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ABSTRACT 
Emulsion-treated aggregate base layer structure is one of the popular 
choices to form a more stabilized layer, in which aggregates are treated 
with slow-setting bitumen emulsion. The aim of the study is to propose a 
three-dimensional finite element model that is capable of showing the 
potential benefits of using an emulsion-treated aggregate layer. The dam
aging effect of overloading and high temperature in a tropical climatic 
condition on the pavement response have been highlighted in this study. 
The analyses showed that by using an emulsion-treated aggregate layer, 
the rut resistance and fatigue life considerably improve.

HIGHLIGHTS
� Resilient behavior of various mixes at different temperatures has been 

presented.
� Laboratory evaluation of the resilient modulus for pavement design has 

been highlighted.
� A FE-based tire pavement structure is developed to evaluate mechanis

tic response of the asphalt pavement.
� The effect of emulsion-stabilized base on the AC structural performance 

has been discussed.
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1. Introduction

Asphalt concrete (AC) pavement structure are considered as mechanistically complex systems due 
to their composition of different materials and regular interaction with surrounding conditions 
(Helwany, Dyer, and Leidy 1998). Hence, their performance is influenced by parameters such as 
material properties, loading conditions, and environmental factors. In emerging economies like 
India, the surface layer of AC pavement is recognized as bituminous concrete (BC) and stone 
mastic asphalt (SMA) as a popular choice for pavement construction compared to open-graded 
friction course (OGFC) (Ghosh, Padmarekha, and Krishnan 2013). The reason could be mainly 
because the road construction agencies are uncertain about the reliability of OGFC (a relatively 
new technology in the Indian market) (Akarsh et al. 2022). The Ministry of Road Transport & 
Highways (MoRTH) specifications (MoRTH 2013) categorize BC based on their aggregate sizes. 
The first category, BC-1, is classified with a nominal aggregate size of 19 mm, whereas the second 
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category, BC-2, is classified with a nominal aggregate size of 13.2 mm. Similar to BC, MoRTH 
(2013) categorizes SMA-1 with a nominal aggregate size of 13 mm and SMA-2 with a nominal 
aggregate size of 19 mm. These different mixes are known to exhibit relatively different mechan
ical properties under varying surrounding conditions. Therefore, understanding the characteristics 
of these mixes under applied load and environmental factors is crucial for performance-based 
design.

Understanding the behavior of these asphalt mixes is key to achieving the expected lifespan. 
Uncertainties (like material response to traffic loading subjected to different environmental condi
tions) during the mix design phase can lead to significant errors in lifespan estimation. To reduce 
the risk of early failures in asphalt pavements, Indian road agencies require these asphalt mix 
samples to be tested under controlled laboratory conditions. The resilient modulus (Mr) values, 
which represent the stiffness of the mixture, are one of the recommended parameters for per
formance-based design (IRC 36-2018 2018). The Mr values are obtained through the elastic recov
ery principle via indirect tensile strength (ITS) using a Dynamic Testing System setup (Karami 
et al. 2018). Since the Dynamic Testing System setup is expensive, it is still out of reach for many 
research laboratories in emerging economies like India. To address this issue, Indian Road 
Congress (IRC) (IRC 36-2018 2018) prescribes Mr values for BC mixes at different test tempera
tures, which IRC obtained based on extensive laboratory and field-testing data. However, Mr val
ues, as suggested by several researchers (Venudharan and Biligiri 2015; Karami et al. 2018), vary 
significantly with the choice of ingredients and their proportions at different temperatures. 
Hence, IRC (IRC 36-2018 2018) recommends Mr values of BC mixes at some prescribed temper
atures. However, it does not provide any recommendations for SMA mixes. In cases where either 
SMA is used or temperature conditions significantly differ from the specified temperatures on 
which Mr values of others mixes are provided by IRC (IRC 36-2018 2018), further exploration of 
pavement performance design evaluation is often necessary (assuming a laboratory test for Mr 
could not be performed).

Pavement performance design is traditionally carried out by evaluating the structural responses 
such as stress, strain, and deformations of the pavement system (Zhang et al. 2020). Several past 
literature studies (Khan et al. 2013; Gupta, Kumar, and Rastogi 2015; Ranadive and Tapase 2016) 
discuss the structural responses of the Indian pavement system, however, considering standard 
axle load on conventional unbound granular layers. Limited study on effect of base or subbase 
layer stabilization on pavement performance is available. As per current design practices in India, 
the Mr values are used as an important input parameter for the mechanical characterization of 
the asphalt mixes. The Mr values of SMA mixes are not available in the design guidelines, implies 
that the pavement responses for SMA considering Mr value is still a topic of research. Hence, in 
this research focus is given to develop a finite element-based framework which is capable of 
studying the response of pavement system considering the SMA layer also with different thermal 
resilient behavior considering the conventional base layer. This framework can address the chal
lenges of material characterization, interface friction, loading, and other complicated issues related 
to environmental inputs which is not possible to incorporate through analytical solutions. 
However, other challenges related to construction activities like requirement of aggregates at large 
scale needs special attention in today’s context (considering growing scarcity of natural sources).

In modern days, scientists are putting their effort to minimize the use of virgin natural resour
ces (Bocci et al. 2010; Grilli et al. 2016; Chhabra, RN, and Singh 2022; Andrews, Radhakrishnan, 
Koshy, Chowdary, et al. 2023; Andrews, Radhakrishnan, Koshy, and Prasad 2023; Anupam et al. 
2023). Since in pavement construction, good quality aggregates are required in the top layer (AC 
layer), saving aggregate quantity in this layer will ultimately result in reduction of natural resour
ces. However, an immediate question is the cracking of stabilized base under repeated load and 
temperature variation which has not been taken into account and will be considered in future 
study with dense graded asphalt mixes. Researcher (Dias, N�u~nez, and Fedrigo 2024) in past have 

2 A. KUMAR ET AL.



studied gap-graded mixes as wearing course over a permeable cold bituminous emulsion mix to 
limit crack reflection. The emulsion stabilized materials have also been used as overlay to limit 
excessive elastic deformation and rutting (Dias et al. 2023). The actual benefit and cost analysis is 
beyond the scope of this article. In India, research is being carried out to develop stabilized base 
layer (Chhabra, RN, and Singh 2022; Andrews, Radhakrishnan, Koshy, Chowdary, et al. 2023; 
Andrew, Radhakrishnan, Koshy, and Prasad 2023; Shukla et al. 2023) which should effectively 
increase the overall strength of the structure. Base stabilization is often carried out using emulsion 
and active fillers (Chhabra, RN, and Singh 2022; Andrews, Radhakrishnan, Koshy, Chowdary, 
et al. 2023; Andrews, Radhakrishnan, Koshy, and Prasad 2023). This increase in overall strength 
could ultimately be utilized to reduce the thickness of the AC layer, still meeting the design 
requirements. Such a reduction in the thickness of the AC layer could lead to a reduction of vir
gin aggregates and develop more economical and sustainable design practices. Literature studies 
show that there has been limited research regarding the above-mentioned aspect within IRC 
design specifications (IRC 37-2012 2012). Hence, in this research, the proposed finite element 
(FE)-based framework will be utilized to understand the effect of base stabilization on the reduc
tion of top layer thickness.

As discussed in the previous section, the use of virgin natural resources is seen as a major con
cern in India due to limited access and environmental related issues. Early failures of asphalt 
pavement often led to the utilization of these resources during reconstruction/maintenance activ
ities. One of the major causes as identified by researchers (Pais, Amorim, and Minhoto 2013; 
J�unior et al. 2020; Abadin and Hayano 2022) is overloading of the pavement structure than the 
design loading. Although certain road agencies have adopted some measures to limit overloading, 
still it prevails in many road sections. An immediate approach to limit the severity of the damage 
could be to provide leverage in the pavement layer with minimum cost. Past literature (De Beer 
and Grobler 1994) concluded that, stabilized base treatment results in an increase in stiffness of 
about 300% during the first 10 months. An increase in layer stiffness may allow for higher tire 
loading as compared to the conventional base layer. This can provide limited leverage against 
overloaded vehicles.

As discussed in the above paragraphs, the main objective of this research is to propose a FE- 
based tire-pavement interaction framework which is capable of assessing the structural behavior 
of different pavement systems considering various mixtures and different materials for the base 
layer. It is noted that the proposed model is versatile which can be recalibrated to the require
ments of different road research agencies of the world. The mechanical characterization of 
unbound granular layers is done by Mr and Poisson’s ratio in the FE model as input parameters. 
Since, the commonly adopted circular contact area of uniform pressure distribution may not 
accurately reflect real field conditions, an actual solid tire was modeled at the tire-pavement inter
face. Recent studies (Lu et al. 2019) have explored 3D finite element model using X-ray computed 
tomography to study the mechanical response of asphalt pavement under real tire’s stress distri
bution. De Beer, Fisher, and Jooste (2002) quantified several pavement response parameters using 
nonuniform contact stresses at different asphalt moduli. The response data were later bench
marked with multi-layered linear elastic theory. However, to the best of authors’ knowledge, none 
of the existing studies focused on developing an FE-based framework which is capable of evaluat
ing the impact of a stabilized base on the reduction of AC layer thickness and providing leverage 
for the overloading under nonuniform loading conditions.

2. Scope of the study

In order to achieve the objectives as discussed in Section 1, the following research scopes 
were set:

MECHANICS BASED DESIGN OF STRUCTURES AND MACHINES 3



a. A three-dimensional AC pavement and solid tire for loading have been modeled to study the 
mechanistic response of the pavement subjected to different loading conditions. The analysis 
was carried out at different tire loads of 20, 25, 30, 35, and 40 kN. The structural response of 
the pavement in terms of stress, strain, and deformation has been evaluated and discussed at 
three different test temperatures of 25, 35, and 45 �C.

b. Four different mixes, BC-1, BC-2, SMA-1, and SMA-2 have been used to study the effect of 
aggregate gradation and binder content on the structural response of the AC pavement. 
These mixtures are popular choices in Indian road construction. The selection of test temper
atures is based on the highest temperature rise during various seasons in India.

c. A finite element-based framework has been developed that can study the effect of base layer 
stabilization on the critical mechanistic parameters, vertical compressive strain at the top of 
the subgrade (Ez) and horizontal tensile strain at the bottom of the AC layer (Et). The bene
fits of base stabilization in terms of reduction in AC layer thickness and allowance for over
loading have also been highlighted.

3. Description of the material properties

In this research, silty soil was considered as subgrade soil because it shares approximately 46% of 
the Indian soil landscape. The swelling index of the used soil sample was found to be 13%, which 
falls well within the specified maximum limit of 50% as per IS (IS 2720 – Part 40 1997). When 
tested in accordance with the standard (IS 2720 – Part 8 1994), the maximum dry unit weight 
was found to be 17.91 kN/m3, which is higher than the minimum specified limit of 17.5 kN/m3. 
The subsequent subsections will discuss the physical characteristics of binder and aggregates used 
in this research.

3.1. Properties of asphalt binders

In the present research, a viscosity graded binder, VG-40 was used with an absolute viscosity of 
4480 Poise at 60 �C which falls within the specified limit of 3200 to 4800 Poise (IS 1206 1978). It 
is a common choice for the construction of major roadways such as national highways and 
expressways in India expecting a load repetition of more than 30 million standard axle (Mittal 
et al. 2018). It is highlighted that the VG-40 binder is particularly effective in areas where the 
traffic load and maximum pavement temperature is high. The use of VG-40 binder is recom
mended when maximum pavement temperature falls between 58 and 76 �C and traffic load is 
� 20 msa (millions of standard axle). The use of VG-40 binder can be further extended subjected 
to a maximum of 50 msa traffic load with revised maximum pavement temperature of 64 �C 
(MoRTH 2013). The binder properties were assessed before using it in the sample preparation as 
shown in Table 1. As per Indian specifications (IS 73 2013), binders are classified based on vis
cosity, and there are no specific test protocols or specifications for performance grading and con
tinuous grade at higher temperatures (Singh, Gupta, and Miljkovi�c 2023). Therefore, ASTM 
guidelines (ASTM D 6373 XXXX) were followed to evaluate the rheological characteristics using 
a dynamic shear rheometer.

3.2. Physical properties of aggregates

In this research, Granite (a siliceous aggregate) was used for the preparation of bituminous mix 
samples. Granite is frequently used in the preparation of flexible pavements in India. Prior to the 
preparation of the mix, the physical properties of the aggregates were examined, as shown in 
Table 2. As per the MoRTH (2013) guidelines combined flakiness and elongation index, abrasion 
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value, and impact value test of aggregates has been conducted to check the suitability of its usages 
in various layers of the AC pavement.

3.3. Properties of asphalt concrete mix

Since, BC and SMA are common mixture types used in pavement construction, samples of BC-1, 
BC-2, SMA-1, and SMA-2 were prepared in the laboratory. Figures 1(a)–1(d) show the gradations 
of aggregates that were used for the preparation of the asphalt mixtures as per the per MoRTH 
(2013) guidelines. As can be seen from the figures, the target gradations selected for all the mixes 
fell within the maximum (upper bound) and minimum (lower bound) prescribed limits. Mixture 
samples were prepared following the Marshall mix design procedure (Singh, Gupta, and Miljkovi�c 
2023) as recommended by the Indian specification (IRC 111 2009). The optimum binder content 
and other volumetric properties are given in Table 3. Similar to the practice adopted in field, 
SMA mixes were stabilized with 0.3% of pelletized cellulose fibers by weight of the total mix. As 
given in Table 1, the obtained values of binder properties were found within the specified limits 
of MoRTH (2013).

The OBC of SMA-1 was found highest among all four mixes considered in this study as it is a 
gap graded mixture with stone-to-stone contact of coarser aggregates and relatively lesser fine 
contents (20%–30% passing 2.36 mm IS sieve). The high binder content mastics composed of fine 
aggregates, fillers, asphalt binder, and stabilizing additives fills the voids and provides durability 
to the mix.

As shown in Fig. 1, SMA-1 and SMA-2 are relatively gap graded mixture as after 4.75 mm, 
only 9.5- and 13.2-mm particles are available in the aggregate gradation. Also, few sizes finer 
than 2.36 mm are missing in SMA gradations. However, BC are considered as dense graded mix
ture as almost every size of aggregate is present.

3.4. Properties of emulsion and stabilized aggregates

ETA is a cold mix base layer stabilization technique in which recycled aggregates or virgin aggre
gates are treated with slow-setting (SS) asphalt emulsion (P�erez, Medina, and del Val 2013; 
Chelelgo, Abiero Gariy, and Muse Shitote 2018; Andrews, Radhakrishnan, Koshy, Chowdary, 
et al. 2023). These emulsions are normally prepared by mixing water (25–60%), bitumen (40– 
75%), and emulsifier (0.1–2.5%) (Baghini et al. 2017). ETA is gaining popularity in India as it sig
nificantly improves cohesion and moisture resistance (Southern African Bitumen Association 

Table 1. Specification limit and physical properties of asphalt binder.

Properties Values obtained Test method Specified limit Status

Penetration value at 25 �C, 0.1 mm 41 IS 1203 (2022) 35 (min) Accept
Absolute viscosity at 60 �C, Poises 4480 IS 1206-Part 2 (1978) 3200–4800 Accept
Softening point, �C 54 IS 1205 (1978) 50 (min) Accept
High-temperature continuous grade, �C 77.2 ASTM D 6373 (XXXX) Not available Not available
High-temperature PG, �C 76 ASTM D 6373 (XXXX) Not available Not available

Table 2. Specification limits and physical properties of aggregates.

Properties
Combined flakiness and 

elongation index Abrasion value Impact value

Specification limit Max 35% Max 40% Max 30%
Test protocol IS:2386-Part I (IS 2386-1 1963) IS:2386-Part IV (IS 2386-4,1963) IS:2386-Part IV (IS 2386-4 1963)
Test results 19% 16.8% 14.6%
Status Accept (within spec.) Accept (within spec.) Accept (within spec.)
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(Sabita) 2002) due to the presence of thin bituminous film around the aggregates (Southern 
African Bitumen Association (Sabita) 2002). Since, granite aggregates are suitable for cationic 
asphalt emulsion, thus, SS-2 which is specially designed water-based bitumen emulsion with low 
viscosity and extended setting time was used in this study. Table 4 summarizes the properties 
and specification limits for SS-2 bitumen emulsion as per the guidelines of IS 8887 (2004).

Slow setting bitumen emulsion of cationic nature are generally used with the aggregates 
having high surface area to provide better coating and curing characteristics. The gradation of 
the aggregate used in this research is shown in Fig. 2, whereas, other technical details of 
ETA are shown in Table 5. In this research, the optimum fluid content (OFC) required for 
preparing the ETA mix was estimated as per the IRC guidelines (IRC 37-2012 2012). The SS- 
2 emulsion type, 4% by weight of the mix and 1% cement as the active filler was used to 
stabilize the aggregate base layer. The Mr value of ETA was obtained using the IT pulse 
modulus test (ASTM D 4123 1995).

Figure 1. Specification limits and target (a) gradation of BC-1, (b) gradation of BC-2, (c) gradation of SMA-1, and (d) gradation of 
SMA-2.

Table 3. Volumetric properties of various mixes obtained from Marshall mix samples.

Mix type Binder OBC (%) Gmb Gmm Air void (%) VMA (%) VFB (%) Stability (kN) Flow (mm)

BC-1 VG 40 5.52 2.376 2.374 4.271 13.123 67.457 15.684 3.240
BC-2 VG 40 5.70 2.414 2.470 3.887 13.195 70.546 14.216 3.196
SMA-1 VG 40 6.24 2.358 2.458 4.055 19.342 79.034 09.687 3.864
SMA-2 VG 40 5.52 2.376 2.374 4.271 13.123 67.457 15.684 3.240
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As shown in Fig. 2, the fine aggregates (<2.36 mm) in ETA constitutes 36% of the total 
weight which is significantly higher than in case of SMA-1 and SMA-2 (only 20%). However, BC 
mixes, specifically BC-2 has higher fine aggregate content (50%) than other asphalt mixes 
and ETA.

The selection of test temperature of 35 �C for resilient modulus test is based on the average 
annual pavement temperature in India as specified by the IRC (IRC 36-2018 2018). The tempera
ture variation across the depth has not been considered in this study.

3.5. Moduli tests of asphalt mixtures

In this research, stiffness of asphalt mix samples was measured using Mr tests based on ITS 
peak load value using Dynamic Testing System (Karami et al. 2018; Usman and Masirin 
2019; Singh and Gupta 2024). Mr was used in this research because it is a widely accepted 
method for characterizing bituminous mixtures (ASTM D 7369 2011). The Mr test was preferred 
because several measurements can be taken on the same specimen (Munoz et al. 2015) reducing 
the specimen-to-specimen variability. The samples were prepared with air voids of 7 ± 0.5%. The 
required voids were achieved by reducing the number of blows from 75. The samples were 

Table 4. Properties of SS-2 bitumen emulsion.

Properties Specification limits Values obtained

Residue on 600 micron IS sieve Max 0.05% 0.02%
Viscosity at 25 �C (Saybolt viscometer) 30–150 s 42 s
Storage stability after 24 h Less than 2% 0.6%
Particle charge Positive Positive
Residue by evaporation Minimum 60% 68%
Penetration at 25 �C/100 gm/5 sec 60–120 (1/10th of mm) 95
Ductility at 27 �C Minimum 50 cm >50 cm
Solubility in trichloroethylene Minimum 98% >98%

Figure 2. Aggregate gradation adopted for emulsion-treated aggregate stabilization.

Table 5. Emulsion-treated aggregate mix properties.

ETA properties Obtained values Test protocol

Optimum fluid content 6.4% IRC 37-2012 (2012)
Maximum dry density 2.12 g/cc
Emulsion type SS-2 Not available
Emulsion dosage 4% IRC 37-2012 (2012)
Cement content 1%
ITS (14 days) 232 kPa ASTM D 6931 (2017a)
Resilient modulus at 35 �C 860 MPa ASTM D 4123 (1995)
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conditioned at test temperature for 4 h prior to testing. The conditioning period was 100 cycles 
and the Mr was calculated as average of the last five cycles of sequence 1 loading. The tests were 
repeated at three different temperatures of 25, 35, and 45 �C. A 10% of peak load (failure load) 
obtained from the ITS test (ASTM D 6931 2017b; Kumar et al. 2024) was used for Mr tests. The 
results of Mr values obtained for various asphalt mixes at different test temperatures are shown 
in Table 6.

The resilient modulus of SMA mixes, specially SMA-2 was found lesser at lower temperatures 
as compared to BC mixes; however, these are stiffer mixes at relatively higher temperature. 
Elastic recovery in SMA mixes in Mr test was found significantly lower than BC mixes at higher 
temperatures.

3.6. Material characterization of unbound granular layers

Aggregates and soil, treated as unbound granular materials (UGMs) are used in the base, subbase, 
and subgrade layers of the asphalt pavement, serving a crucial role in load distribution. The shear 
resistance of aggregate skeleton through interlocking of particles gives the bearing capacity to 
UGMs. UGM’s response to cyclic loading is not purely elastic, and some plastic deformation 
occurs in each cycle. The strain induced in each cycle comprises an elastic strain and a plastic 
strain. The elastic part of the strain is recoverable on unloading, while the plastic part is perman
ent. These materials under repeated load, exhibit nonlinear stress-dependent behavior. Stress- 
dependent behavior of materials used in unbound granular layers is generally evaluated using the 
repeated load triaxial compression testing. It requires advanced test apparatus like Dynamic test
ing system (DTS) or Universal testing machine (UTM) to conduct repeated load triaxial testing 
which is not readily available in many research laboratories in growing economies like India 
(Singh, Behl, and Dhamaniya 2022). In absence of it, material characterization of base, subbase, 
and subgrade layers has been primarily based on the CBR values of the supporting soil layer. 
Hence, material properties of these layers were evaluated using Mr values. The Indian design 
code IRC (IRC 36-2018 2018), prescribes empirical relations (Eqs. (1)–(3)) for calculating the Mr 

values of various unbound layers.

Mrs ¼ 10� CBR for CBR � 5% (1) 

Mrs ¼ 17:6� CBRð Þ
0:64 for CBR > 5% (2) 

where Mrs is resilient modulus of the soil in subgrade layer (MPa). As recommended by IRC 
(IRC 36-2018 2018), the unbound aggregate layers were treated as a single layer, hence, a com
bined modulus value was attributed. The Mr of this granular layer was then calculated based on 
the combined thickness and the modulus of the subgrade layer.

Mr granularð Þ ¼ 0:2� hð Þ0:45
�Mrs (3) 

where Mr(granular) is the combined resilient modulus of the base and subbase layer, measured in 
MPa, h is combined thickness of these layers, and Mrs is resilient modulus of the subgrade layer. 

Table 6. Resilient modulus (MPa) of AC mixes at different test temperatures.

Mix type

Mix temperature (�C)

25 35 45

BC-1 2992 1826 618
BC-2 3373 2241 709
SMA-1 3134 1449 852
SMA-2 2809 1065 702
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Material properties of the subgrade, base, and subbase layers used in this study are presented in 
Table 7.

4. FE modeling of tire-pavement system

Performing research studies in field is generally labor intensive, time-consuming, and expensive. 
Due to advancements in computational facilities in modern days, properly calibrated FEM tools 
have proven to be a good alternative (Kumar et al. 2023). In this research, to simulate the effect 
of base stabilization via ETA, loading conditions, mix behavior, and layer thickness on pavement 
response, a three-dimensional FE model of tire-pavement system using solid tire and deformable 
AC pavement was developed in this study. The tire was modeled to consider nonuniform contact 
stress distribution at the tire-pavement interface. The layer interaction properties (friction formu
lation) can also be defined in the FE simulation. These complexities (nonuniform loading and 
layer interactions) cannot be handled using analytical solutions of asphalt pavement. The follow
ing subsections present a brief description of the FE modeling technique.

4.1. FE modeling of pavement layers

In the developed FE model, all the pavement layers were assumed to be linear elastic material. 
The advantages of using linear materials are two-fold. Linear elastic assumption significantly 
reduces the total computation time. Moreover, the current design practices in many developing 
nations are based on linear elastic theories, hence the interpretation of data will be easier for 
practitioners and researchers. A conventional asphalt pavement system with four layers, AC 
(wearing and binder course), granular base, subbase, and compacted subgrade layer over natural 
formation was modeled. In this study, Penalty friction formulation has been considered to define 
the interaction between layers. It makes the simulation more realistic. The friction coefficient at 
the interface of the various layers has been determined using Newton’s inclined plane test. In this 
test, sample specimen of unbound granular layers is compacted at maximum dry density and 
optimum moisture content while asphalt samples are compacted at design air void. In this test, 
the two samples between which friction coefficient need to be calculated is marked as lower and 
upper layer samples. For example, in the computation of friction coefficient between subgrade 
and subbase layer samples, subgrade samples will be marked as lower surface whereas subbase 
sample will be marked as upper layer. The lower layer sample as they are laid in the field is glued 
to a fixed platform and the upper layer sample is kept over it to move freely. The inclination of 
the platform is kept on increasing slowly till the moment where upper layer sample starts slipping 
over the lower layer sample. This inclination is noted and tangent of it is recorded as friction 
coefficient at the interface of the two layers. This method has certain limitations as slipping of 
one layer over the other starts in field under the cyclic loading which has not been simulated in 
this test. This test may produce friction coefficient values on the conservative side in absence of 
loading. The other limitation is the lower layer is fixed with the platform which is not allowed to 
slide over it, however, in field, no layer is completely fixed. So, relative movement of the fixed 
layer in contact has been ignored. However, this test is easy, convenient, and fast to provides a 
fair idea of friction between the two surfaces in contact. The details of measured friction 

Table 7. Material properties of subgrade, subbase, and base layers.

S no. Pavement layers Thickness (mm) CBR (%) Mr (MPa) t

1 Subgrade layer 500 10.80 80 0.35
2 Subbase layer 350 N.A. 295 0.35
3 Base layer 300 N.A. 295 0.35

Note: N.A.: not applicable
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coefficient at the interface of various layers have been shown in Table 8. The friction coefficient 
at the interface of base (WBM/ETA) and asphalt layer has been obtained after the application of 
SS-1 emulsion as prime coat at the rate of 10 kg/10 m2 area over the base layer. The application 
of prime coat is based on the guidelines of IRC: SP 100 (use of cold mix technology in construc
tion and maintenance of roads using bitumen emulsion).

The roughness of granular subbase layer was found highest among all the given layers hence a 
higher friction coefficient at conventional base-subbase interface was found compared to other 
interfaces. The simulation of layer interaction properties makes FE based analysis more realistic 
which is not possible in analytical methods.

4.2. FE modeling of test tire

The current design method of AC pavement assumes a circular contact area and uniform dis
tribution of vehicle load, which could significantly differ from the actual field conditions 
(Dwyer-Joyce and Drinkwater 2003; Jiang et al. 2019). The assumption is used because it sim
plifies the calculation in pavement analysis. However, it is difficult to explain the behavior of 
distresses in AC pavement gradually developing from the surface under heavy vehicles using a 
simple uniform loading in FE analysis (De Beer, Fisher, and Jooste 2002; Siddharthan et al. 
2002; Jiang et al. 2019; Oubahdou et al. 2021). Therefore, it is necessary to consider nonuni
form contact stress distribution in the FE model (Wang and Al-Qadi 2010). A three-dimen
sional test tire was modeled to simulate the complex stress distribution over the loading area. 
Solid tire in India is generally used in forklift trucks and construction equipment. Solid tires 
are more popular in heavy-duty vehicles due to their ability to withstand excessive loads and 
operational capability in harsh environments (Phromjan and Suvanjumrat 2018). It is also 
easy to evaluate the material properties of solid tire as it consists of single rubber material. 
For modeling tire rubber, the suitable hyper-elastic material model was obtained using rele
vant tensile test data and a curve fitting approach (Premarathna et al. 2020). Hyper-elastic 
models are generally used to calculate elastomer’s properties that respond elastically when sub
jected to large deformations (Li, Liu, and Frimpong 2012). These material models are 
expressed in the form of polynomial functions. The generalized strain energy density function 
for incompressible materials is explained as shown in Eq. (4).

U ¼ U Fð Þ − P J − 1ð Þ (4) 

where J is determinant of the deformation gradient matrix and U(F) can be expressed as shown 
in Eq. (5):

U Fð Þ ¼ U I1, I2, I3ð Þ ¼ U k1, k2, k3ð Þ (5) 

where I1, I2, and I3 are the first, second, and third strain invariant and k1, k2, and k3 are the pri
mary elongation (Hossain and Steinmann 2013). The Yeoh hyper-elastic material model was 
selected using the curve fitting method to describe the mechanical behavior of test tire rubber. 
The constitutive Yeoh model for compressible rubber is presented in Eq. (6).

Table 8. Layer interaction properties (friction coefficient) at the interface.

S No. Surface in contact Sliding angle Friction coefficient

1 Asphalt concrete – conventional base (WBM) 33.82o 0.67
2 Asphalt concrete – stabilized base (ETA) 31.38o 0.61
3 Conventional base (WBM) – subbase 35.75o 0.72
4 Stabilized base (ETA) – subbase 32.21o 0.63
5 Subbase – subgrade 27.47o 0.52
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W ¼
X3

i¼0
C10 I1 − 3
� �i

(6) 

where W is the strain energy density function, I1 is the first principal invariant and C10 is the 
material constant. The material constant C10 is interpreted as half the initial shear modulus. 
Table 9 shows the material model constants used in the analysis.

4.3. FE modeling of tire-pavement interaction

In this research, the developed model uses contact approaches as proposed by previous research
ers (Anupam et al. 2021; Premarathna et al. 2021). As a first step, the contact between the two 
interacting surfaces of tire-pavement bodies is defined (Shoop 2001). Both the surfaces (tire and 
pavement) are considered as deformable, the tire being considered a slave surface whereas the 
pavement surface was considered a master surface. A finer mesh in the tire region was considered 
as nodes on the slave surface were not allowed to penetrate the master surface. The interfacial 
contact was defined using the Penalty function (see Eq. (7)) and a tangential contact was defined 
using the Coulomb friction model as shown in Eq. (8). More details about the contact formula
tion can be found elsewhere (Wang, Al-Qadi, and Stanciulescu 2012).

Fn ¼
SnC C � 0
0 C > 0

� �

(7) 

Ft ¼ Std
e (8) 

where Fn is the normal interaction force, Ft is tangential interaction force, Sn and St are normal 
and tangential contact stiffness respectively, C is the clearance value of the node in contact rela
tive to the target surface, and de represents elastic deformation of the contact node relative to the 
target surface.

4.4. Description of element type and boundary conditions

Pavement depth is considered to be 6 m in vertical direction (-z) to represent the semi-infinite 
layer below the compacted subgrade as shown in Fig. 3. The eight-node hexahedral brick element 
was considered to model pavement layers. A higher number of elements (fine meshing) closer to 
the loading area and a lesser number of elements (relatively coarser mesh) away from the loading 
area were considered as shown in Fig. 3. The friction coefficient between pavement surface and 
tire is kept 0.35 as considered in past studies (Gupta et al. 2021). The element size in AC layer 
closer to loading area is kept 30 mm � 30 mm while it is 70 mm � 100 mm away from the load
ing area. In lower layers of the pavement, element size is kept 30 mm � 100 mm closer to loading 
area while 70 mm � 100 mm away from the loading area. The element size of the outer surface 
of solid tire is kept 15 mm � 15 mm in this study.

To simulate realistic field constraints, elements in the longitudinal direction (4 m) of AC pave
ment were kept free to move. The elements in the transverse direction (2 m) were constrained 
(fixed boundary) as it is supported by the shoulder area. Movement of all the nodes in the 

Table 9. Coefficients of material model for solid tire.

Material Coefficient (MPa)

Rubber C10 C20 C30
0.684 −0.022 0.007
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vertically downward direction was allowed. The bottom elements of natural foundation were fixed 
in all degrees of freedom as stress to this depth generally subsides to zero.

4.5. Validation of the model

To check the accuracy of the model, the FE model of tire-pavement system was validated using 
responses obtained from 3D Move Analysis (Nasimifar, Thyagarajan, and Sivaneswaran 2017) 
software. The contact area corresponding to different tire loads and maximum vertical deforma
tions in the AC layer were selected as response criteria. The FE simulations were carried out con
sidering BC-2 mix (E¼ 3000 MPa and t¼ 0.35) with a conventional base (WBM) layer with the 
identical input parameters of 3D Move Analysis (Nasimifar, Thyagarajan, and Sivaneswaran 
2017). The considered material properties of unbound granular layers were obtained from labora
tory testing as shown in Table 7. Figure 4 shows a comparison of the predicted contact area and 
maximum AC deformations under different loading levels.

As shown in Fig. 4, a good agreement was found between the results obtained from 3D 
Move Analysis and the proposed FE model. A maximum difference of 5.87% in the estimated 
contact area from the two methods as shown in Fig. 4(a) was found. As shown in Fig. 4(b), a 
maximum difference of 5.37% in maximum vertical deformation was found. The average differ
ence in contact area was found to be 3.39% while 2.61% for maximum deformation. Considering 
the apparent difference between FE and 3D Move software, the difference can be taken as rela
tively small.

5. Results and discussion

The pavement performance during its intended design life depends on a number of factors 
like materials used in various layers, loading conditions, and environmental conditions. The 
use of suitable materials especially in the AC layer is important as highest portion of the 
stress is absorbed in this layer itself. Other than the mixture properties, temperature and 

Figure 3. Solid tire loading and meshing.
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loading conditions are other important factors for the pavement design. Hence, in the first 
stage of the simulation, the validated FE model (see Section 4.5) was utilized to study a 
standard pavement cross-section. The effect of different tire loads (including over-loading), 
mixture type, temperature, and layer thicknesses on the structural response was analyzed. The 
data obtained from these simulations were used for the relative comparisons. In the second 
stage of the simulation, the base layer was replaced with the ETA layer to study the effect of 
emulsion-treated base on pavement responses. The goal of the second stage of the simulation 
was to check if the ETA stabilization technique can help in the reduction of top-layer and 
conventional base thickness without compromising pavement performance. Since, rutting and 
fatigue is a common distress type, the performance of the pavement was evaluated considering 
these two. Subgrade rutting and AC fatigue life were calculated on the basis of empirical rela
tions (Eqs. (9)–(11)).

These relations (Eqs. (9)–(11)) are calibrated for evaluating design life considering unbound 
granular layers. The design code in India (IRC:37) also provides separate models for fatigue dam
age analysis in cement treated base (CTB). However, there is no separate guidelines (performance 
model) available for finding design life of asphalt pavement in case of emulsion stabilized base. 
The transfer function used for the evaluation of asphalt fatigue life is valid and can be used in 
emulsion stabilized base also as no practical variations are observed with the change in lower 
layer stiffnesses. In practice, these transfer equations as stated above are being used with emulsion 
stabilized base also. However, extensive field and laboratory test data is required to develop a reli
able model in this case.

The models given by Eqs. (9)–(11) has been prescribed for 90% reliability in IRC (IRC 36- 
2018 2018). The reliability is considered as the probability that pavement will actually perform at 
or above the estimated performance level. These guidelines recommend 90% reliability perform
ance equations for all important roads like expressways, national highways, state highways, and 
urban roads. For other categories of roads, 90% reliability equations are used for design traffic of 
20 msa or more. For design traffic of less than 20 msa, 80% reliability performance models can 
be used as specified in IRC (IRC 36-2018 2018). The outcome of the simulations could be of par
ticular interest to the policy makers as currently no design guidelines are available. For ease of 
understanding, the results are summarized in the following subsections.

NR ¼ 1:41� 10−8 1
ez

� �4:5337

(9) 

where NR is rutting life of subgrade (measured as cumulative equivalent number of 80 kN stand
ard axle load served by pavement before the rut depth of 20 mm or more) and Ez is the vertical 
compressive strain at the top of the subgrade layer.

Figure 4. Variation of (a) contact area and (b) maximum deformation in AC layer with different tire loads.
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Nf ¼ 0:5161� C � 10−4 1
et

� �3:89

�
1

Mr

� �0:854

(10) 

C ¼ 10M and M ¼ 4:84
Vbe

Va þ Vbe
− 0:69

� �

(11) 

where Nf is fatigue life of asphalt layer (cumulative equivalent number of 80 kN standard axle 
load served by pavement before the critical cracked are of 20% or more), Vbe is percent volume 
of effective binder in the mix, Va is air void in the mix (%), Et is the horizontal tensile strain at 
the bottom of AC layer, and Mr is the resilient modulus of the AC mix. NR and Nf have been 
evaluated in millions of standard axle (msa) load repetitions.

5.1. Structural response of asphalt pavement considering conventional base layer

This section discusses effect of critical parameters like loading, types of asphalt mixes, thicknesses 
of various layers, and environmental conditions like temperature on the structural response of 
asphalt pavement considering conventional base layer (WBM). These parameters (load, material 
properties, and temperature) have significant role in pavement damage and have been intention
ally considered in this analysis. In later section, role of emulsion stabilized base will be analyzed, 
these results can be used as reference to understand potential benefits of stabilization.

5.1.1. Effect of loading
In line with the research scope, the effect of heavy vehicles (single, tandem, and tridem axle) on 
the structural response of the pavement was studied using conventional WBM as base layer. The 
maximum permissible axle weight in India for single, tandem, and tridem axle varies from 3 to 9 
tonnes i.e., per axle (30 kN to 90 kN). However, the standard axle load considered for pavement 
analyses as per IRC (IRC 36-2018 2018) recommendations is 80 kN. For simplicity, the load can 
be considered as evenly distributed, hence, half of the loads (40 kN) were considered as single-tire 
load. Input parameters of the FE model (see Fig. 3) such as Mr and t of the unbound layers are 
given in Table 7, while material properties of BC-2 used as top layer in the pavement is provided 
in Table 6. The Poisson’s ratio is considered as 0.35 for BC-2 as specified by IRC (IRC 36-2018 
2018). The effect of an increase in tire loading on pavement responses, vertical deformation, Ez, 
Et, rz, and rt are shown in Figs. 5(a)–6(d) respectively. The vertical compressive stress (rz) and 
tensile stress (rt) were evaluated at z¼ 150 mm. To make ease of understanding, the data of 
Fig. 5 is presented in tabular form with their respective % changes in Table 10. All the changes 
in deformations, Ez, and Et values at various load levels as shown in Table 10 is with respect to 
20 kN load.

As shown in Fig. 5(a), the vertical deformation decreases with an increase in the pavement 
depth and increases with an increase in the tire load. Maximum vertical deformation is observed 
at the pavement surface (directly below the tire load) as stress is highest at this point and grad
ually decreases with the pavement depth as stress disperses to larger area. An increase in vertical 
load from 20 kN to 25 kN results in an increase of 21.87% in vertical deformation in the AC layer 
(see Table 10). It is further observed that the effect of the increasing load is more significant in 
the upper layers of the pavement as the load is directly coming over the top surface and reduces 
significantly after the AC layer.

As shown in Fig. 5(b), the variation of vertical compressive strain, Ez with depth was found to 
vary non-linearly. Initially, the strain Ez was found to increase with depth until a critical point is 
reached. After the critical location (z¼ 200 mm), a sharp decrease is observed till the subbase-sub
grade interface (z¼ 800 mm). The observed behavior is similar to the findings of past research 
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studies (Pan et al. 2021; Yao et al. 2021). The slope change at the interface may be due to a sig
nificant reduction in stress at that point.

As shown in Fig. 5(c), it was found that an increase in vertical load affects Ez more promin
ently than Et. It was found that for an increase of 5 kN load from 20 kN to 25 kN, Ez increases 
by 24.25% while Et increases by 14.23% for the same increment in load (see Table 10). 
Similarly, as shown in Fig. 5(d), the values of rz and rt at a depth of 150 mm were evaluated. 
An increase of 61.75% in rz was observed for a change in load from 20 kN to 40 kN, however, 
rt was found to increase by 44.37% for the same change in vertical loading. Table 10 also 
shows that an increase in load significantly reduces the rutting and fatigue life of the pave
ment. For example, an increase of 5 kN load from 20 kN to 25 kN, reduces the rutting life of 
the subgrade layer by 62.63% and fatigue life of the AC layer by 40.67%. From the above 
observations, it can be clearly seen that the developed FE model can appropriately capture the 
pavement response behavior.

5.1.2. Effect of mix type and temperature

In line with the objective of the study, the effect of temperature on pavement responses at differ
ent temperatures was studied considering conventional base layer. The composition of pavement 
and material properties are same as considered in Section 5.1.1. In India, the average annual tem
perature falls near 25 �C and reaches to 45 �C in summer, so a temperature range 25 �C–45 �C 
was considered. Effect of temperature on Mr values of AC mixes was evaluated and same has 
been considered to analyze its effect on structural response of the pavement. Pavement responses 
in terms of vertical deformation and Ez were studied for all the mixtures, as shown in Figs. 
6(a)–6(h).

Figure 5. Effect of single tire load on (a) deformation, (b) compressive strain, (c) Ez and Et, and (d) rz and rt.
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Figure 6. Effect of temperature on pavement deformation and normal compressive strain at 40 kN load.
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As expected, figures (Figs. 6a–6d) show that pavements prepared with different mixes result in 
significantly different responses under same loading conditions. While assessing the role of tem
perature, it can be seen that the higher the surrounding temperature, the higher the pavements 
become sensitive to the type of mixtures. This could be explained by the fact that at lower tem
peratures, all the mixes are stiffer to the same limit. On the basis of data obtained from Fig. 6, 
Table 11 was prepared to compare the relative performances of the mixture.

As shown in Table 11, at higher temperatures, the percentage change in vertical deformation 
in the AC layer and Ez is found to be higher for BC samples than the SMA samples which 
implies that the effect of temperature was also found to be more prominent on BC mixes as com
pared to SMA mixes. For example, maximum deformation in the AC layer was found to increase 
by 33.45% and 35.20% for BC-1 and BC-2 mixes respectively when temperature increases from 
35 to 45 �C. However, for the same change in temperature, the increase for SMA-1 and SMA-2 
mixes are found to be 15.10% and 12.07%, respectively. This could be explained by the fact that 
at lower temperatures, binder is stiff in the mix and BC offers more resistance to applied load 
due to relatively denser gradation. However, at the higher temperature, viscosity of binder reduces 
significantly, and load is mainly resisted by the aggregate skeleton. Since, SMA mixes are com
posed of a higher fraction of coarser particles, aggregate-to-aggregate contact is more effective. 
These findings support the usage of SMA mixes at extreme pavement temperatures where rela
tively higher deformations are expected. To understand the effect of temperature on the rut 
response of the AC mix, material properties (Mr) at extreme pavement temperatures were eval
uated, which will be discussed in the following paragraph.

The asphalt mix stiffness is quite sensitive to temperature. An increase in temperature reduces 
resilient modulus of the mix. In the current design guidelines, it is recommended that grades suit
able for temperatures nearest to the specified maximum should be adopted (IRC 36-2018 2018). 
The maximum pavement temperature is important for understanding which grade of binder 

Table 10. Variation of maximum deformation, strains, and pavement life with vertical load.

Load 20 kN 25 kN 30 kN 35 kN 40 kN

Maximum deformation (mm) in AC 0.160 0.195 0.229 0.263 0.296
% increase in deformation – 21.87 43.12 64.37 85.00
Ez (micro-strains) at top of the subgrade 87.0 108.1 129.0 150.6 171.5
% increase in Ez 24.25 48.27 73.10 97.12
Et (micro-strains) at bottom of the AC 119.5 136.5 151.1 163.5 174.6
% increase in Et – 14.23 26.44 36.82 46.10
Subgrade rutting life, msa (NR) 36,159 13,510 6062 3004 1667
Fatigue life of AC layer, msa (Nf) 236 140 94 69 54

Table 11. Effect of AC mixes and temperature on the structural response of pavement.

AC mix Temp (oC)

Max. 
deformation in 
AC layer (mm) % increase

Ez 

(z¼ 800 mm) 
(microstrains) % increase

Subgrade 
rutting life, 

msa (NR)

SMA - 1 25 0.245 N.A. 152.2 N.A. 2864
35 0.298 21.63 174.2 14.45 1553
45 0.343 15.10 188.2 08.04 1094

SMA - 2 25 0.252 N.A. 155.5 N.A. 2599
35 0.323 28.17 182.4 17.30 1261
45 0.362 12.07 193.2 05.92 971

BC - 1 25 0.248 N.A. 153.6 N.A. 2748
35 0.281 13.30 167.9 09.31 1835
45 0.375 33.45 196.5 17.03 900

BC - 2 25 0.241 N.A. 149.9 N.A. 3069
35 0.267 10.79 162.1 8.14 2152
45 0.361 35.20 193.0 19.06 976

Note: N.A.: not applicable.
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would be suitable for designing asphalt mixes. The average of seven days maximum air tempera
ture for the hottest month is recorded and used for the determination of the maximum pavement 
temperature at a depth of 20 mm from the surface as specified in IRC (IRC 36-2018 2018).

T20mm ¼ Tair − 0:00618� Lat2 þ 0:2289� Lat þ 42:2
� �

� 0:9545
� �

− 17:78 (12) 

where, T20mm is pavement temperature at a depth of 20 mm from the surface, Tair is average of 
maximum temperatures (oC) of seven days, and Lat is latitude of the place. It should be noted 
that these temperature variations do not include potential climate change effect on maximum 
temperature and needs further study. The maximum pavement temperature prevailing in different 
parts of India together with suggested Mr values are shown in Table 12.

Though these temperatures do not last long, they may play a vital role in the selection of suit
able binder and deciding mix performance during their lifetime. Figure 7 presents the effect of 
maximum pavement temperature as experienced for various cities in India on Ez at the top of the 
subgrade layer, Et at the bottom of the AC layer, and maximum vertical deformation in the AC 
layer.

As shown in Fig. 7(a), Ez and Et were not found to be sensitive to changes in maximum pave
ment temperature. Compressive strain (Ez) at the top of the subgrade was found to increase only 
by 12.67% with a change in maximum pavement temperature of 50.74 �C (Srinagar) to 73 �C 
(Phalodi). Horizontal tensile strain (Et) at the bottom of AC layer was found to increase by 8.71% 
for the same change in temperature. For the same increase in the temperature, NR was found to 
decrease by 41.78%, whereas, Nf was found to increase by 97.82%. One of the reasons for the 
trend is because of the significant increase in the vertical deformation of the AC layer (see Fig. 
7b). These outcomes indicate that both the fatigue life of the AC layer and subgrade rutting are 
significantly affected by temperature variation, hence, proper attention should be given at the 
design phase to enhance their durability.

5.1.3. Effect of layer thickness

In order to study the effect of layer thickness variation on the selected pavement structure, sensi
tivity analyses of layer thicknesses with respect to their structural responses as shown in Figs. 8(a) 
and 8(b) were done using WBM as base layer. The subgrade rutting (NR) and fatigue life of the 
AC layer (Nf) were also estimated (see Figs. 8c and 8d). In the FE model (see Fig. 3), AC layer 
thickness was varied in the range of 100 mm to 200 mm, whereas, base layer and subbase layer 
thickness were varied between 150 mm to 310 mm. These ranges were selected as per the min
imum specified limit (IRC 36-2018 2018).

As shown in Fig. 8(a), a reduction of 32.64% in Ez was found when AC thickness increased 
from 100 mm to 200 mm, whereas, a reduction of 22.17% and 23.25% was found when base and 

Table 12. Maximum pavement temperature (IRC-SP-135 2022) and Mr of asphalt mix for different regions in India.

City State Air temp (oC) Pavement temp (oC) Region Mr (MPa) NR (msa) Nf (msa)

Delhi Delhi 45 66.87 Northern 339 811 63
Srinagar J&K 28 50.74 727 1167 46
Phalodi Rajasthan 51 73.00 224 680 91
Surajpur Chhattisgarh 46 68.30 Central 304 772 69
Munger Bihar 47 69.11 Eastern 288 755 72
Jalpaiguri West Bengal 34 56.60 582 1045 48
Guwahati Assam 45 67.13 328 799 65
Mumbai Maharashtra 35 57.93 Western 542 1011 49
Himmatnagar Gujarat 42 64.46 388 863 57
Tirumangalam Tamil Nadu 40 62.26 Southern 438 912 54
Udupi Karnataka 37 59.68 495 966 51
Vizianagaram A. P 48 70.34 264 727 78
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subbase layer thickness was increased in the same range respectively. Although an increase of 
thickness by 100 mm in the AC layer, reduces Et by 43.33% (see Fig. 8b), however, with the same 
increase in thickness in the base and subbase layer the values reduce by 1.07% and 1.40% respect
ively. On the basis of the obtained values Ez and Et, pavement life against rutting and fatigue was 

Figure 7. Effect of maximum pavement temperature on (a) strains and (b) vertical deformation of AC pavement.

Figure 8. Effect of layer thickness on (a) Ez, (b) Et, (c) NR, and (d) Nf.
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evaluated as shown in Figs. 8(c) and 8(d). It was found that, subgrade rutting life (NR) improves 
by about 500% (see Fig. 8c) with an increase of 100 mm of AC thickness from 100 mm to 
200 mm, whereas, an improvement of 179% and 194% was observed with the similar changes in 
base and subbase layer thickness. Similar plots for fatigue life (Nf) in Fig. 8(d), show that fatigue 
life performance improves by about 811% for the AC layer; however, no significant effects of 
4.26% and 5.60% were observed in the base and subbase layer, respectively.

5.2. Structural response of asphalt pavement considering emulsion stabilized base layer

As discussed earlier in Section 3.4, ETA is becoming one of the popular choices in the pavement 
community due to its enhanced performance as a stabilized layer. It is apparent that the inclusion 
of the ETA layer will strengthen the whole pavement structure, however, the exact benefit in per
centage is yet unknown, particularly in other higher layers. The FE model proposed in an earlier 
section (see Section 4), was used to have a deeper insight. This section discusses potential of 
emulsion stabilized base in reducing asphalt layer and conventional base layer thickness. The later 
subsection discusses overloading leverage in case of stabilized base layer as compared to conven
tional base pavement.

5.2.1. Potential of emulsion stabilized base in reducing asphalt and base layer thickness

At first, considering the same cross-section of pavement with the same loading the percentage 
enhancement in the performance was studied considering a layer with WBM (material properties 
as shown in Table 7) as a reference. After that, parametric analyses were carried out in which the 
AC layer thickness was reduced in sequence for both the reference structure (with WBM) and 
the structure with the ETA layer (material properties as shown in Table 5). The effect of ETA on 
maximum surface deformation (z¼ 0) and strain (Et and Ez) were analyzed as shown in Figs. 9(a) 
and 9(b) for comparison with a conventional base layer. The percentage change in critical strains 
Et and Ez were evaluated for both the pavement structures (WBM and ETA) as shown in Figs. 
9(c) and 9(d). These strain values were further used to estimate AC fatigue and subgrade rutting 
life as shown in Table 13. On the basis of the output of the analyses, a table (see Table 13) was 
presented which summarizes different combinations of thickness and the response of structure.

As shown in Fig. 9(a), it was found that the use of ETA results in a significant reduction in 
maximum deformation in the AC layer. For example, AC deformation in the case of 150 mm 
ETA base was found to reduce by 19.84% as compared to the same thickness of the conventional 
base. This reduction in AC deformation further increases with the increase in ETA thickness. The 
critical strains, Et and Ez as shown in Fig. 9(b) were found to decrease with an increase in AC 
layer thickness for both conventional and ETA base pavement. The comparative changes in strain 
values for two different base layers were evaluated as shown in Figs. 9(c) and 9(d). It was 
observed that for a thinner AC layer (100 mm), the percentage change in Et (88.77%) and Ez 
(28.13%) is more compared to thicker AC (200 mm) 59.56% and 21.62% respectively. Thus, it can 
be concluded the effect of ETA stabilization is more prominent for lower AC thickness. From the 
above analysis, it can also be seen that the effect of ETA on Et is much higher (maximum of 
88.77%) than as compared to Ez (maximum of 28.13%).

Parametric analysis with varying thicknesses of the AC layer was done. As shown in Table 13, 
for the same thickness of the conventional base as that of ETA (300 mm), the rutting life of the 
subgrade with ETA was found to improve by 142.90 to 207.62% when AC thickness varies from 
200 to 100 mm. For similar conditions, the fatigue life of the AC layer was found to improve by 
515.83 to 1006.25%. It can be concluded that, ETA has a higher impact on the fatigue life of the 
AC layer as compared to the rutting life of the subgrade and it improves fatigue performance of 
the pavement manifold as compared to rutting performance.
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The benefits of ETA in improving rutting and fatigue life of asphalt pavement were further 
used to explore the possibility of reduction in asphalt layer thickness. Considering a fixed layer 
thickness of conventional base and asphalt layer, Et and Ez were evaluated. Taking this value of Et 
and Ez as reference, new layer thickness of asphalt layer was evaluated in case of ETA used as 

Table 13. Effect of ETA on subgrade rutting and asphalt fatigue life.

AC layer thickness (mm)

NR (msa) Nf (msa)

WBM ETA WBM ETA

100 695 2369 18 407
120 1015 3241 28 435
140 1482 4479 46 539
160 2146 5956 74 720
180 3096 8164 119 996
200 4407 11,274 188 1395

Table 14. Performance of stabilized base (ETA) with varying AC layer thickness.

AC thickness with WBM AC thickness with ETA

Et, (micro-strains) Ez (micro-strains)

Reduction in AC thicknessWBM ETA WBM ETA

160 mm 100 mm 111.20 97.05 84.26 83.90 60 mm
175 mm 120 mm 98.77 87.01 79.40 78.05 55 mm
195 mm 140 mm 85.06 76.41 73.50 72.72 55 mm
215 mm 160 mm 73.61 66.94 68.17 67.81 55 mm
230 mm 180 mm 66.40 58.53 64.53 63.34 50 mm
250 mm 200 mm 58.25 51.38 60.08 59.29 50 mm

Figure 9. Effect of ETA on (a) maximum deformation, (b) strain, (c) percent change in Et (bottom of the AC layer), and (d) per
cent change in Ez (top of the subgrade layer).

MECHANICS BASED DESIGN OF STRUCTURES AND MACHINES 21



stabilized base layer. Table 14 shows the possible reduction in asphalt layer thickness whereas 
Table 15 provides possible reduction in conventional base layer thickness with the use of ETA as 
stabilized base.

As shown in Table 14, it was found that if ETA is used as the stabilized layer, it may help in 
the reduction of the top layer thickness without compromising the performance of the whole 
structure. For example, by limiting Ez value to 85 microstrains for both cases (with ETA and 
without ETA) the required thickness of the AC layer is reduced by 60 mm (from 160 mm to 
100 mm). Considering the practical design point of view, minimum thickness of the asphalt layer 
should be 80 to 115 mm which includes a minimum thickness of 50 to 75 mm of binder course 
and 30 to 40 mm of BC-2 as surface course (MoRTH 2013). So, a minimum of 100 mm of asphalt 
layer thickness can be considered in the pavement design. Parametric analyses of possible thick
ness reductions in the AC layer for different conditions (Ez and Et) are given in Table 14 which 
can help pavement designers for adequate design thickness choices. The results are obtained only 
considering these two criteria and a standard set of input conditions for an ideal pavement sec
tion (see Section 4.4); hence, further investigation should be done before using them in practice.

Keeping the asphalt layer thickness constant (150 mm), potential of emulsion stabilization in 
reducing the base layer thickness was investigated as shown in Table 15. It was found that for the 
similar performance in rutting, ETA can be used with 28.57 to 30.43% reduced thickness as com
pared to conventional unbound base layer. This is important to note that even with this reduced 
thickness, ETA provides far better performance in asphalt fatigue than conventional unbound 
base. Similar findings have been reported by Andrews, Radhakrishnan, Koshy, and Prasad (2023) 
who concluded, ETA as base layer could help in reducing the need of virgin aggregates by 35 
to 40%.

As discussed above, ETA has significant potential to improve rutting and fatigue life of asphalt 
pavement. However, it is important to study the effect of ETA on the stabilized base layer itself 
as compared to conventional base. Since, addition of bitumen emulsion and cement increases 
stiffness of the material and may result in higher horizontal tensile strain at the bottom of ETA 
base layer. It should be noted that unbound granular base will not experience fatigue. However, 
tensile strain at the bottom of unbound granular base layer has evaluated for comparison with 
stabilized base layer only. To study the effect of stabilization on ETA layer itself as compared to 
conventional base, load was varied from 20 to 40 kN and Et and Ez at the bottom of base layer 
was noted as shown in Fig. 10.

It was observed that, emulsion treated stabilized base reduces Et significantly in asphalt layer 
(see Fig. 9b), however, there is almost no change in Et value in stabilized base layer as compared 
to conventional base subjected to different loading conditions (see Fig. 10a). ETA was found 
more effective in improving rutting life of the base layer, as Ez at the bottom of base layer was 
found lesser (average reduction is 10.82%) than in case of conventional base (see Fig. 10b).

Table 15. Potential of stabilized base (ETA) in reducing conventional base layer thickness.

Thickness of WBM Thickness of ETA

Et, (micro-strains) Ez (micro-strains)

Reduction in AC thicknessWBM ETA WBM ETA

210 mm 150 mm 120.10 74.61 105.70 103.60 60 mm
230 mm 160 mm 119.90 73.92 101.10 100.50 70 mm
250 mm 175 mm 119.80 72.98 96.74 96.03 75 mm
270 mm 190 mm 119.60 72.20 92.67 91.88 80 mm
290 mm 205 mm 119.50 71.56 88.84 87.99 85 mm
310 mm 220 mm 119.40 71.01 85.22 84.34 90 mm
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5.2.2. Potential of emulsion stabilized base in providing overloading leverage

Overloading is a major concern in many of the developing nations including India and causes 
significant damage to AC pavement. It was found that an AC pavement which is generally 
designed for 15 years when subjected to 5% of overloading, the design life is reduced by 2.7 years 
(Pais, Amorim, and Minhoto 2013). Due consideration in the design phase itself is needed to 
take care of overloading-related pavement damage. Structural safety of the pavement against over
loading can be ensured by increasing the layer thicknesses or improving the stiffness of existing 
layers. The focus of the previous section was to evaluate the potential reduction in the thickness 
of the AC layer with the use of the ETA layer, this section considers the scenario where instead 
of changing the AC layer thickness, various overloading situation is analyzed. On the tire body 
(see Fig. 3), the vertical load was increased keeping all other parameters the same as given in 
Table 16.

To have an easier interpretation of the results, keeping 40 kN with the WBM layer as a refer
ence case, the simulations were repeated with ETA pavement structure until equivalent load 
resulting in similar strains were found, as shown in Table 16. In terms of benefits, pavements 
built with an ETA base provided 11 kN to 7 kN leverage depending on the thickness of the ETA 
considered. Corresponding benefits in NR and Nf values for different loading combinations are 
also presented in the same table.

Figure 10. Effect of loading on (a) Et (at z¼ 450 mm) and (b) Ez (at z¼ 450 mm) in conventional and stabilized base layer.

Table 16. Effect of ETA on pavement performance and overloading allowances.

Base Thickness (mm) Load (kN)

Ez (micro- 
strain) - top of 
the subgrade 

layer NR (msa)

Et (micro- 
strain) - 

bottom of the 
AC layer Nf (msa)

WBM 300 40 172.8 1610 175.6 52
ETA 300 51 172.2 1636 96.8 534
WBM 250 40 192.1 996 176.2 52
ETA 250 50 192.0 999 98.9 492
WBM 200 40 214.6 603 177.1 51
ETA 200 48 211.7 641 101.8 440
WBM 150 40 241.0 356 178.1 50
ETA 150 47 240.5 359 108.0 350
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6. Conclusions

This article presents a three-dimensional FE-based framework to study the effect of base stabiliza
tion (using ETA) on the structural response as compared to traditional base layer pavement sys
tem. In the proposed model, a realistic flexible tire body, flexible pavement structure, and their 
interactions were considered. Whereas, important input material parameters of the models were 
obtained from the laboratory tests (mainly ITS and Mr tests), operating parameters such as tire- 
load were obtained from specifications. At first, simulations were carried for standard set of oper
ating conditions to obtain reference data. In the second stage, parametric analysis with varying 
input parameters (such as tire-load, thickness layer etc.) were done to study the potential benefits 
of strengthening ETA layer on overloading leverages or reduction of the thickness for an equiva
lent response. Using the pavement response data, performance predictions of fatigue lifetime and 
rutting resistance were obtained (see Tables 10 and 12). Based on all the simulation done in this 
research, the following conclusions can be drawn:

1. Effect of loading on standard pavement (using WBM as base layer) response was obtained 
using proposed FE based framework. It was found that change in load affects subgrade rut
ting and fatigue life of AC layer significantly with the former being more sensitive to change 
in loading.

2. The effect of temperature on various AC mixes were obtained using Mr test and it was found 
that, the Mr of mixes is sensitive to change in temperature (a rise in temperature from 25 to 
35 �C, reduces Mr by 33 to 41% depending on type of mix). Also, using a standard pavement 
system, a significant effect on subgrade rutting and fatigue life of the AC layer was observed 
with later being more sensitive to change in temperature.

3. The proposed FE model was used to study the improvement of pavement performance after 
replacing the traditional base layer with ETA in base layer stabilization. Based on the findings 
of critical strains (tensile and compressive) and performance models, it was concluded that, 
ETA improves the rut resistance and fatigue life of the pavement considerably. The findings 
of pavement response utilizing ETA as a stabilized base with different trial thicknesses of the 
AC layer suggests that ETA has huge potential in reducing the asphalt layer thickness. It can 
also reduce the need of virgin aggregate in base layer by 28.57 to 30.43%.

4. The analyses show that the ETA base layer can be an effective way to compensate for the 
overlading to an extent. The extent with which the potential leverage is obtained for different 
design choices are summarized in Table 16.

Future recommendations

In future, the proposed FE model could be validated against field data. The proposed design 
could also be tested by using accelerated pavement testing facilities and field trials can be done. 
Further, the proposed FE based framework can be utilized to develop a detailed design guideline. 
In terms of enhancement of the model, viscoelastic material properties of asphalt mixes and non
linear stress dependent behavior of granular materials can be obtained to simulate more realistic 
field response of the pavement materials.
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