in Fig. 9. For instance, the MR change of NZWMA mixtures produced at 75 compaction effort was
340 MPa (4870 MPa at 35 blows/face – 5210 MPa at 75 blows/face) and 278 kPa (4932 MPa at 50 blows/face – 5210 MPa at 75
blows/face), for 35 and 50 compaction efforts, respectively. In addition, the change in MR among SZWMA and NZWMA mixes was
found insignificant statistically in most cases, except for NZWMA produced at 75 compaction efforts which differ from SZWMA pro-
duced at the three compaction efforts. Statistical analysis results of MR indicated that NZWMA mixtures produced at 35 compaction
efforts give similar MR values to SZWMA mixtures produced at 75 blows/face. This means that the production and construction of
NZWMA mixtures save more time and less fuel consumption in the field than SZWMA mixtures.

3.4. Creep compliance
The creep compliance tests were used to evaluate the combinations' rutting resistances. Fig. 10 presents the creep compliance find-

ings of the SZWMA and NZWMA mixes. The variation in permanent deformation (εp) for the NZWMA mixtures was significant at all
compaction efforts, whilst, there is no significant difference between SZWMA mixtures produced at 35 and 50 compaction efforts as
shown in Fig. 9. Furthermore, the change in εp among SZWMA and NZWMA mixes was found significant statistically in most cases
(Table 7).

Fig. 10, also shows that increases in compaction efforts for NZWMA and SZWMA mixtures give decreasing in εp. Overall, at the
same compaction effort, NZWMA mixtures show lower εp than SZWMA mixtures. NZWMA mixtures show a decrease in the εp re-

Fig. 9. Resilient modulus of NZWMA and SZWMA mixes.

Table 6
Statistical analysis results of resilient modulus of NZWMA and SZWMA mixtures at different compaction efforts.

NZWMA SZWMA

1 2 3 1 2 3

NZWMA 1 – N S N N N
2 – S S N N
3 – S S S

SZWMA 1 N S S – N N
2 N N S – N
3 N N S –

Compaction effort: (1) 35 blows/face, (2) 50 blows/face, and (3) 75 blows/face.
N, non-significant; S, significant.
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Fig. 10. Permanent deformation of NZWMA and SZWMA mixes.

Table 7
Statistical analysis results of creep compliance of NZWMA and SZWMA mixtures at different compaction efforts.

NZWMA SZWMA

1 2 3 1 2 3

NZWMA 1 – S S S S S
2 – S S S S
3 – S S N

SZWMA 1 S S S – N S
2 S S S – S
3 S S N –

Compaction effort: (1) 35 blows/face, (2) 50 blows/face, and (3) 75 blows/face. N, non-significant; S, significant.

sults of specimens by 25.7% for 35 compaction efforts, 42.2% for 50 compaction efforts, and 12% for 75 compaction efforts. In ac-
cordance with these results, it can be seen that SZWMA mixes show a reduction in permanent deformation resistance (higher εp)
for all compaction efforts than the NZWMA mixes. The better rutting resistance of NZWMA mixes is attributed to the full evapora-
tion of H2O from the zeolite, leading to higher stiffness of the NZ/asphalt binder at high temperatures (40 °C). A previous investi-
gation has also revealed higher p values of WMA because of the utilization of synthetic zeolite in asphalt mixes [36].

4. Conclusions and recommendations
The purpose of the research was to assess the influence of various compaction efforts on the performance and mechanical qualities

of natural zeolite warm-mix asphalt (NZWMA) and synthetic zeolite warm-mix asphalt (SZWMA) mixes, indirect tensile strength,
Marshall stability, resilient modulus, creep compliance tests, and durability (tensile strength ratio) were also performed. The follow-
ing findings may be presented at the same optimal binder concentration (5.2% by weight of total mix) and 5% by weight of asphalt of
both NZ and SZ:
1. The compaction effort to satisfy 8 kN stability, 2 mm–4 mm flow, 14% VMA, 448 kPa unconditioned ITS, and 85% TSR was

found to be 35 blows/face for both NZWAM and SZWMA mixtures used in this study.
2. Statistical analysis results indicated that the NZWMA mixtures offered better mechanical performance than the SZWMA mixtures

at lower (35 blows/face) compaction efforts.
3. A general trend of the mechanical properties as a function of compaction effort was found for the NZWMA and SZWMA mixtures

used in this study. For the NZWMA and SZWMA mixtures at the α = 0.05 level, the difference in the Marshall stability,
unconditioned tensile strength, conditioned tensile strength, and resilient modulus as a function of the compaction efforts was
found to be statistically insignificant in most cases. On the other hand, the difference in the creep compliance was found
significant statistically.

4. The NZWMA and SZWMA specimens had almost the same voids in mineral aggregates at a range of compaction efforts from 35 to
75 blows/face. The variation of voids in mineral aggregates of the NZWMA and SZWMA mixes with compaction effort was
relative.

5. Further studies with many other aggregates and zeolite sources are required to generalize these findings.
These findings showed that the production and construction of NZWMA mixtures save more time and less fuel consumption in the

field than the SZWMA mixtures while satisfying the Marshall properties, moisture susceptibility, and creep performance at 35 blows/
face compaction effort.
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