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Abstract. This study investigates the influence of shear rate on the non-Newtonian flow behavior of asphalt binders modified with 1–5%
organophilic nano clay by weight. Asphalt binders exhibit shear-thinning characteristics, where viscosity decreases with increasing shear rate,
enhancing elasticity and reducing temperature sensitivity. Two penetration-grade bitumen samples (60/70 and 80/100) from Attock Refinery
Limited (ARL), Pakistan, were modified using the melting method as per ASTM D6606. Rotational viscometer tests (ASTM D4402) were
conducted at 135◦C, over shear rates from 3.4 to 34 s−1. Viscosity dropped by nearly 60% with increasing shear rate, with the 5% nano clay blend
exhibiting the highest viscosity (385.5 cp (mPa·s)) at low shear rates. All concentrations demonstrated improved flow behavior, with 5% yielding
the most significant effect. These findings highlight the potential of organophilic nano clay to improve binder rheology, indicating enhanced
resistance to rutting and deformation, critical for pavement applications. Further field-scale research is recommended to evaluate long-term
performance, mix workability and economic feasibility.
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1. INTRODUCTION
The increasing demand for durable and sustainable road in-
frastructure in Pakistan and other developing countries has in-
tensified the need for innovative asphalt modifiers capable of
enhancing pavement performance under severe climatic and
loading conditions. In recent years, various environmentally be-
nign additives have been explored to improve the durability and
rheological performance of asphalt binders. Materials such as
palm-oil fuel ash [1], rejuvenators [2] and hybrid modifiers for
recycled binders [3] have all shown promising improvements in
binder flexibility, workability and temperature sensitivity.

Asphalt mixtures are multiphase composites comprising
binder, aggregate and mineral filler, where the binder functions
as the cohesive matrix that ensures load transfer and structural
integrity. The binder’s viscoelastic response governs the defor-
mation resistance, fatigue behavior and long-term performance
of asphalt pavements [4]. Recent research showed that bond-
ing enhancers like alkylamines and polyalkylene glycol improve
binder adhesion and moisture resistance through chemical sur-
face modification [5]. Recent advances have explored polymer
and plastic waste modifiers, such as low-density polyethylene
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(LDPE) and high-density polyethylene (HDPE), to enhance mix-
ture stiffness and rutting resistance [6,7]. However, conventional
bituminous binders are susceptible to deterioration under high
service temperatures, heavy traffic loads and environmental ag-
ing, leading to rutting, fatigue cracking and moisture-induced
damage [8]. Rutting caused by shear deformation or plastic flow
within the asphalt layer is one of the most critical distresses
affecting pavement performance, often resulting from mixture
instability, over-compaction, and binder softening under thermal
and mechanical stress [9]. Recent research on nano-silica-based
shear thickening fluid (STF) modification also demonstrated
enhanced viscoelastic performance and rutting resistance of as-
phalt binders [10].

To mitigate these issues, extensive efforts have been directed
toward chemical and physical modification of asphalt binders.
Among emerging modifiers, organophilic nano clay has at-
tracted significant attention due to its ability to enhance binder
viscosity, elasticity and structural stability, thereby improving
resistance to deformation and thermal susceptibility [11]. In the
context of Pakistan’s hot climatic conditions, where rutting and
premature pavement failure remain persistent problems, the de-
velopment of low-cost yet thermally stable binder systems is
particularly critical. Local studies have evaluated various ad-
ditives such as phosphorous methyl compounds (PMC), which
were found to improve ductility, penetration and softening point
characteristics [12].
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Carbon-based modifiers have also been extensively studied
for their reinforcing potential and accessibility [13,14]. The in-
clusion of carbon black and pyrolysis-derived carbon nanostruc-
tures has been reported to enhance stiffness, reduce temperature
sensitivity, and improve the electrical and mechanical behav-
ior of asphalt binders. Nevertheless, the performance of these
carbonaceous modifiers strongly depends on their particle mor-
phology, surface chemistry and dispersion within the bitumen
matrix [15, 16]. Moreover, many carbon nanoparticles are syn-
thetically produced, raising cost and sustainability concerns.

In contrast, organophilic nano clay offers a renewable, eco-
nomically viable and environmentally friendly alternative. De-
rived from montmorillonite modified with quaternary ammo-
nium cations, organophilic nano clay exhibits high basal spac-
ing, surface activity and strong affinity with the polar com-
ponents of bitumen, enabling effective exfoliation and uniform
dispersion within the binder [17]. These structural features make
organophilic nano clay particularly suitable for Pakistan’s hot-
climate pavements, where high-temperature stability and rutting
resistance are essential for extending pavement life.

Given these challenges, this research aims to investigate the
rheological enhancement of locally available asphalt binders
through organophilic nano clay modification, with specific rel-
evance to Pakistan’s climatic and material conditions. The sci-
entific objective of the study is to elucidate the relationship be-
tween nano clay concentration, shear rate, and non-Newtonian
flow behavior, thereby establishing a microstructural explana-
tion for the observed improvements in viscosity and shear-
thinning properties. To achieve this objective, the specific aims
of the study are as follows:
• To evaluate the effect of organophilic nano clay (1–5 wt%)

on the absolute viscosity of asphalt binders at 135◦C, using
a rotational viscometer (ASTM D4402).

• To quantify viscosity variation across a shear-rate range of
3.4–34 s−1 and to determine the degree of enhanced shear-
thinning behavior.

• To compare the rheological performance of two penetration-
grade binders (ARL 60/70 and ARL 80/100) modified with
organophilic nano clay.

• To interpret the mechanistic role of nano clay modification in
improving molecular-scale rigidity and its implications for
rutting resistance and structural durability of asphalt pave-
ments.

2. METHODOLOGY

The experimental design of this study was developed to estab-
lish a direct link between organophilic clay concentration and
the shear-thinning response of asphalt binders. Two penetration-
grade binders (ARL 60/70 and ARL 80/100) were selected to
represent different stiffness levels commonly found in Pakistan,
enabling comparative evaluation of modification efficiency. Clay
contents of 1–5 wt% were chosen, ensuring coverage of both
low- and high-reinforcement regimes. A rotational viscome-
ter (ASTM D4402) was used to measure steady-shear viscos-
ity at 135–175◦C, the temperature range corresponding to as-
phalt mixing and compaction. Each test condition was repli-

cated three times to ensure reproducibility. The study design
thus isolates the effect of clay concentration and binder grade
under controlled shear and temperature conditions, providing
quantitative data for modeling viscosity and evaluating poten-
tial improvements in high-temperature performance. All tests
were conducted in triplicate under controlled conditions (135◦C)
to ensure accuracy. The maximum deviation was within ±5%,
confirming reliable and consistent rheological data. Figure 1
illustrates the sequential phases from material collection to
organophilic clay modification, sample preparation and rheo-
logical analysis.

Fig. 1. Flow chart of experimental methodology adopted in this study

2.1. Materials

Primary materials used were modifiers such as organophilic
nano clay and asphalt binder. Each of these materials is widely
discussed below.

2.1.1. Bitumen

Soft binders (ARL 60/70 and ARL 80/100) were selected as
they represent grades locally used in Pakistan, allowing assess-
ment of how organophilic nano clay can enhance their stiffness
and rutting resistance for hot-climate pavements. Two different
grades of bitumen were obtained from Attock Refinery Limited
(ARL), including ARL-60/70 and ARL-80/100. ARL 60/70 and
ARL 80/100 were selected to compare the effects of nano clay on
binders with different stiffness levels. ARL 60/70 is stiffer and
offers higher rutting resistance, while ARL 80/100 is softer and
more workable. This contrast helps assess how shear-thinning
behavior varies with binder grade. Bitumen was stored in a
container of 2.5 kg in capacity. Each sample was prepared by
addition of 1% organophilic nano clay. The first sample was pre-
pared without the addition of organophilic nano clay while the
remaining 12 samples of the bitumen were prepared by addition
of organophilic nano clay ranging from 0% to 5%. In the conven-
tional binders testing, only virgin binder samples were tested.
Moreover, the other organophilic-modified binder was tested
using advanced techniques such as shear thinning tests through

2 Bull. Pol. Acad. Sci. Tech. Sci., vol. 74, no. 2, p. e157096, 2026



Enhancing shear-thinning behavior in asphalt binders through organophilic clay modification

a rotational viscometer to assess its rate of microstructure re-
versibility. At 135◦C, the modified bitumen samples, including
the virgin sample, were sheared from 3.4 (1/s) to 34 (1/s) in
steps. Following a rest period of 1 hour, at 3.4 (1/s) the sam-
ples were sheared again to determine how much of the viscosity
was gained during that rest period and to assess the rate of mi-
crostructure rearrangements in the virgin bitumen and modified
bitumen. Bitumen was stored in sealed 2.5 kg metal containers
at 25±2◦C to ensure consistency prior to nano clay modification
and rheological testing.

2.1.2. Organophilic clay

The organophilic nano clay used in this study was a modi-
fied montmorillonite (MMT) supplied by GDBentonite Co.,
China (www.gdbentonite.com) [18]. It was produced by replac-
ing sodium ions in natural bentonite with quaternary ammo-
nium cations, converting it from hydrophilic to organophilic
form. The modification introduces long-chain alkyl groups that
expand the basal spacing (∼ 1.8 nm) and enhance compatibil-
ity with bitumen. The quaternary ammonium structure provides
both polar and nonpolar affinities, enabling strong interaction
with asphaltenes and resins while allowing intercalation and
exfoliation of bitumen molecules within the clay galleries. The
modification process increases the interlayer spacing of mont-
morillonite, facilitating the formation of a three-dimensional
nano-composite network that improves viscosity, shear-thinning
behavior and high-temperature stability. The key properties pro-
vided by the supplier include a surface area of 68 m2/g, par-
ticle size of 40–70 nm, and cation exchange capacity of 90–
100 meq/100 g.

2.2. Sample preparation

For each batch, 100 g of virgin bitumen (ARL 60/70 and ARL
80/100) was preheated to 175± 5◦C in a thermostatically con-
trolled oil bath to achieve complete fluidity while minimizing
oxidative hardening. Organophilic nano clay was incorporated at
concentrations of 1%, 2%, 3%, 4% and 5% by weight of binder.
To ensure homogeneous dispersion, the mixture was first sub-
jected to low-speed pre-mixing (500 rpm for 10 min) followed
by high-shear blending at 1500 rpm for 60 min using a me-
chanical shear mixer (IKA RW 20 digital). The temperature was
continuously monitored with a thermocouple and maintained
within ±2◦C of the target value throughout mixing.

Immediately after blending, each batch was subjected to ultra-
sonic agitation for 10 min to disrupt any residual agglomerates
and enhance exfoliation of clay platelets. The visual uniformity
of the dispersion was verified by the absence of visible particles
and by microscopic inspection of a thin film sample. Each con-
centration was prepared in triplicate to ensure repeatability, and
50 g subsamples were drawn from the homogenized blend for
testing. Prior to rheological measurements, all specimens were
conditioned at 135◦C for 60 min to eliminate thermal history
effects and to simulate field processing temperature. The rest
period of one hour at 135◦C allowed partial network reforma-
tion of the clay structure, enabling evaluation of microstructural
recovery and shear-thinning reversibility.

2.3. Bitumen testing

The penetration value of bituminous material serves as a proxy
for its hardness or consistency. It is the vertical distance that,
given specific stress, duration and temperature conditions, a typ-
ical needlepoint may travel or pierce into bituminous material.
This distance is expressed in millimeters, to the tenth. This test
is used for the evaluation of asphalt consistency. The asphaltic
bonding and stretchable qualities are evaluated using the duc-
tility test. In a flexible pavement, a small deformable coating of
adhesive must accumulate around the particles to enhance the
physical interaction of the particles. A comparison to previous
road surfaces is produced when a binding material substance is
subjected to repetitive traffic volumes and breaks. A standard
briquette sample of the substance extends to a length per cm
before shattering when connected to both ends and is pulled
apart at a certain temperature and elongation rate.

The softening point of the material is the degree to which
petroleum product or asphalt melts to a particular extent. Ad-
ditionally, under specific test conditions, the temperatures (◦C)
that occur when a conventional ball warmed in glycerin and wa-
ter penetrates a bituminous sample in a mold and drops through
it with a height of 2.5 centimeters. The asphalt binder soften-
ing point should be determined in order to heat the product
adequately for various highway purposes. The softening point
could be determined using just a ring & ball. The minimal tem-
perature during which, under specific tests, the introduction of
an ignition source permits the substance vapors to momentarily
burst into flames or for flashing to appear is referred to as a “flash
point”. The substance ignites and burns for at least five seconds
just at critical temperature when an ignition source is applied.
This is referred to as the “fire point”. All physical properties of
asphalt binder (ARL 60/70 and ARL 80/100) with their ASTM
standard are mentioned in Table A1.

2.4. Brookfield rotary viscosity test

Viscosity measurements were performed using a Brookfield
DV2T rotational viscometer (ASTM D4402) at 135–175◦C and
shear rates of 3.4–34 s−1. Although Dynamic Shear Rheometers
(DSR/DHR) are used for SHRP performance grading, this study
focused on steady-shear viscosity and shear-thinning behavior,
for which the Brookfield viscometer was suitable. Future work
will employ DSR testing to determine viscoelastic parameters
(𝐺, 𝛿). Viscosity measurements of nano clay-modified asphalt
binders were conducted using a Brookfield DV2T rotational vis-
cometer in accordance with ASTM D4402. The selected shear
rate range of 3.4 to 34 s−1 corresponds to typical field conditions
experienced during asphalt mixing, pumping and compaction,
as reported in [19] and supported by ASTM D2493 guidelines.
These shear rates enable the evaluation of flow behavior under
real-world processing conditions.

To examine the material’s response across varying shear and
thermal conditions, the time-temperature superposition princi-
ple (TTSP) was used. This approach allows for prediction of
viscosity at different temperatures based on a master curve gen-
erated at a reference temperature. The Williams–Landel–Ferry
(WLF) equation was applied to determine the shift factor 𝑎𝑎𝑇
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as follows:
log(𝑎𝑇 ) =

𝐶1 (𝑇 −𝑇ref)
𝐶2 + (𝑇 −𝑇ref)

, (1)

where 𝑎𝑇 is the shift factor, 𝑇 is the test temperature (◦C), 𝑇ref is
the reference temperature (135◦C in this study) and 𝐶1 = 8.86,
𝐶2 = 101.6: typical empirical constants for asphalt binders.

To ensure accuracy, the viscometer was calibrated weekly
using certified Brookfield standard fluids (100 mPa·s and
500 mPa·s) at 25◦C, following manufacturer protocols (Ta-
ble A2). Each test condition defined by binder type, nano clay
concentration, and shear rate was repeated in triplicate, and
mean values with standard deviations were recorded to ensure
reliability.

As per ASTM D4402, the viscosity, shear stress and shear
rate of nano clay-modified asphalt binders were measured us-
ing a Brookfield DV2T viscometer (Fig. 2). Tests were con-
ducted across a temperature range of 135◦C to 175◦C and
a shear rate range of 3.4 to 34 s−1, enabling evaluation of
temperature-dependent flow behavior. Table A3 summarizes the
test conditions, including nano clay content, temperature and the
shear rates applied. These parameters supported the generation
of viscosity-shear rate flow curves and the application of the
time-temperature superposition principle to evaluate and pre-
dict binder behavior under operational conditions.

Fig. 2. Brookfield DV2T viscometer setup used for steady-shear
viscosity testing (ASTM D4402)

3. RESULTS AND DISCUSSION

The results describe changes in viscosity, shear stress and torque,
and interpret them based on bitumen microstructure and nano
clay interactions. Organophilic nano clay modifies the binder’s
internal structure by forming intercalated/exfoliated layers that
restrict molecular motion and enhance shear-thinning and tem-
perature stability.

3.1. Gradation curve

Figure 3 presents the aggregate gradation used in this study
together with the standard gradation limits specified by the Na-

tional Highway Authority (NHA, 2020). To ensure compliance
with NHA specifications, the aggregates were carefully sieved
and adjusted within the allowable limits. NHA is the governing
body responsible for the planning, construction and maintenance
of Pakistan’s primary road network.
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3.2. Effect of shear rate on bitumen viscosity

Viscosity decreases with shear rate due to the breakdown of
asphaltene-clay networks. At low shear, the structure resists
flow, improving rutting resistance, while at high shear it facili-
tates workability. The ratio of shear stress to shear rate in a sim-
ple shear flow at constant high temperatures is called viscosity.
Shear stress is linearly related to shear rate and viscosity con-
stants in Newtonian asphalt behavior. The shear rate is mostly
affected by modified asphalt and a small number of unmodified
binders with large percentages. Plotting viscosity-temperature
graphs is most commonly done using the ASTM D 2493 Spec-
ification. The viscosity difference of the asphalt binder after
modification with six different percentages of organophilic ma-
terial at 135◦C is displayed in Fig. 4a–b. Shear rate has a larger
effect on the modified asphalt binders at this temperature. The
relationship between shear rate and modified asphalt viscosity
for several percentages of the organophilic material (0%, 1%,
2%, 3%, 4% and 5%) is depicted in Fig. 4a–b. Because the
viscosity of changed binders depends on both temperature and
shear rate, it can be seen that the viscosity values fall as the
shear rate increases. Viscosity decreased with increasing shear
rate within the 10–100 s−1 range, confirming shear-thinning
behavior. However, adding more organophilic nano clay to the
asphalt mixture causes it to become more viscous. The high-
est viscosity was achieved when 5% of the organophilic nano
clay was added to the mixture. Moreover, ARL 60/70 has more
viscosity as compared to ARL 80/100, as shown in Fig. 4a–b.
The improved rheological stability observed here agrees with
previous findings [5], which reported increased binder shear
strength and durability under aging and moisture conditions.

At 3.4 s−1 and 0% nano clay, ARL 60/70 exhibited 23.4%
higher viscosity than ARL 80/100, due to its lower penetra-
tion grade and inherently stiffer nature. This difference persisted
across all clay concentrations, making ARL 60/70 more suitable
for high-temperature, high-traffic conditions. Similar improve-
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ments in deformation resistance have been reported when marble
dust was incorporated into polymer-modified binders [20].

While viscosity decreased with shear rate across all samples,
binders with higher nano clay content maintained greater re-
sistance to flow, particularly at low shear mimicking conditions
under static loading or slow-moving traffic. These improvements
are critical for rutting resistance and long-term pavement per-
formance, especially in hot climates.

3.3. Effect of log shear rate on viscosity

Figure 5 depicts the result of log shear rate (L/s) and log vis-
cosity (cp) for two distinct types of asphalt binder including
ARL-80/100 and ARL-60/70, respectively. Both of these as-
phalt binders have been modified with varying concentrations
of organophilic nano clay ranging from 0% to 5%. Figure 5a–b
depicts the rheological characteristics of asphalt binders, espe-
cially shear thinning behavior. Figure 5a illustrates the result of
log viscosity for asphalt binder of ARL-80/100. Every single
line within a plot shows various quantities of organophilic nano
clay utilized for the modification of asphalt binder. The viscosity
representing a shear thinning behavior decreases by increasing
the values of the shear rate from 10 to 100. The viscosity of the
unmodified sample was slightly higher than that of the modified
sample with a nano clay range of 1% to 5% at lower values of

shear rate. The result suggests the significance of clay in increas-
ing its resistance to flow by the result of viscosity (lower) at a
higher value of shear rate. At higher values of shear rates, shear
thinning reduces the influence of clay because of the viscosity
between various clay concentrations.
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Fig. 5. Effect of log of shear rate on log of viscosity of ARL:
(a) ARL-80/100; (b) ARL-60/70

The decrease in viscosity by means of increasing the shear
rate is referred to as shear thinning. It was exhibited by both sam-
ples including ARL-80/100 and ARL-60/70. The shear thinning
property of asphalt binder is useful and has practical implica-
tions due to the easy flow of binder in the mixing stage as
well as its application phase but still resists under-load defor-
mation because of its sufficient viscosity. The incorporation of
organophilic clay has an impact on the rheological characteris-
tics of ARL 60/70 and ARL 80/100. The clay raises the viscosity
at lower shear rates, indicating that the parts have interactions
with the asphalt binder matrix to form a more intricate, in-
terconnected structure that impedes movement. This viscosity
increase is advantageous since it can improve the binder’s ca-
pacity to resist rutting and various other changes. Higher shear
rates, however, cause the viscosity of all samples to drop and
the distinctions between the modified and untreated binders to
become less noticeable. This suggests that in situations with
strong shear, such as those seen during compaction or asphalt
mixing, the shear forces outweigh the structural interactions
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brought about by the clay, resulting in a comparable decrease
in viscosity in every sample. Viscosity adjustment is adequate
when ARL 60/70 is used.

Figure 5a–b illustrates the logarithmic relationship between
shear rate and viscosity for both ARL 60/70 and ARL 80/100
modified with 0–5% organophilic nano clay. As expected, vis-
cosity decreased logarithmically with increasing shear rate, con-
sistent with shear-thinning, pseudoplastic behavior.

At low shear (3.4 s−1), 5% clay-modified ARL 60/70 binder
showed a 57% increase in viscosity as compared to the un-
modified binder. However, at higher shear rates (∼ 34 s−1), the
viscosity differences narrowed significantly. For example, the
viscosity difference between 0% and 5% clay was only 12–15%
at 34 s−1, indicating the nano clay’s effect is most pronounced
under low shear or static loading conditions. At 100 s−1, sim-
ulated using extrapolated data from time–temperature superpo-
sition, viscosity values for all formulations converged further,
supporting this observation.

The increase in low-shear viscosity with the inclusion of nano
clay suggests enhanced resistance to permanent deformation.
Based on comparable studies, a 50–60% increase in viscosity
at low shear rates can translate into a 20–30% improvement in
rutting resistance. Thus, incorporating 5% nano clay may offer
substantial benefits in hot-climate or high-load pavements [11].

ARL 60/70 consistently showed higher viscosity than ARL
80/100 due to its lower penetration grade and likely higher as-
phaltene content, which increases structural rigidity and resis-
tance to flow. Asphaltenes act as rigid domains within the bitu-
men matrix, contributing to higher baseline viscosity, especially
under low-shear conditions.

The enhanced low-shear viscosity is attributed to the exfoli-
ated and intercalated structure of organophilic nano clay within
the binder. As shown in Fig. 4b, exfoliated clay layers create a
network-like architecture that restricts binder molecule move-
ment under shear. This mechanism is supported by Chuaicham
et al. [17], who found that exfoliated nano clays significantly
improved the viscosity and structural integrity of clay-based
composites.

3.4. Effect of shear rate on shear stress

Figure 6a–b depicts the relationship between shear rate and shear
stress for two different types of asphalt binder such as ARL-
80/100 and ARL-60/70 with varying quantities of organophilic
nano clay, ranging from 0% to 5%. The plots indicate a linear
relationship between shear rate and shear stress. The plots also
demonstrate how the organophilic nano clay influences the shear
stress of the asphalt modification. The deviation from linearity
at high clay contents indicates viscoelastic network formation,
enhancing deformation resistance. Figure 5a depicts the result
of ARL-80/100 and shows the trend observed for shear stress.
The result demonstrates the increase in shear stress by increasing
the values of the shear rate from 10 to 100, indicating that the
rate of shear increases is the reason for the binder requiring
more force to continue flowing. The lowest value of shear stress
was noticed for the binder without any percentage of clay mixed
in while the highest value of shear stress was obtained at 5%
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Fig. 6. Relationship between shear rate and shear stress:
(a) ARL-80/100; (b) ARL- 60/70

addition of clay. The result suggests that increasing clay content
increases resistance of the binder to change caused by the shear.

Figure 6b depicts the result of shear stress in the case of ARL-
60/70 asphalt binder. Figure 6b shows an increase in shear stress
by increasing the values of shear rates indicating viscoelastic be-
havior. Similarly to ARL-80/100, the ARL-60/70 binder has the
same trend of shear stress under various shear rate conditions.
The existence of the clay content serves as evidence of increas-
ing its resistance to the shear. The analysis indicated an approx-
imately linear relationship between shear stress and shear rate,
characteristic of viscoelastic materials. However, the modifica-
tion of binder with clay content increases shear stress, resulting
in more complex and non-Newtonian behavior of the asphalt
binder. The addition of clay content into both ARL-80/100 and
ARL-60/70 made the internal structure within the binder more
rigid, rendering it more shear force resistant. The higher shear
stress values achieved indicate more viscoelastic characteristics
of the binder, offering significant resistance to change caused by
external loads.

ARL 80/100 is more susceptible to stiffening as compared
to ARL 60/70, resulting in higher values of the shear stress in
the case of ARL 80/100. Another reason are the intrinsic char-
acteristics of the ARL 80/100 binder. The result demonstrates
the significance of ARL 80/100 in the context of its practical
applications in the field of pavement engineering because of its
higher values of shear stress and resistance to external loads.
Moreover, ARL 80/100 is more sensitive to clay modification
as compared to ARL 60/70.
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3.5. Effect of shear rate on torque

Figure 7a–b shows the impact of shear rate on torque for various
percentages of nano clay in asphalt binder. Figure 7 depicts the
relationship between torque (%) and shear rate (L/s) for both
ARL 60/70 and ARL 80/100 modified by varying concentra-
tions of nano clay content. The torque increases with increasing
the shear rate of ARL 60/70 and ARL 80/100, indicating that for
maintaining shear more energy is required as the rate increases.
The unmodified asphalt binder sample has lower torque as com-
pared to the modified asphalt binder. The 0% nano clay content
in the asphalt binder exhibited lower torque as compared to 5%
nano clay in the asphalt binder. The difference between the val-
ues of torque obtained against different concentrations of nano
clay content indicates that clay content becomes more noticeable
at higher values of shear rate. The increase in concentrations of
nano clay content results in higher torque.
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Fig. 7. Relationship between shear rate and shear stress:
(a) ARL-80/100; (b) ARL- 60/70

Torque was found to increase proportionally with shear rate
for all clay concentrations. Increased torque resulting from in-
creased clay content reflects stronger particle-matrix interaction,
improving stability under heavy traffic. The rotational load re-
quired to sustain the shear rate was considered as torque in this
context. The higher the concentrations of the nano clay, the
higher the rotation, resulting in higher torque. With increasing
the shear rate from 10 to 100 and clay content from 0% to 5%,

a difference of 60% was observed in the torque. The increase in
torques indicates the increase in internal friction and resistance
of asphalt binder. Moreover, the addition of nano clay increases
the torque because of the increase in internal friction of the
binder, leading to resistance against shear and a need for greater
energy.

The processing and functionality of asphalt binders are sig-
nificantly impacted by the increase in torque that occurs with
greater clay content and shear rate. Increased torque suggests
that the binder becomes more difficult to flow, which may have
an impact on the asphalt mix’s general workability, compaction
and mixing. Even though the clay’s increased stiffness and re-
sistance could increase the pavement’s resilience to stretching,
it might also necessitate modifying the techniques used to guar-
antee that the asphalt is mixed and laid properly. The lower
torque values for ARL 60/70 indicate that it may be easier to
work with during processing but may have slightly less resis-
tance to deformation than ARL 80/100, especially when modi-
fied with higher clay content. The higher torque values for ARL
80/100 suggest that it may be more difficult to process, but its
greater shear resistance may make it appropriate for applica-
tions that require increased durability and resistance to severe
loads.

The observed increase in viscosity and torque with 5%
organophilic nano clay indicates greater structural rigidity and
resistance to deformation under shear. These rheological im-
provements are directly associated with enhanced rutting re-
sistance in asphalt binders. Based on comparative rheologi-
cal studies, such modifications can lead to an estimated 25–
35% improvement in rutting resistance, particularly under high-
temperature conditions and heavy traffic loads [11].

4. CONCLUSIONS

This study systematically evaluated the effect of organophilic
nano clay on the rheological behavior of two penetration-grade
asphalt binders (ARL 60/70 and ARL 80/100) under varying
shear conditions. The following conclusions can be drawn:
• Organophilic nano clay enhanced the rheological perfor-

mance of asphalt binders, particularly under low shear con-
ditions, by increasing structural integrity and deformation
resistance.

• The 5 wt% nano clay addition yielded the greatest im-
provement, with significant viscosity gains, and pronounced
shear-thinning behavior, beneficial for high-temperature,
heavy-traffic pavements.

• The improvement is attributed to an intercalated/exfoliated
nano clay network that restricts molecular mobility and
strengthens the bitumen matrix.

• ARL 80/100 showed a greater relative viscosity increase,
while ARL 60/70 maintained broader flexibility and stability
across the shear range.

• The study was limited to binder-level tests at ≥ 135◦C; so
further work is required to assess service-temperature and
mixture-level performance.

Future studies should employ Dynamic Shear Rheometer (DSR)
testing to evaluate viscoelastic performance under PG conditions
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and to assess the long-term durability of nano clay-modified
binders through aging and moisture resistance analysis. In addi-
tion, field-scale mixture evaluations and life-cycle assessments
are recommended to verify practical performance and economic
feasibility.
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