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Abstract 

Recently, there has been a trend among pavement engineers and scientists to utilize natural mineral resources 
found in different parts of the world to develop and enhance sustainable infrastructure. One of such materials 
is calcined clay. However, the fatigue performance of asphalt mixtures made with these alternative materials needs 
to be properly studied. Due to its complex composition, asphalt concrete exhibits diverse non-linear characteris-
tics when subjected to different conditions. As such, the impact of rest time, considering the effect of hardening 
relaxation and healing on the creep recovery of asphalt mixtures modified with calcined marl filler (CMF), has been 
evaluated in this present study. Thus, the locally sourced marl was pulverized and calcined to produce CMF. Different 
amounts of CMF were added to asphalt mixtures as a mineral filler, ranging from 0% to 100% by weight. Afterwards, 
the rheological properties of CMF mastic using a dynamic shear rheometer (DSR) were investigated. Notably, the out-
comes of the experiments revealed compelling insights. Specifically, under the influence of 50% CMF modification, 
the asphalt mixtures exhibited a remarkable rutting resistance, with values reaching 12.7 kPa for unaged conditions 
and 16.1 kPa for aged conditions. Additionally, the results underscored an enhancement in the low-temperature char-
acteristics of the bitumen mastic, which consequently contributed to heightened resistance against fatigue-induced 
damage. Furthermore, the statistical analysis, such as the student t-test, deployed to compare the creep recovery 
with and without rest time indicated that the creep recovery changes with the application of rest time. Hence, at long 
rest times, the hardening relaxation behavior reduces and the chances of healing increase, leading to a decrease 
in the amount of deformation in the samples.
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Introduction
Highway infrastructural development is considered as a 
key stimulus that drives the socio-economic growth of a 
nation [1]. This explains why most nations commit huge 
amount of resources to the construction and maintenance 

of highway facilities such as pavement. Regrettably, some 
pavement, despite the huge amount of resources they 
consume during their construction, usually show early 
signs of distresses that tend to undermine the safety of 
motorists or jeopardize the durability of the pavement 
itself leading to its deterioration [2]. The deterioration of 
pavement is a common sight in most developing coun-
tries [3], and it is caused by a plethora of factors ranging 
from increased traffic loads, poor selection of constitu-
ent materials, inadequate construction methods and 
so on. In Nigeria, for example, most flexible pavement 
develops surficial distress such as fatigue cracks which 
does not only widens over time but also permits the 
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infiltration of moisture into its underlying layers leading 
to its deterioration. The fatigue cracks, which are accu-
mulated tensile strains occasioned by repeated vehicular 
loads, usually develop at the bottom layer of an asphalt 
pavement thereby causing severe menace to the overlying 
layers [4]. Thus, it is therefore germane to utilize an effec-
tive approach for asphalt pavement construction so that 
it can withstand vehicular loads satisfactorily during its 
service life without developing fatigue crack failure. One 
of such approaches that can be used is the introduction 
of mineral filler in an asphalt mixtures design so that the 
mixtures strength can be enhanced.

Mineral filler is a material that passes through 0.075 
mm test sieve in asphalt technology. It constitutes 
more than 6.5% of the volume of bituminous mixtures. 
Numerous studies implemented by different research-
ers and pavement engineers have demonstrated that 
mineral fillers have significant effect on the properties of 
hot mix asphalt (HMA) when blended with bituminous 
mixtures [5, 6]. Specifically, mineral fillers reduce void 
spaces, and improves the stiffness and density of a com-
pacted asphalt mixtures leading to the prevention of fail-
ure in the service life of a pavement constructed with the 
asphalt mixture. Interestingly, several researchers as well 
as pavement engineers have advanced the course of the 
utilization of mineral fillers in asphalt mixtures design 
because of the huge benefit it offers particularly in the 
improvement of an asphalt pavement performance. 
Unfortunately, most mineral fillers used in practice, 
especially the conventional ones, are gradually being jet-
tisoned by pavement engineers and technologists owing 
to their soaring cost. This has prompted researchers to 
resort to seeking alternative mineral fillers that can fulfill 
the twin action of pavement cost reduction and asphalt 
mixture properties improvement. Some of the com-
monly used alternative mineral fillers are industrial and 
agro-based materials such as rice husk ash [7], maize cob 
ash [8], sugar cane bagasse [9]; fly ash [10], cement kiln 
dust [11], marble dust [12]; ceramic tiles dust [13], steel 
slag [14], etc.

Recently, it has been established that pulverized and 
calcined clays, due to their pozzolanic properties, can 
be used as mineral fillers in asphalt mixture design. In 
fact, most calcined clays used by some researchers in lit-
erature have proven to be effective in the improvement 
of the properties of an asphalt mixture when blended 
with it. In a study conducted by Rondon-Quintana et al 
[15] on the improvement of the properties of asphalt 
mixture with a calcined expansive clay, bentonite, it 
was observed that the calcined bentonite significantly 
improved the properties of the asphalt mixtures. The cal-
cined bentonite, which was used as partial replacement 
of a natural filler, was reported to maintain the optimum 

bitumen content of the asphalt mixtures. Similar study 
executed by Marin-Garcia et  al. [16] also lent credence 
to the efficacy of calcined clay in the improvement of the 
properties of asphalt mixtures. In the study by Marin-
Garcia et  al. [16], calcined kaolin, which was also used 
as partial replacement of a mineral filler, was observed 
to enhance the resilience of an asphalt mixture and also 
decreases its moisture susceptibility. In a related study 
conducted by Zghair et al [17] to examine the influence 
of nano metakaolin filler on the rheological characteris-
tics of an asphalt binder produced by blending the nano 
metakaolin with 1, 3 and 5% of 60/70 penetration grade, 
it was observed that the addition of 5% nano metakaolin 
filler was suitable for the enhancement of the rheological 
behavior of the binder.

Notably, most thermally treated clays are commonly 
utilized in civil engineering for building construction, 
owing to the presence of calcite that enhances their poz-
zolanic properties [18]. A typical example of such type of 
clay is Marl which occurs naturally as mudstone. It has 
varied clay and calcium carbonate content ranging from 
35 to 65%, It is usually referred to as “poor clay” owning 
to its high lime content. It is neither suitable in its natu-
ral form for most standard clay applications nor for the 
construction of buildings. However, when treated ther-
mally, it can be transformed into a very good pozzolan 
because of its high level of calcite [19, 20]. The utilization 
of calcined marl as a filler in asphalt mixtures is driven by 
its beneficial pozzolanic properties. Calcined marl, when 
incorporated into asphalt mixtures, can enhance vari-
ous performance aspects due to its ability to contribute 
to the formation of stronger and more durable binder-
aggregate bonds. Its pozzolanic nature allows it to react 
with the binder, creating a supplementary binding matrix 
that improves the cohesion and adhesion of the asphalt 
mixture components [21]. This transformation has moti-
vated quite a few researchers to explore areas of its use-
fulness in the construction industries. In a recent study 
implemented by Danner et al [22] to evaluate the feasibil-
ity of utilizing calcined marl for the production of high 
strength mortar, it was submitted that calcined marl, 
which was added in varying percentages ranging from 0 
to 60%, improved the strength of the mortar produced 
with it. The improvement was rightly adduced to the filler 
and pozzolanic effects offered by the calcined marl. As 
indicated in the foregoing few reviewed literature, it is 
evident that calcined marl, because of its filler and poz-
zolanic potential, can be used as a filler, as attempted in 
this study, for the improvement of the fatigue behavior of 
asphalt mixture.

The fatigue behavior of asphalt can be predominantly 
seen in the intermediate temperature zone that ranges 
between 0 and 45°C [23] At this specific temperature, 
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when an asphalt mixture is subjected to repeated load-
ing, the structure of the asphalt undergoes changes that 
are linked to considerable microdamage. The develop-
ment of microdamage in asphalt mixtures, which is influ-
enced by the viscoelastic properties of the mastic, results 
in the decline of mechanical properties such as stiffness 
and strength. As the process continues, this damage can 
eventually lead to complete failure of the material. While 
unloading and resting, the relaxation of stress concentra-
tion in asphalt concrete is directly related to its viscoe-
lastic properties. At the same time, microdamage in the 
material is healed during this process [24]. Also, dur-
ing this repeated loading, the asphalt mixture’s initial 
response to deformation indicates a rearrangement of 
the mixture through densification and restructuring of 
its internal microstructure, resulting in an increase in 
its stiffness. However, when the load is removed and the 
mixture is allowed to rest, the structure of the asphalt 
begins to rearrange itself in response to the previously 
applied load. This rearrangement process leads to a 
reduction in stiffness and an increase in flexibility over 
time, even in the absence of any external load or stress. 
The entire process of loading and resting causes a phe-
nomenon known as hardening relaxation.

Several studies [25–28] have demonstrated that when 
rest time is introduced between loading cycles, the 
asphalt specimen is more likely to deform than when 
subjected to continuous loading. During creep-recovery 
tests, the aggregate components in the specimen are 
compressed together while the bitumen is compressed 
between them, causing a shift in orientation and posi-
tion (known as hardening). Subsequently, during the rest 
period, the compressed bitumen starts to release residual 
stress as the aggregates redistribute and shift in posi-
tion and slope, leading to a partial recovery of the pre-
vious viscoplastic hardening energy, which is known as 
relaxation.

In contrast, numerous studies [24, 29–32] have indi-
cated that incorporating rest periods between load-
ing cycles can enhance asphalt material properties and 
result in a longer fatigue life compared to a continuous 
load application. Various studies have demonstrated 
that longer rest periods during beam fatigue tests con-
sistently lead to a longer fatigue life [33, 34]. The term 
"self-healing" refers to the ability of materials to regulate 
themselves and reduce damage levels after the removal of 
factors that cause failure during unloading and rest inter-
vals. In the case of asphalt concrete, a process known as 
healing competes with a process of deterioration [35].

In the light of the aforementioned literature, incorpo-
rating rest time in the repeated loading of asphalt mix-
tures appears to have both a beneficial and detrimental 
effect. Adversely, it can cause hardening relaxation and 

the potential for increased deformation. Positively, it 
can promote self-healing behavior that is consistent with 
the inherent properties of mastic, resulting in enhanced 
asphalt properties and fatigue life. The current literature 
on compressive repeated loading of asphalt mixtures has 
primarily focused on the incorporation of rest time in 
experiments using conventional materials as filler. How-
ever, there is a research gap regarding the investigation of 
the effect of rest time on hardening relaxation and heal-
ing using alternative materials as filler. This gap in knowl-
edge is significant as the use of alternative materials as 
fillers is becoming increasingly popular in the construc-
tion industry due to their environmental and economic 
benefits. Therefore, there is a need for further research 
to explore the influence of rest time on the mechani-
cal behavior of asphalt mixtures incorporating alterna-
tive materials as filler, specifically in terms of hardening 
relaxation and healing. Thus, this study investigates the 
impact of rest time on creep recovery of asphalt mixtures 
modified with calcined marl filler as filler and subjected 
to uniaxial repeated compressive loading.

Materials and methods
Materials
The study used 60/70 penetration grade bitumen binder 
sourced from Osmoserve Global Services Asphalt Batch-
ing Plant in Eket, Nigeria, which is commonly used in 
bituminous mixtures in Nigeria due to its suitability for 
various temperatures. Table  1 summarizes the physi-
cal properties of this binder. The coarse aggregate used 
in the study was obtained from a quarry industry in 
Akamkpa, Cross River State, Nigeria, and consisted of 
crushed granite stone with a maximum size of 19mm. 
The fine aggregate used was a natural river collected from 
a dredging site in Afaha Ikot Osom, Nigeria. The physi-
cal properties of the coarse and fine-grained aggregates 
used in the study are presented in Table 2. The study also 
employed granite stone filler (GSF) and calcined marl 
filler (CMF) as mineral fillers. GSF was obtained from a 
quarry in Akamkpa, Nigeria, while CMF was produced 
from marl stone collected from a natural deposit in New 

Table 1  Physical properties of 60/70 bitumen

Test Standard Adopted 60/70 Value

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

Softening point (oC) ASTM D36 [39] 48.5

Brookfield rotational viscosity 
at 1350C (MPa.s)

ASTM D4402 [40] 560

Flash Point (oC) ASTM D92 [41] 250

Specific gravity (g/cm3) ASTM-D70 [42] 1.02
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Netim, Cross River State, Nigeria. The marl stone was 
subjected to oven drying at 105°C for 6 hours, pulverized, 
and calcined at 600°C for 2 hours. The temperature for 
calcination was chosen based on previous research indi-
cating that clay undergoes dehydroxylation and dehydra-
tion between 500°C and 700°C [36]. The calcined marl 
was then left to cool before being sieved through a 75 
μm standard test sieve. The particles that passed through 
the sieve, referred to as CMF, were stored in a moisture-
proof container until used. The physical properties of the 
GSF and CMF fillers are displayed in Table 3, while the 
chemical composition of CMF, as determined by X-ray 
fluorescence, is presented in Table  4. The sum of the 
percentages of silica (SiO2), alumina (Al2O3), and ferric 
oxide (Fe2O3) in CMF is 71.225%, which is above the 70% 
requirement for a class N pozzolan, according to ASTM 
C618 [37].

Method
Mixture gradation
The study utilized an asphalt mix that meets the mid-
point gradation criteria specified in the Nigerian Gen-
eral Specification for Highways and Bridges (1997) for 
the wearing course layer. The maximum aggregate size 
used in the mix was 19mm, and Fig. 1 shows the grada-
tion limit for the aggregate used in the wearing course 
asphalt.

Experimental design and specimen fabrication
At first, the optimum bitumen content (OBC) for each 
type of asphalt mix was determined using the Marshall 
mixing design technique. The mineral filler, GSF, was 
replaced with CMF at different weight percentages of 0%, 
25%, 50%, 75%, and 100%, making up 6% of the aggregate 
weight. These mixtures were labeled as M0, M25, M50, 
M75, and M100. Each of these mixtures was prepared by 
gradually increasing the bitumen content from 4.5% to 
6.5% in 0.5% increments. The OBC was determined to be 
5.67 for M0; 5.72 for M25; 5.81 for M50; 5.96 for M75, 
and 6.10 for M100. To get the laboratory specimens ready 
for the uniaxial repeated compressive loading test, cylin-
drical asphalt specimens with a 100 mm diameter and a 
height of 150 mm were prepared using their respective 
OBC and compacted using a Marshall compactor at 75 
blows on each side of the specimen to obtain 4% void in 
accordance to ASTM D1559 [55].

Rutting factor and fatigue resistance of mastic
Mastic is a composition of mineral filler and bitumen, 
mixed in specific proportions. Understanding the inter-
action between these two components can reveal the 
effect of the mineral filler on the rheological behavior 
of bitumen and its overall performance in Hot Mix 
Asphalt (HMA). To ensure that the asphalt flows cor-
rectly and that the fillers reach the blending tempera-
ture, the researchers heated GSF, CMF, and bitumen 
separately in an oven to a temperature of 150°C prior 
to conducting the study. The fillers and bitumen were 

Table 2  Physical properties of coarse and fine aggregates

Test Standard Adopted Value

Coarse

Angularity (%) ASTM D5821 [43] 98/97

Elongated and flat particles (%) ASTM D4791 [44] 6.94

Soundness (%) ASTM C88 [45] 0.069

Specific gravity ASTM C127 [46] 2.564

Los Angles abrasion (%) ASTM C131 [47] 23.7

Water absorption (%) ASTM C127 [46] 1.98

Fine

Absorption ASTM C131 [47] 1.77

Specific gravity ASTM C128 [48] 2.60

Sand equivalent ASTM D2419 [49] 77.01

Clay content (%) ASTM C142 [50] 0.61

Angularity (%) ASTM C1252 [51] 48.71

Table 3  Physical Properties of GSF and CMF fillers

Test Standard adopted GSF value CMF value

Specific gravity (g/cm3) ASTM C854 [52] 2.58 2.95

Specific Surface area (m2/kg) ASTM C204 [53] 420 1620

Percentage passing sieve No. 200 ASTM D546 [54] 92 100

Table 4  Chemical Composition of CMF

Chemical Composition Content (%)

Silicon oxide (SiO2) 49.60

Aluminum oxide (Al2O3) 13.234

Iron oxide (Fe2O3) 8.391

Calcium oxide (CaO) 14.21

Magnesium oxide (MgO) 1.599

Potassium (K2O) 3.266

Sodium (Na2O) 0.167

Titanium oxide (TiO2) 0.881

Sulfur trioxide (SO3) 2.354
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then mixed using a high-shear mixer at a speed of 4000 
rpm for 40 minutes at 150°C, according to the propor-
tions specified in Table  5, to guarantee the uniform 
dispersion of the fillers within the bitumen. To evalu-
ate the rheological properties of the mastic, a Dynamic 
Shear Rheometer (DSR) was used in accordance with 
AASHTO T-315 [56]. The tests were performed at four 
different temperatures, namely 58°C, 64°C, 70°C, and 
76°C, to replicate the temperature at the testing loca-
tion. The upper and lower plates of the DSR were first 
heated to the required testing temperature. The speci-
mens were then placed between the plates, and they 
were brought together to achieve the desired testing 
gap. The testing frequency was maintained at 10 rad/s, 
as specified in the test. Using eq. (1), the DSR soft-
ware calculated the maximum applied stress (σ), maxi-
mum strain (τ), and complex shear modulus (G*). The 
phase angle (δ) was determined by the time difference 
between the occurrence of σ_max and τ_max.

Where, σ_max is the maximum stress; τ_max is the 
maximum strain.

(1)G
∗
=

σmax

τmax

To assess the potential for rutting, the rutting factor 
(G*/Sin(δ)) of the binder was calculated. Binders with 
good resistance to rutting should have high elastic prop-
erties, which would result in a high rutting factor. Mastic 
was evaluated in three states: unaged, short-term aging 
using Rolling Thin Film Oven (RTFO aged), and long-
term aging using Pressure Aging Vessel (PAV aged). The 
minimum value of G*/Sin(δ) for an unaged binder was 
1.0 kPa, while for an RTFO-aged binder, it was 2.2 kPa. 
The RTFO mastic was tested at the maximum tempera-
ture on a 25 mm steel base plate with a 1000 mm gap.

Creep test of mastic using a bending beam rheometer (BBR)
The BBR test method was used to assess the low-temper-
ature performance and vulnerability of bitumen mastic 
to thermal cracking. The test was performed using a BBR 
(Applied Test Systems) in accordance with AASHTO 
T313 [57]. The test was conducted at three different tem-
peratures, namely 0°C, -6°C, and -12°C. Bitumen beams, 
which were 127 mm in length, 6.4 mm in thickness, and 
12.7 mm in width, were submerged in a temperature-
controlled bath for one hour. After preloading, a constant 
load of approximately 100 g was applied to the rectan-
gular beam, which was supported on stainless steel half 
rounds on both ends. The deflection from the center was 
measured continuously, and the rate of creep (m) and 
stiffness of creep (S) were calculated at various loading 
times ranging from 8 to 240 seconds.

Loading cycles and rest periods
In this study, loading cycles and rest time was determined 
through trial continuous loading of specimens. The spec-
imen was mounted in a Hydraulic Compression Testing 
Machine, which can apply controlled loads and measure 
displacements. The initial dimensions of the specimen 

Fig. 1  Aggregate gradation curve

Table 5  Mastic proportioning and abbreviations

Asphalt Mastic Abbreviation

Based bitumen (Pen 60/70) Pen 60/70

Pen 60/70 + 6% GSF 100 GSF

Pen 60/70 + 4.5% GSF + 1.5% CMF 75/25 GSF – CMF

Pen 60/70 + 3% GSF + 3% CMF 50/50 GSF – CMF

Pen 60/70 + 1.5% GSF + 4.5% CMF 25/75 GSF – CMF

Pen 60/70 + 6% CMF 100 CMF
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(gauge length and cross-sectional area) are precisely 
measured before applying a constant load of 400 kPa 
which induces deformation in the specimen. As the load 
is applied, the testing machine simultaneously measures 
the corresponding deformation (strain) in the specimen 
at various time intervals according to ASTM C39 [58]. 
The loading cycle and rest time were selected after the 
initial elastic deformation, where the specimen remained 
undamaged. During the initial stage of the deformation, 
the specimen experiences elastic deformation, mean-
ing that it can fully recover its shape when the load is 
removed, and no permanent damage occurs. As the load-
ing continue, the asphalt specimen moves into the next 
stage, where microdamage starts to occur. Microdamage 
refers to small, subtle changes in the material’s structure 
and properties due to repeated loading. Therefore, the 
loading cycle and rest period were chosen to be twice the 
value at the end of the initial stage of deformation. The 
reason for choosing twice the value of the initial deforma-
tion as the rest time is likely to ensure that the specimen 
has sufficient time to heal between loading cycles. By 
having a longer rest time, the microdamage is given more 
time for healing, which can provide valuable insights into 
the material’s viscoelastic properties and to consider the 
effect of both hardening relaxation and healing.

Creep recovery test of asphalt concrete specimen
Creep-recovery tests in this study was conducted using 
Hydraulic Compression Testing Machine (ISO VG 32 + 
68) model with linear variable differential transformer 
(LVDT) to evaluate the creep and recovery behavior of 
asphalt mix samples. The test samples were prepared fol-
lowing ASTM D1074 [59] standards, with each dimen-
sion of specimen 100 mm diameter and 150 mm height. 
The air void content of the test samples was maintained 
at 4% to ensure consistency. For each experimental con-
dition, three (3) replicates specimens were prepared to 
ensure statistical reliability and accuracy of the results. 
When considering the creep recovery of asphalt mixtures 
with rest time, it means that the material is subjected to a 
load, and then the load is removed, allowing the mixture 
to rest or recover for a certain period before measuring 
its deformation recovery. This phenomenon is useful in 
understanding hardening relaxation and healing behavior 
of the asphalt material under cyclic loading conditions. 
On the other hand, creep recovery test without rest time, 
the asphalt mixture is loaded for a certain period, and 
then the load is quickly removed, followed by an immedi-
ate measurement of the material’s deformation recovery. 
This phenomenon only evaluates hardening relaxation 
and not consider the effect of healing behavior of the 
asphalt material. In the testing arrangement, repeated 
compressive loading was applied for each loading cycle 

with and without rest. The axial strain of the samples was 
determined by measuring it using two LVDTs placed on 
the sample. To study the effect of hardening relaxation 
and healing in creep recovery, it is pertinent to consider 
intermediate temperature and a long resting period, 
as previously reported by Moghadas et  al [23]. This is 
because at intermediate temperature, the specimen 
represents the typical pavement temperature of many 
regions, minimizes the thermal gradient, and reduces the 
risk of thermal cracking. Most importantly, at intermedi-
ate temperatures, there is a balance between the fluidity 
and stiffness of the asphalt, which can lead to optimal 
healing behavior due to the diffusion of healing agents 
and the rearrangement of molecules within the asphalt. 
Consequently, the tests were conducted at a tempera-
ture of 25°C. The number of cycles and rest period were 
selected based on continuous loading. The time in sec-
onds that the specimens show significant strain (response 
to deformation) is considered the loading cycle, and 
twice the loading cycles were considered to evaluate 
the impact of the rest time of each mixture. The choice 
of this rest period allows for the consideration of both 
hardening relaxation and healing, which can improve the 
accuracy and representativeness of the test results. Prior 
to commencing the tests, the specimens were placed in 
the environmental chamber of the UTM equipment for 
a minimum of one hour to allow for thermal stabilization 
of the specimens. Figure 2 shows the experimental setup 
and the creep recovery measured using eq. (2).

Where, R is the creep recovery (%); ε_r is the creep 
strain measured during the recovery phase of the test; 

(2)R =

εr

εc

x 100%

Fig. 2  Experimental setup
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ε_c is the total strain measured during the loading 
phase of the test.

To evaluate the significance level within the data sets 
for creep recovery results of asphalt mixtures with and 
without rest time, confirmatory tests such as the student 
t-test were performed.

Result and discussion
Rutting factor and fatigue resistance
The study investigated the rheological behavior of bitu-
men and mastic by using the rutting factor to determine 
their stiffness properties. The results of the rutting factor 
for unaged bitumen-mastic at different test temperatures 
are presented in Fig.  3, which shows that adding CMF 
to conventional filler improves the rutting resistance of 

the mastic. At 50% CMF modification, the rutting fac-
tor increased by 43% compared to 100% GSF mastic. 
However, at 100% CMF, the rutting factor was reduced 
beyond that of conventional mastic, suggesting that CMF 
can enhance the rutting resistance of asphalt concrete 
when partially replaced. The addition of CMF helps to 
prevent rutting by acting as an anti-rutting additive due 
to the presence of CaO. The study also found that 100% 
CMF mastic may become deformed due to the absorp-
tion of bitumen by CMF, reducing the stiffness properties 
of the mixture.

Figure 4 shows that RTFOT-aged bitumen mastic with 
50% CMF has a higher value of G*/Sin δ compared to 
100% GSF mastic, indicating that the addition of CMF 
can withstand the higher temperature and oxidation rate 

Fig. 3  Rutting factor of mastic at unaged condition

Fig. 4  Rutting factor of mastic at RTFOT-aged condition
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associated with asphalt concrete production, transpor-
tation, and compaction. The long-term aging test using 
PAV showed different values of fatigue resistance of bitu-
men mastic at different temperatures, as shown in Fig. 5. 
The study found that the fatigue resistance of 50% modi-
fied conventional filler with CMF was higher than 100% 
GSF, which is consistent with previous studies [60]. How-
ever, at 100% CMF in the bitumen, the fatigue resistance 
decreased below that of conventional filler mastic. This 
suggests that adding CMF to conventional GSF improves 
the stiffness properties of mastic due to the pozzolanic 
content in CMF. However, completely replacing con-
ventional filler with CMF makes the mastic excessively 
dense, difficult to compact, and prone to crack initiation 
and growth.

Creep rate and stiffness
Figures 6 and 7 depict the stiffness (S) and creep rate (m) 
of PAV-aged bitumen mastic. A low value of S and a high 
value of m indicate that the bitumen mastic is less prone 
to cracking at low temperatures and has a lower level of 
stress relaxation performance. According to AASHTO 
M320 [61], the S value should be less than 300 MPa, and 
the m value should be more than 0.3. Figure  6 demon-
strates that adding filler to bitumen increases its stiffness 
at low temperatures, and a mixture of 50% CMF and 50% 
GSF produces a lower stiffness value in mastic than 100% 
GSF mastic. However, fully replacing GSF with CMF 
results in a highly cohesive mix due to the large spe-
cific surface area of CMF. Figure 7, which illustrates the 
creep rate, shows an inverse trend in the creep stiffness, 

Fig. 5  Fatigue resistance of RTFOT-PAV aged bitumen mastic

Fig. 6  Creep rate m- temperature relationship of mastic
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indicating that adding a moderate volume of CMF can 
improve the relaxation behavior of asphalt concrete at 
low temperatures.

Loading cycles and rest periods
The loading cycles and rest time for each mixture were 
loaded continuously, and the response is shown in 
Fig. 8. It can be observed in Fig. 8 that at around 9,000–
12,600 seconds (or 90,000–120,600 cycles), the mixture 
specimens go through the next phase of deformation. 

During the initial stage of deformation, the sample sus-
tains no damage, but micro-damage can only occur 
once the sample enters its second stage of deformation. 
Table  6 presents the loading cycles and rest time for 
each mixture. It can see that the initial elastic deforma-
tion is different for each mixture. This suggests that the 
mixtures have different levels of initial elasticity, and 
they behave differently under initial loading conditions. 
The loading cycle represents the time taken for each 
mixture to undergo initial elastic deformation. Double 

Fig.7  Creep stiffness S-temperature of mastic

Fig. 8  Response of continuous loading of specimens
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the value of the time interval was reported as loading 
cycle and rest time in Table 6.

Creep recovery of asphalt concrete specimens
The response of asphalt mixtures to creep recovery is 
presented in Table 7, and the loading pattern for experi-
mental data of creep and recovery is shown in Fig. 9. The 
percentage recovery of the specimens with and without 
rest time is shown in Fig.  10. As illustrated in Fig.  10, 
creep recovery increases with the addition of CMF, indi-
cating resistance to permanent deformation and thus 
greater resilience to fatigue damage. However, beyond 
a 50% concentration of CMF in the mixture, the value 
decreases and recorded the lowest recovery when the 
mixture was completely replaced with CMF, showing 
that the mixture is susceptible to deformation and crack 
development. The trend in the results can be attributed 
to the high contents of silica in GSF and alumina in CMF 
as presented in Table  4. These compositions can influ-
ence the rheological properties of the bitumen leading 
to improved viscosity and elasticity of the bitumen-filler 
blend, which in turn can enhance the material’s resist-
ance to deformation [62] and promote better recovery. 
However, at high dosages or full replacement of CMF, the 
larger surface area and the presence of CaO in CMF make 
the mixture excessively dense and stiffer, which can actu-
ally increase the creep recovery of the asphalt mixtures. 
Moreover, it can be observed in both Table 7 and Fig. 9 
that all the mixtures improve the creep recovery when 
rest time is applied. In fact, it is suggested that by apply-
ing rest time, the impact of hardening relaxation on the 
deformation potential is minimized due to a more signifi-
cant healing effect [23]. At 50% modification of asphalt 
mixture with CMF filler, the mixture tends to develop 
a higher resistance to deformation and fatigue dam-
age, indicating the existence of strong adhesive bonding 

Table 6  Loading cycles and rest time

Mixture Loading 
cycle/rest 
time

MO 18,000

M25 18,700

M50 21,600

M75 18,500

M100 17,300

Table 7  Response of asphalt mixtures to creep recovery

Asphalt Mixture Creep Recovery

Without 
rest time

With rest time

M0 Mean value 48 54

Standard deviation 3.12 3.3

CV (%) 6.5 6.1

M25 Mean value 49.2 55.8

Standard deviation 2.95 3.1

CV (%) 5.9 5.6

M50 Mean value 53.1 59.3

Standard deviation 3.4 3.3

CV (%) 6.4 5.6

M75 Mean value 50.7 56

Standard deviation 3.2 3.06

CV (%) 6.3 5.4

M100 Mean value 43 46

Standard deviation 2.99 3.18

CV (%) 5.9 6.9

Fig. 9  Experimental data of creep and recovery phase
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resulting from the larger surface area of CMF and the 
silica content of GSF. Hence, for viscoplastic deforma-
tion to take place, the repeated loading must overcome 
the bonding strength; otherwise, the material has the ten-
dency to recover from the initial strain.

Testing and validation of results
The statistical significance of the obtained results from 
the t-test analysis holds paramount importance in deter-
mining the validity of our research findings. The bench-
marks for accepting or rejecting the null hypothesis, 
established through the significance level (α) of 0.05, play 
a pivotal role in this evaluation. In the context of our t-test 
analysis, the null hypothesis posits that there is no signifi-
cant difference between the means of the two compared 
groups, while the alternative hypothesis suggests that a 
significant difference indeed exists. The p-value gener-
ated by the t-test serves as a crucial indicator in making 
this determination. When the p-value is less than the 
predetermined significance level (α), which in our case is 
0.05, it signifies that the observed difference between the 
means is statistically significant. Consequently, we reject 
the null hypothesis and accept the alternative hypothesis, 
implying that the observed disparity between the two 

groups’ means is not due to chance variations but rather 
a genuine distinction. From Table  8, which summarizes 
the outcome of our t-test analysis, it can be observed that 
the calculated p-value (two-tailed) is indeed less than the 
designated significance level (α) of 0.05. This alignment 
between the p-value and the significance level reinforces 
our earlier explanation: the difference in means between 
the two groups is not merely due to chance but holds sta-
tistical significance.

Conclusion
The creep recovery and fatigue behaviors in asphalt 
mixtures depend on the viscoelastic properties of the 
mastic. The viscoelastic behavior of asphalt mixtures 
is typically characterized by measuring their creep and 
recovery responses under repeated loading. When rest 
time is incorporated into the creep recovery analysis, 
it allows for the measurement of the time-dependent 
recovery behavior of the asphalt mixture after a certain 
period of rest following the application of a repeated 
load. As such, an alternative material in the form of 
CMF can be used to modify the viscoelastic behavior 
of asphalt mixtures. This study evaluated the combined 
impact of hardening relaxation, and healing on asphalt 

Fig. 10  Creep recovery of specimens

Table 8  Statistical validation of results

Description Mean Variance t-stand P(T<=t) T critical one tail P(T<=t) two tail T critical two tail

Without rest time 48.8 14.135 -3.15747 0.006784 1.859 0.013588 2.306

With rest time 55.38 7.662
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mixtures modified with CMF, by the application of long 
rest period at an intermediate temperature. Based on 
the results of the analysis and test conducted, the fol-
lowing observation can be drawn;

•	 According to X-ray fluorescence analysis, the 
chemical composition of the calcined marl filler 
indicates that it is a pozzolan and meets the criteria 
for a class N pozzolan specified by ASTM 618.

•	 The use of 50% calcined marl filler in asphalt con-
crete resulted in 12.7 kPa and 16.1 kPa for unaged 
and aged values for rutting factor. Furthermore, 
this modification showed a notable enhancement 
in fatigue resistance compared to the conventional 
mastic.

•	 According to the results of the BBR test, incor-
porating CMF-modified asphalt into the mixture 
improves relaxation behavior in low-temperature 
conditions and increases resistance to cracking.

•	 At 50% modification of asphalt mixture with CMF 
filler, the mixture tends to develop a higher resist-
ance to deformation and fatigue damage when 
compared to GSF filler.

•	 All the mixtures improve the creep recovery when 
rest time is applied. However, mixtures modified 
with 50% CMF recovered more from deformation 
indicating 59.3%.

•	 According to the statistical analysis using a student 
t-test, there is a significant difference between the 
means of the two groups. This indicates that the 
application of rest time minimizes the impact of 
hardening relaxation on the deformation potential, 
leading to a more pronounced healing effect.
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