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ABSTRACT: The resilient modulus of the subgrade soil is an essential parameter for the design of pavements.
The value of resilient modulus is significantly affected by the variation of applied stress and the climatic conditions, like temperature and moisture regime. Soil suction thereby significantly influences the resilient modulus of the soil specimens. The hot climatic conditions and the low water content may result in the development
of high soil suction, especially in expansive clays. However, the resilient modulus of soil at high suction states
has not been considered in the present testing procedures. In this paper, a modified triaxial setup is integrated
with an automatic relative humidity apparatus to control the total suction at high suction states above 5 MPa,
using the principle of vapor pressure technique. A series of repeated load triaxial tests (RLTTs) were conducted
on silty soil specimens at varying high suction states to demonstrate the effect of near residual suction levels
on the resilient modulus of soils. The repeatability of the suction-controlled test was confirmed by comparing
the values of resilient moduli obtained during each sequence for replicates at the same suction level. The overall
variation of resilient modulus with soil suction was also demonstrated.
1 INTRODUCTION
Flexible pavements are widely constructed as a mode
of transportation system throughout the world. The
foundation of a pavement consists of compacted granular material, which lies over compacted subgrade
soil (Brown 1996). The traffic loads from the surface
are transferred to the subgrade soil and cause elastic
and plastic deformations in the subgrade, which results in stresses being developed in the various layers
of a flexible pavement (Puppala et al. 1999).
The design of pavements is dependent primarily on
the fatigue cracking at the bottom of the surface layer
and the permanent (i.e., plastic) deformation at the
surface of subgrade soil (Han and Vanapalli 2016).
The fatigue cracking occurs due to the repeated loading and unloading of the flexural stresses on the pavement structure, which develops due to the elastic deformations of the layers beneath the top surface,
including the subgrade soil. Hence, the fatigue cracking is dependent on the resilient behavior of the pavement materials when subjected to traffic loading
(Seed et al. 1962; Puppala et al. 1999). The permanent
or plastic deformations could be determined by performing tests under repeated cycles of deviator loads
at varying confining pressure and was observed to be
predominant in specimens compacted and tested at
wet of optimum moisture content (Puppala et al.
2009).
Additionally, the failure of flexible pavements occurs typically due to the excessive rutting or cracking
of pavement layers due to fatigue, temperature

changes, and/or softening because of cracking in the
surface layer (Brown 1996; Puppala 2008). Since, the
failure of flexible pavements does not occur due to the
criteria of soil strength, the 1993 AASHTO guide for
design of pavement structures and its subsequent version in 1998 and the AASHTO Mechanistic-Empirical Pavement Design Guide (M-EPDG) in 2004, recommended the use of resilient modulus, instead of
soil strength parameters (Puppala 2008). Hence, the
resilient modulus of the soil subgrade is a key design
parameter for the flexible pavement systems.
Subgrade soils are generally compacted at or near
the optimum moisture content, and it mostly stays in
unsaturated condition throughout its service period
(Han and Vanapalli 2015). It is well-known that the
moisture regime change greatly influences the resilient modulus of the soil (Puppala 2008). The moisture
regime change in the subgrade soil is directly related
to the soil suction in the subgrade. Therefore, the soil
suction affects the resilient modulus of the subgrade.
Additionally, the AASHTO Mechanistic-Empirical
Pavement Design Guide (M-EPDG) has emphasized
the influence of environmental factors, especially the
effect of moisture regime, on the performance of the
pavement (Cary and Zapata 2011).
The resilient modulus (M ) of a material, introduced by Seed et al. (1962), is defined as the ratio of
applied deviator stress (σ ) to the recoverable or resilient strain (ε ) experienced by the material, due to the
loading and unloading of the applied deviator stress.
Resilient modulus (M ) is expressed as:
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The resilient modulus of soils is determined using
mostly the triaxial setup by performing the repeated
load triaxial test (RLTT). However, other laboratory
devices to determine the resilient modulus include
resonant column, simple shear, hollow cylinder test,
and cubical triaxial test. The repeated load triaxial
testing setup is designed to simulate the stress increase due to traffic load on the subgrade soils by applying a predefined cyclic loading sequence at varying confining stress, which simulates the in-situ
overburden pressure (Puppala 2008).
The resilient modulus of subgrade soils using the
RLTT has been conducted by many researchers. Seed
et al. (1962) was one of the pioneers to study the resilient modulus of soils, which focused on the effect
of compaction and soil type on the resilient modulus.
Most of the previous studies mainly catered to the approach of performing RLTT on unsaturated specimens without controlling or measuring the suction
within the soil specimen. Since the primary objective
of this research is to study the effect of suction on the
resilient modulus of soils, the studies similar to the
main objective are discussed in brevity. The experimental study demonstrated significant influence of
suction on the resilient modulus of various pavement
materials (Khoury et al. 2011; Ng et al. 2013;
Sivakumar et al. 2013; Salour and Erlingsson 2015).
Suction-controlled tests to determine the resilient
modulus of soils were performed by Khoury et al.
(2011); Rout et al. (2012); Ng et al. (2013);
Sivakumar et al. (2013); Salour and Erlingsson
(2015). However, the suction range induced were
lower than 500 kPa, mostly till 200 kPa. Many analytical, empirical, and semi-empirical methods have
been developed to predict the MR-suction relationship
(Cary and Zapata 2011; Ng et al. 2013; Han and
Vanapalli 2015; Salour and Erlingsson 2015). However, lack of reliable experimental data has hindered
the development of models for high suction states,
which is especially pertinent for expansive soils.
Henceforth, in this research a new methodology is
devised to determine the resilient modulus at high
suction states (greater than 5 MPa) using the vapor
pressure technique. A conventional triaxial device
was integrated with an automatic relative humidity
apparatus to induce and maintain the high-suction
states throughout the duration of the test.
2 MATERIALS AND METHODS
2.1 Experimental setup
The fully automated double-walled triaxial test setup
with automated relative humidity apparatus used
throughout this research is shown in Fig. 1. The major
components of the setup include (a) double-walled
triaxial cell; (b) load frame; (c) pressure control panel;

(d) process/data controller system; (e) user interface/software; (f) volume change device; (g) air flushing device; and (h) auto-RH apparatus. The details regarding the equipment setup are provided by Banerjee
(2017) and Banerjee et al. (2017).
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Figure 1. Panoramic view of the fully automated doublewalled triaxial test setup.

2.2 Test material and specimen preparation
The soil used for the study was from a site near the
Red River in Denison, Texas. It comprised of silt
(86%), clay (10%), and sand (4%). The soil is classified as ML according to the USCS classification. The
maximum dry density of the soil obtained from Proctor tests was 1.7 g/cm3 at an optimum moisture content of 14.8%. The silty soil specimens were prepared
at a moisture content of 16% (1.2 % wet of optimum)
at a target dry density of 1.67 g/cm3, to prevent flocculation at the dry side of optimum, as per the recommendations of Toll (1990).
Specimens for triaxial tests were prepared by statically compacting moist silty soil at a water content
of 16% in three equal lifts. A constant strain rate of 1
mm/min was used to achieve the target height for
each layer. The uniform density of the specimens
were maintained by using the undercompaction technique (Ladd 1978). Since the compaction of top layers also partly compresses the lower layers, lower
compaction energy was applied for the lower layers
as compared to the top layers, to prepare consistent
specimens. The surface was scarified after each lift to
provide for proper interlocking between the interface
of adjacent layers. The properties of the compacted
specimens are listed in Table 1.
Table 1. Properties of compacted specimens.
Parameters
Value
3
Dry unit weight, γd (kN/m )
16.5
Degree of saturation, Sr (%)
71
Void ratio, e
0.60
Water content, w (%)
16.0
Height of specimen (mm)
142.8
Diameter of specimen (mm)
71.4

2.3 Experimental procedure
The suction-controlled RLTT refers to the test conducted under application of varying net confining
pressure and deviator stress on suction-controlled
specimens. The suction may be controlled using axistranslation technique or vapor pressure technique. In
this research, the suction-controlled technique using
axis-translation technique was used for specimens
subjected to a matric suction of 0 to 300 kPa; while
the vapor pressure technique was used for specimens
subjected to a total suction of 30 and 100 MPa.
The discussion regarding the axis-translation technique is beyond the scope of this research, however
details are presented in Banerjee (2017).
2.3.1 Suction equilibration using vapor pressure
technique
The specimens to be tested at high suction states (s =
30 and 100 MPa), were initially prepared at a water
content of 16%, which corresponds to a matric suction of 26 kPa. Subsequently, these specimens were
partially dried outside the triaxial cell till the water
content decreased to 5%. Later, the specimen was
placed in an acrylic chamber with an attached relative
humidity (RH) and temperature probe (auto-RH apparatus), and by using Kelvin’s equation (Equation 2,
Sposito 1981), the required relative humidity was
computed for standard operating temperature of 23.5
to 24.5°C (shown in Fig. 2).
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where,
ψ = total suction, kPa, T = Absolute temperature, K,
R = Universal gas constant (8.31 J mol-1 K-1), νwo =
Specific volume of water (i.e. reciprocal of density,
m3/kg), ωv = molecular mass of water vapor (18.016
kg/kmol), uv = partial pressure of water (or pore-water)
vapor (kPa), and uvo = saturation pressure of pure water vapor (kPa).
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acrylic chamber to monitor the variation of water content during the equalization phase. Additionally, the
total suction was determined using the RH and temperature probe and by using Equation 2. The variation
of suction over a month prior to initiation of the RLTT
for a typical specimen equilibrated to 30 MPa total
suction is shown in Fig. 3. It was observed that the
total suction measured was almost constant with the
mean of 29.99 MPa and coefficient of variation
(COV) of less than 0.5%, which demonstrates that the
specimen has reached its suction equalization. Similarly, for all specimens the mass of the specimen and
the suction variation was monitored continuously to
determine suction equilibration. Subsequently, these
equilibrated specimens were placed in the triaxial cell
after suction equalization. The top cap and the bottom
pedestal, both fitted with porous stones, were connected to the Auto-RH apparatus and the relative humidity was maintained at the desired level to maintain
the target total suction within the soil specimen. Since
the external pore air and pore water pressures are not
applied during the vapor pressure technique, the effective confining pressure is the same as confining
pressure.

Specimen
Weighing
balance

Figure 3. Variation of total suction (ψ) prior to the test.

The axial deformations were measured and recorded using a pair of Linear Variable Displacement
Transducers (LVDTs) having an accuracy of 0.001
mm over a range of 5 mm. Additionally, since the
contact/seating stresses and cyclic deviator stress are
mostly too low, ball bearings and matching sockets
were used to prevent the eccentric application of axial
loads or deviatoric stresses.

Figure 2. Suction equilibration using an Auto-RH apparatus.

3 EXPERIMENTAL RESULTS

2.3.2 Suction-controlled RLTTs at high suction
states
The specimens were equilibrated to a total suction of
5, 30, and 100 MPa using the Auto-RH apparatus. The
mass of the specimen was monitored within the

A series of suction-controlled RLTTs under high suction were performed on specimens at total suction of
5, 30, and 100 MPa at a dry density of 1.67 g/cm3.
The AASHTO T-307-99 testing protocol was used to
apply the loading sequence. The resilient moduli for

each sequence was determined by considering the average value from the last five cycles (96th to 100th cycles). Figures 4 to 6 show the resilient modulus of soil
specimens subjected to total suction of 5, 30, and 100
MPa.

100 MPa total suction). For a similar increase in net
confining pressure for specimens at lower suction levels (s = 0 to 65 kPa), the corresponding increase in
resilient modulus is nearly 30% for all values of deviator stress.
Figure 5 shows the resilient modulus of another
soil specimen subjected to a total suction of 30 MPa.
Since the suction-controlled RLTT of specimens at
high suction states were rarely determined, the results
of the RLTT of a replicate specimen at the induced
total suction of 30 MPa is shown in Fig. 5. It was observed by comparing the resilient moduli from Fig. 5
that the variation in resilient modulus of the replicates
at an induced total suction of 30 MPa was in the range
of ‒5% to 12%, with an average of 5%, which is generally acceptable, considering that the repeatability of
conventional RLTTs is quite poor.

(a)

(a)

(b)
Figure 4. Variation of MR with (a) deviator stress, and (b) net
confining pressure for a specimen at total suction of 5 MPa.

It was observed that the specimens at high suction
states of 5 to 100 MPa show a very high resilient modulus at the lowest deviator stress (sd = 13.8 kPa). This
may be due to the very high stiffness of the soil specimen. The low deviator stress results in very small axial deformations in the specimen, thereby increasing
the resilient modulus. As the deviator stress increases,
the deformations increase rapidly, resulting in a decrease of resilient modulus. The resilient modulus of
the soil specimen increases with an increase in net
confining pressure, however, the increase is quite
small (less than 10% for an increase of net confining
pressure from 13.8 kPa to 27.6 kPa for 30 MPa and

(b)
Figure 5. Variation of MR with (a) deviator stress, and (b) net
confining pressure for a specimen at total suction of 30 MPa.

saturated condition and expressed by the following
relationship:
η=

MR, ψ – MR, ψ = 0
ψ

(3)

where MR,ψ is the resilient modulus of the soil specimen at a suction of ψ and MR,ψ=0 is the resilient modulus of the saturated soil specimen.

(a)

Figure 7. Variation of MR with soil suction for the eighth sequence of loading.

(b)
Figure 6. Variation of the MR with (a) deviator stress, and (b) net
confining pressure for a specimen at total suction of 100 MPa.

The results of suction-controlled RLTTs using vapor pressure technique was utilized to enhance the
variation of resilient modulus over a wide range of
suction states, as shown in Fig. 7. Figure 7 show the
variation of resilient modulus for specimens a constant dry density of 1.67 g/cm3 (98% of MDD) for the
eighth sequence, which has a net confining pressure
of 27.6 kPa and a maximum deviator stress of 41.4
kPa.
To study the effect of low and high suction states,
simultaneously, the suction was plotted in logarithmic
scale. However, the slopes of increase in resilient
modulus with an increase in suction were computed
in arithmetic scale, hereby referred to as by the rate of
increase of resilient modulus with suction, denoted by
η. The value of η is computed with reference to

Figure 8 shows the variation of η with suction for
the eighth and last sequences of the suction-controlled
RLTTs. It can be observed from Fig. 8 that the rate of
increase of resilient modulus with suction (η) was
quite high (approximately 600 to 2800) till a suction
of 300 kPa, thereafter, the value of η started to decrease exponentially, to reach an approximate value
of 20 at 30 MPa suction. Finally, it reduced to approximately 7 (≈ 0.25% of initial values of η) at 100 MPa
suction. Henceforth, the rate of increase of resilient
modulus with suction reduces gradually, and there is
very small increase beyond 30 MPa.
This variation might be due to the decrease in the
value of angle of internal friction due to suction (f b)
with an increase in suction and the influence of f b on
the strength and stiffness of a soil specimen. From
suction-controlled monotonic triaxial test, it was observed that by considering peak strength, fb decreased
from above 30° to a negligible value (0.06°) when
suction was increased from 50 to 300 MPa (Banerjee
2017). Hence, it could be interpreted that the non-linear behavior of f b has a direct influence on the
strength and indirect effect on the stiffness of the soil.
In other words, the increase in resilient modulus with
suction follows a similar trend as in the case of variation of apparent cohesion and suction stress with an
increase in suction, which denotes that resilient modulus (stiffness) and strength of unsaturated soils are
interlinked by some common factors, such as f b.
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