
Indian Geotechnical Conference IGC2016 
15-17 December 2016, IIT Madras, Chennai, India 

1 

Addressing Transportation Geotechnics Challenges Using Mechanics of 
Unsaturated Soils 

Sai K. Vanapalli1 
Zhong Han2 
1Professor, Department of Civil Engineering, University of Ottawa, Ottawa, Canada – K1N 6N5 & High-End Expert, School of Civil 
Engineering, Wuhan University, Wuhan, China - 430072;  
2Associate Professor, School of Civil Engineering, Wuhan University, Wuhan, China – 430072 & Research Associate, Department of 
Civil Engineering, University of Ottawa, Ottawa, Canada – K1N 6N5. 
1sai.vanapalli@uottawa.ca, 2nicholas.han@hotmail.com    

ABSTRACT: Cost effective and high quality transportation systems are critical to the regional, national as well as 
international development. The design and maintenance of the pavements, which form a critical component of the 
transportation systems, should address the geotechnics challenges that arise from the influence of external environment, 
which include the seasonal drying-wetting and freeze-thaw cycles. Environmental factors influence on the pavements can 
contribute to their deterioration or even failure in certain scenarios. This paper presents recent advancements in the 
mechanics of unsaturated soils that can be used in the reliable mechanistic pavement design methods. Simple yet reliable 
approaches that have been developed for predicting the soil-water characteristic curve (SWCC) and the variation of the 
resilient modulus (MR) with moisture content and suction are introduced and integrated. The proposed integrated approaches 
provide reliable predictions of the SWCC and the MR using limited experimental data that can be determined from 
conventional geotechnical tests, and can be used in the rational pavement design practice.                
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1 INTRODUCTION 

The present day highway and local road networks are 
expected to facilitate safe and cost effective 
transportation of products as well as the passengers. The 
industrial, business and employment opportunities that 
significantly contribute to the economic development of 
a region or a nation are closely dependent on the land 
transportation system facilities. In addition, high quality 
transportation system significantly reduces the 
associated maintenance and rehabilitation costs. For 
example, as of 2015, India has a road network of over 
5,472,144 km; Canada has a national highway system of 
38,021 km and the similar system in the USA is 259,032 
km (data obtained from Wikipedia 
https://en.wikipedia.org). The maintenance and 
rehabilitation costs of transportation facilities can be 
huge, if the transportation facilities are not of high 
quality. These costs can have both a direct and an 
indirect effect on the economic development. Even a 
small percentage of reduction in the associated 
rehabilitation costs will result in significant savings. 

One of the major geotechnics challenge for the 
transportation systems is the significant influence of the 
external environment (seasonal moisture and 
temperature changes and the associated drying-wetting 
and freeze-thaw cycles) on the pavement performance 
and service life. If the influence of the environmental 
factors is not properly addressed in the design of new 

and rehabilitated pavements; there will be a high 
likelihood of unsatisfactory serviceability, exorbitant 
maintenance costs and reduced life span. Pavement is a 
layered structure of compacted materials maintained 
with various measures to be in a state of unsaturated 
condition throughout their design life. In recent years, 
the influence of the moisture and temperature on the 
mechanical properties of the pavement materials has 
been successfully interpreted and predicted within the 
framework of the mechanics of unsaturated soils using 
suction as the key stress state variable (Khoury and 
Zaman 2004, Zapata et al. 2007, Ng and Zhou 2014, Han 
and Vanapalli 2015, Li et al. 2015).        

This paper presents some recent advancements in the 
mechanics of unsaturated soils and pavement design 
theory that can be used to address the influence of the 
environmental factors on the performance of pavements. 
The soil-water characteristic curve (SWCC) and the MR 
are the key material properties required for performing 
hydro-mechanical analysis for pavement structure. 
Several approaches proposed for predicting the SWCC 
and the variation of the resilient modulus (MR) with 
moisture content and suction for different fine-grained 
soils using limited and easy-to-obtain experimental data 
are introduced and integrated. These approaches can be 
used in pavement engineering practice for addressing 
the transportation geotechnics challenges taking account 
of the influence of the various environmental factors. 
The proposed integrated approach is promising and 
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more importantly, simple and economical and can be 
used for rational design of pavements based on state-of-
the-art understanding of the mechanics of unsaturated 
soils.  

2 INFLUENCE OF ENVIRONMENTAL 
FACTORS ON PAVEMENT DESIGN 

2.1 Pavement design theory      

Pavements are layered structures. As shown in Figure 1, 
a typical pavement structure is formed with compacted 
granular materials as base and sub-base layers, which 
are placed over compacted subgrade layer and sealed 
with flexible and / or rigid surface layer. 

 

Fig. 1 Typical pavement structure and failure criteria 

Unlike the design theory for shallow and deep 
foundations which are based on limiting shear failure / 
deflection, the two major failure criteria for pavements 
are the fatigue cracking that initiates at the bottom of the 
surfacing layer and the rutting that happens at the 
surface of the subgrade layer (see in Fig. 1). The life 
span of a pavement structure in the state-of-the-art 
mechanistic pavement design methods is calculated 
based on its serviceability that is determined by the 
fatigue cracking and rutting.   

The fatigue cracking is related to the local tensile strain 
and the elastic modulus of the surfacing materials. For 
example, Equation 1 is used to determine the allowable 
number of load repetitions (Nf) for flexible pavements, 
which directly determines the life span of the pavement, 
based on the fatigue cracking criterion (Huang et al. 
2004). 
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where εt is the tensile strain at the bottom of the asphalt 
layer, E1 is the elastic modulus of the asphalt surfacing 
and the f1, f2 and f3 are material constants. The εt is due 
to the formation of the deflection basin under wheel 
loads and is calculated using elastic theory by assuming 
that the base, subbase and subgrade layers are essentially 
elastic.  

The resilient modulus (MR) is defined as the ratio of the 
cyclic deviator stress (σd which is to simulate the cyclic 
traffic loading) to the resulted resilient strain (εr) in the 
pavement materials. The MR represents the material 
stiffness under cyclic loading and is used as the elastic 
modulus of pavement materials. Due to this reason, the 
MR is considered to be the key material property 
required in the mechanistic pavement design methods to 
characterize the resilient behavior of pavement 
materials, dimension the multilayer system of a 
pavement structure and analyze the fatigue cracking 
typically initiated at the bottom of the asphalt or 
concrete surface layers (Han and Vanapalli 2015). 

2.2 Influence of external environment on the 
resilient modulus 

The moisture content and temperature of compacted 
pavement materials fluctuate due to the influence of 
various seasonal environmental factors such as the 
infiltration, evaporation, freeze-thaw cycles and ground 
water table variation. It is well known that the 
mechanical behavior of compacted subgrade of the 
pavement varies significantly with moisture content and 
temperature. Figure 2 shows typical evolution of 
pavement capacity, which is mainly determined by the 
MR of pavement layers, during a period of one year 
taking account of the influence of different 
environmental factors.  

 
Fig. 2 Variation in pavement stiffness under freeze-thaw 

condition (modified after Jong et al. 1998) 

It can be seen from Figure 2 that soil starts to freeze in 
late fall (e.g., November) and remains in a frozen state 
during winter (e.g., December to March, Line AB in Fig. 
2). The MR of pavement materials after freezing 
typically increases 20 to 120 times (Bosscher and 
Nelson 1987, Bigl and Berg 1996, Zapata et al. 2007).  

The pavement capacity and MR reduce dramatically 
during the spring thaw period (i.e. March to May, Line 
BC in Fig. 2). Several reasons can be attributed to this 
decrease:  

 The volume of soil during freezing increases upon 
the formation of the ice lenses, which decreases the 
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soil’s dry density and cohesion and increases its 
moisture content. Such processes weaken the soil’s 
structure; 

 The moisture content of the soil will increase during 
the thawing process. 

Several studies have shown that the MR after thawing 
can be 50% - 40% less than the MR of the same soil that 
is never frozen (Lee et al. 1995, Jong et al. 1998, Li et 
al. 2015). Pavement capacity and MR gradually recover 
during the summer and fall period (i.e. May to 
November, Line CD and Line DE in Fig. 2) due to the 
drainage and evaporation that lead to decrease in the soil 
moisture content. 

2.3 Pavement design using the mechanics of 
unsaturated soils 

Both the temperature and the moisture content influence 
the MR. For this reason, the pavement performance in 
different seasons should be well understood. Typically, 
MR increases with a decrease in the moisture content 
(LeKarp et al. 2000, Khoury et al. 2013, Li et al. 2015, 
Han and Vanapalli 2016a). In order to investigate the 
influence of moisture content on the pavement behavior, 
the following two pieces of information are required: 

 Moisture content distribution and changes 
associated with various environmental factors 
within the pavement layers;  

 The resulting changes in the MR of pavement 
materials.  

As-compacted soils are typical examples of unsaturated 
soils, the hydro-mechanical behavior of which should be 
interpreted within the framework of the mechanics of 
unsaturated soils using suction (s) as the key stress state 
variable. The soil-water characteristic curve (SWCC) 
defines the relationship between the moisture content 
and suction. The SWCC along with the permeability 
function forms the fundamental constitutive relationship 
for the hydraulic analysis of unsaturated soils (Fredlund 
2006). The SWCC has been successfully used for 
analyzing the moisture migration and distribution within 
pavement layers using numerical methods (Zapata et al. 
2007).  

In addition, the variation in the MR with moisture 
content can be interpreted and predicted by establishing 
the MR - s relationships (Sawangsuriya et al. 2009, Cary 
and Zapata 2011, Salour et al. 2014, Coronado et al. 
2016). Detailed review and discussion on determining 
and predicting the MR - s relationships are available in 
Han and Vanapalli (2016a). From these studies, it can 
be understood that the SWCC and the MR - s or MR - 
moisture content relationships are the key information 
needed for the reliable pavement drainage and structural 
design and analysis.  

3 INTEGRATED APPROACH FOR 
PREDICTING THE SWCC AND THE MR 

3.1 Predicting the MR - moisture content 
relationships 

Pavement materials are typically compacted at optimum 
moisture content (wopt) to achieve maximum dry density 
(ρdmax) and higher stiffness and shear strength properties 
(Khoury and Zaman 2004). The MR at optimum 
moisture content (MRopt) of pavement materials is 
conventionally determined and used in the design of 
pavements.  

Han and Vanapalli (2015) developed Equation 2 to 
relate the MR to the suction (s) and gravimetric water 
content (w) using corresponding values at optimum 
moisture content (indicated using subscript opt) and 
saturated moisture content (indicated using subscript 
sat) and one model parameter ξ. 

( )R Rsat

Ropt Rsat opt opt

M M s w

M M s w





                                      (2) 

The following advantages can be highlighted for using 
Equation 2 for predicting the MR - s or MR - w 
relationships: 

i) The w corresponding to the s or the s corresponding 
to the w can be estimated using the SWCC; 

ii) Equation 2 was validated by Han and Vanapalli 
(2015) using data derived from 11 different compacted 
subgrade soils. Han and Vanapalli (2015) suggested that 
the model parameter ξ, which should be determined 
from regression analysis performed on a large number 
of testing data at various s levels, typically falls within a 
narrow range between 1.0 and 3.0. An intermediate ξ 
value of 2.0 provides reasonable predictions for 
different subgrade soils. If a constant ξ value of 2.0 is 
used, the required information in the model for 
prediction is reduced only to the SWCC, MRsat, MRopt, 
and sopt (for predicting MR - s relationship) or wopt (for 
predicting MR - w relationship). The experimental data 
on the MR at suction levels other than sopt and s = 0 are 
required by many other prediction models in the 
literature. However, these testing data are not required 
for using Equation 2. In other words, Equation 2 
significantly simplifies the prediction procedure;         

iii) The MRsat and MRopt, which are required in Equation 
2, can be measured using conventional cyclic loading 
tests without suction control. They are also the key 
information required in the mechanistic pavement 
design methods to analyze the as-compacted pavement 
layers (using MRopt) and the layers under the worst 
scenario (using MRsat for layers that are totally 
saturated); 
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iv) The influence of the external stress can also be taken 
into account by using relevant information of MRsat and 
MRopt in Equation 2. 

3.2 Predicting the SWCC 

Experimental data of the sopt, wopt and the SWCC are 
required in Equation 2. There are several approaches 
available in the literature for predicting the SWCC of 
fine-grained soils that require a SWCC family and one 
measurement on the SWCC (e.g., Catana et al. 2006, 
Houston et al. 2006, Chin et al. 2010). The principle of 
these approaches is illustrated in Figure 3. 

Perera et al. (2005) suggested a SWCC family based on 
Fredlund and Xing (1994) equation (Eq. 3) for fine-
grained soils that is differentiated by the wPI (i.e. wPI = 
Ip (%silt + %clay) / 100 where Ip is the plasticity index 
of the soil) as shown in dashed lines in Figure 3. The 
wPI is related to the model parameters a, n, m and sres in 
Equation 3 through Equation 4. 

 

Fig. 3 Principle of Houston et al. (2006) method for 
predicting the SWCC 
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Houston et al. (2006) suggested selecting the predicted 
SWCC using one measurement of s - moisture content 
relationship from the SWCC family described by 
Equation 4. For example, if one measurement (say Sr = 
0.6 at s = 1000 kPa as shown in Fig. 3) is available for a 
soil, the SWCC passing through this measurement, 
which is shown as a solid line, is the predicted SWCC 
for this soil. The wPI value corresponding to the SWCC 
passing through the measured data point at an 

unsaturated condition can be obtained by substituting 
Equation 4 and the measured point (e.g., s = 1000 kPa, 
Sr = 0.6) into Equation 3. For the case shown in Figure 
3, the predicted SWCC is described by Equation 3 using 
a wPI value of 4. 

The measured sopt - wopt (i.e. one data set of 
measurement) is required in Equation 2 for predicting 
the SWCC in Houston et al. (2006) method. The 
approaches introduced in section 3.1 and section 3.2 for 
predicting the SWCC and the MR, respectively are 
integrated. Both these methods need measurements at 
the same moisture conditions and the predicted SWCC 
is used in Equation 2 for predicting the MR. Such an 
integrated approach would reduce the information 
required for predicting the MR - moisture content 
relationship and the SWCC of pavement fine-grained 
subgrade soils to: MRsat, MRopt, sopt, wopt and wsat. 

4 EXPERIMENTAL VALIDATION OF THE 
MODEL 

A comprehensive experimental program sponsored by 
the Ministry of Transportation of Ontario, Canada has 
been conducted to determine the (i) MR and its variation 
with moisture content and suction and (ii) the SWCC for 
typical Ontario subgrade soils. Experimental data from 
this project on three soils (i.e. Kincardine lean clay, 
KLC; Toronto silty clay, TSC; Ottawa lean clay, OLC) 
are shown and analyzed in this paper to validate the 
approaches introduced. The various soil properties of 
three soils are summarized in Table 1. 

Table 1. Physical properties of five Ontario subgrade soils 

Soil ID KLC OLC TSC 

wL (%) 31 48 19.6 

Ip  10 26 6 

wopt (%) 20.3 23.0 13.5 

Sropt (%) 84 90 90 

γdmax (kN/m3) 16.31 16.16 19.15 

Gs 2.71 2.75 2.68 

%sand 15 20 3 

%silt 60 48 81 

%clay 25 32 16 

AASHTO A-4 A-6 A-4 

USCS CL CL CL-ML 

Note: wL = liquid limit; Ip = plasticity index, Gs = specific 
gravity. 

The specimens were initially compacted at wopt and then 
brought to different higher or lower moisture contents 
before performing the cyclic loading tests as per 
AASHTO T307-99 testing protocol. Suction levels of 
the specimens after the cyclic loading tests and the 
SWCC of the specimens were measured using filter 
paper methods. Detailed experimental procedures are 
available in Han and Vanapalli (2016b). 
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Figure 4 shows the measured SWCCs (shown in 
symbols), the fitted SWCCs using Fredlund and Xing 
(1994) equation (shown in broken lines) and the 
predicted SWCC using Houston et al. (2006) method 
(shown in continuous lines)  for the three subgrade soils. 
It can be seen that the SWCCs of the three soils are 
reasonably predicted and the predictions are close to the 
best-fit SWCCs using the Fredlund and Xing (1994) 
equation (Eq. 3). 

 

Fig. 4 Measured, fitted and predicted SWCCs for the three 
soils 

Figure 5 shows the variation of the measured MR with 
gravimetric water content for the three soils measured at 

the cyclic stress (σd) of 48.2 kPa and the confining stress 
(σc) of 27.6 kPa using different symbols. Figure 5 is 
shown as a relationship between the (MR / MRsat) versus 
(w – wopt) / (wsat – wopt) relationships along with the 
soils’ plasticity information (i.e. %clay and plasticity 
index Ip). The predicted MR - w relationships using 
Equation 3 and the predicted SWCCs in Figure 4 are 
shown in solid lines. Figure 6 shows the measured (in 
symbols) and predicted (in broken lines) variation of the 
MR with w.  

 

Fig. 5 Measured and predicted MR for the three soils 

The measured MR - w relationships are non-linear and 
sensitive to the clay content and Ip. The sensitivity of the 
MR to the w increases with the clay content and the Ip. 
The MR increases 50% from wsat to wopt (i.e. MRopt = 1.5 
MRsat) for the low plastic TSC. For a similar change in 
water content, there is approximately 450% increase in 
MR for the high plastic OLC (i.e. MRopt = 5.5 MRsat). 
Similar trends in observations are also reported in the 
literature for other fine-grained soils (e.g., Drumm et al. 
1997, Khoury and Zaman 2004).  

The lines described using Equation 3 closely predict the 
measured non-linear MR - w relationships for all the 
soils. It should be noted that the predicted non-linear MR 
- w relationships are bounded by the measurements of 
MRsat and MRopt defined by Equation 3 using only the 
SWCC predicted using Houston et al. (2006) method 
and the (sopt, wopt) measurements and a fitting parameter 
ξ = 2.0. If the MRsat and MRopt is described by the stress-
dependent model such as Equation 5 which is currently 
used in the MEPDG (ARA, Inc., ERES Consultants 
Division 2004) for predicting the stress-dependent MR, 
the MR - w - stress level relationships can also be 
predicted. 
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where θ = bulk stress, τoct =  octahedral shear stress, pa =  
atmospheric pressure, k1, k2 and k3 = model parameters. 

 

Fig.6 Measured and predicted MR - w relationships for the 
three soils 

Figure 7 shows an example, for MR - σd - w relationships 
of the three soils at σc = 27.6 kPa, the predictions 
provided by Equation 2 using predicted SWCCs from 
Houston et al. (2006) method. The predicted surfaces are 
smooth and vary with the σd and w. They closely 
simulate the coupling between the MR, external stress 
level and moisture content (i.e. MR - external stress level 
relationship is influenced by the moisture content and 
MR - moisture content external relationship is also 

influenced by the stress level) which is widely reported 
in the recent literature (Ng et al. 2013, Azam et al. 2013). 

 

Fig. 7 Measured and predicted MR - σd - w relationships of 
the three soils 
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5 SUMMARY AND CONCLUSIONS 

The influence of the environmental factors should be 
taken into account in the reliable design of pavements. 
Traditional pavement design methods are widely used in 
underdeveloped and developing countries and in some 
scenarios are also used in developed countries. These 
methods are based on shear strength parameters that do 
not properly address the failure mechanism of the 
pavements. Recently developed methods that are 
capable of taking account of the influence of 
environmental factors require the information of MR - 
moisture content or MR - suction relationships at various 
moisture content and suction levels are cumbersome, 
time consuming and expensive to obtain. 

This paper introduces simplified and integrated 
approach that can be used to predict both the SWCC and 
the variation of the MR with moisture content and 
suction for fine-grained subgrade soils. The SWCC and 
MR are two pieces of information required for the 
rational design of pavement structures. This approach 
requires only the measurements of water and MR at 
saturated condition (i.e. wsat and MRsat) and optimum 
moisture content condition (i.e. MRopt, sopt and wopt) for 
prediction. The proposed approach has been 
successfully validated for three subgrade soils from 
Canada. The integrated approach is simple, economical 
yet rational and hence can be used universally for 
addressing the present day geotechnics challenges 
associated with the rational design of pavements. 
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