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increased strength and stiffness of the material as a result of unsaturated soil conditions. 
These adjustments will not only reflect the more realistic field conditions but will result 
in more reliable performance predictions than the current pavement design method.  
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CHAPTER I: INTRODUCTION 
 
Pavements are constructed on compacted soils that are typically unsaturated with degrees 
of saturation varying from 75 to 90%. The negative pore-water pressure (soil suction) due 
to the presence of water in between soil particles has a significant effect on pavement 
stiffness and strength. Several design and maintenance measures are also undertaken to 
maintain unsaturated conditions in the pavement because they provide favorable 
engineering properties. However, the conventional procedures for pavement design are 
often based on empirical procedures and not on unsaturated soil mechanics principles. 
This is partially because pavement design procedure preceded the development of 
unsaturated soil mechanics. Fredlund and his associates ((Fredlund and Morgenstern, 
1977; and Fredlund et al., 1978; Fredlund and Rahardjo, 1993; Fredlund, 1995; Vanapalli 
et al., 1996) have proposed a theoretical framework for interpreting the engineering 
behavior of unsaturated soils into pavement design. The goal of this project was to 
develop a pavement design method that is consistent with MnPAVE design framework 
and is based on the principles of unsaturated soil mechanics. 
 

Objectives 
 
Specific objectives of the study were: 
 

• To develop methods for predicting unsaturated shear strength of soils based on 
saturated shear strength and water retention characteristics curve. 
 
• To determine the resilient modulus of fine grained sub grade soils taking into 
account the influence of matric suction. 
 
• To determine the relationships between the resilient modulus and shear strength 
measurements. 
 
• To extend the results of the above studies and propose a framework towards 
predicting the seasonal pore suction resistance factors. 

 

Scope 
 
The study characterized the water retention characteristics curves, shear strength vs. 
suction, and resilient modulus vs. suction relationships of four soils that were packed at 
near optimum water contents and at 98% and 103% of the standard Proctor density. The 
four soils represented four different regions of Minnesota and covered a wide range of 
textural differences. The soils were: a silty soil from Red Wing, a silty clay loam soil 
from Red Lake Falls, a loam soil from MnROAD facilities near Monticello, and a clay 
soil from TH 23 near Duluth. Clay content of the soils varied from 4.8 to 75.2%. Shear 
strength and resilient modulus measurements were made on each soil at several suctions 
and two densities. Shear strength measurements were made on three replicates of 
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moisture/density condition where as resilient modulus measurements were made on 
mostly one specimen for moisture/density condition. The study also characterized the 
water retention characteristics of specimens taken from a box set-up used by the Civil 
Engineering department to simulate field compaction. Many of these data have already 
been transmitted to Mn/DOT. This report concentrates on the effect of soil suction on 
shear strength and resilient modulus measurements and modeling and how these findings 
can be incorporated into MnPAVE model.  
 
Shear strength measurements and modeling was done by the Soil Physics group at the 
University of Minnesota where as resilient modulus characterization and modeling was 
done by the Geo Engineering group of the University of Wisconsin as a subcontract. 
Although the text from both groups is merged in various sections, authorships of the text 
is outlined at the start of each section.  
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CHAPTER II: LITERATURE REVIEW 

Shear Strength of Unsaturated Soils 
 
This section was written by Drs. Satish Gupta and Andry Ranaivoson, University of 
Minnesota. 
 
Pavements are constructed on compacted soils that are typically unsaturated with degrees 
of saturation varying from 75 to 90%. The negative pore-water pressure (soil suction) due 
to presence of water in between soil particles has a significant effect on pavement 
strength. Several design and maintenance measures are also undertaken to maintain 
unsaturated conditions in the pavement because they provide favorable engineering soils 
properties. This literature review summarizes the development of theory and concepts 
that form the basis for soil suction effects on shear strength measurements.  
 
Principally, theoretical development of unsaturated soil mechanics can be grouped into 
two tracks: (1) effective stress approach of Bishop (1959) and Bishop and Blight (1963), 
and (2) independent variable approach of Fredlund and Morgenstern (1977) and Fredlund 
et al. (1978). The following text details the highlight of these theoretical developments. 
 
Effective Stress Approach: Shear strength of the soil refers to its resistance to slide on a 
failure plane (Das, 1979). Shear strength measurements are based on Mohr’s theory of 
material rupture. The theory states that material failure occurs at a critical combination of 
shear (τ) and normal (σn) stresses. Thus the shear strength at failure (τf) can be expressed 
with Mohr-Coulomb law as: 
 
τf=c'+σn tanφ'         (1) 
 
where c' is cohesion of the soil and φ' is the angle of internal friction. This function was 
later modified by Terzaghi (1936) to account for the presence of pore water pressure in 
saturated soils. He reasoned that total normal stress at a point is sum of the stress carried 
by soil solids and the stress due to pore water pressure (u). He defined the stress carried 
by solids as effective stress (σ'=σn-u). Thus, the Mohr Coulomb formulation for saturated 
soils can be written as: 
 
τf=c'+(σn-u) tanφ'        (2) 
 
This equation was later modified by Bishop (1959) and Bishop et al. (1960) to account 
for the effects of soil suction in unsaturated soils. These authors reasoned that since the 
unsaturated soil is a three phase system (solid, pore water, and pore air) and water in 
voids is not continuous, the total stress will the sum of intergranular stress, the pore air 
(ua) pressure, and the pore water pressure. They suggested that the effective stress (σ') in 
unsaturated soils can be expressed as: 
 
σ'=(σn-ua)+χ(ua-uw)        (3) 
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where χ is the fractional cross sectional area of the soil occupied by water. For dry soil, χ 
will be zero and for saturated soil χ will equal to 1. Thus, Mohr-Coulmb relationship for 
describing shear strength of unsaturated soils can be expressed as: 
 
τf=c'+[(σn -ua)+χ(ua-uw)] tanφ'      (4) 
 
Bishop et al. (1960) pointed out that χ value although primarily depends on the degree of 
saturation, it is also influenced by soil structure and stress pathway (wetting and drying) 
leading to a given degree of saturation. Figure 1 shows examples of the deviation of 
χ value from the degree of saturation for two materials. Similar relationships have been 
presented in the literature and all point out to the difficulty of using Eq. (4) because of the 
difficulty of predicting the χ value.  
 
Since the presentation by Fredlund et al. (1978) that suction is an independent state 
variable, there has been limited use of the effective stress concept in predicting shear 
strength of soils. However, efforts have been made once a while to revive this concept. 
Two of the recent efforts are by Khalili and Khabbaz (1998) and Khalili et al. (2004). 
Khalili and Khabbaz (1998) used the shear strength data from 17 studies (including that 
of Fredlund and his associates) in the literature and showed that χ value was uniquely 
related to the ratio of suction to air-entry value (Eq. 5).  
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uuχ         (5) 

 
where (ua-uw)b refers to air entry value. The correlation coefficient for Eq. (5) was 0.94 
(Fig. 2). Khalili et al. (2004) further reviewed additional studies from the literature and 
concluded that shear strength can be predicted using the effective stress concept. These 
authors proposed an incremental form of effective stress parameter to account for suction 
effects. The authors suggested that for suctions greater than air entry, χ value varies as 
outlined in Eq. (5) but for suction less than air entry, χ value was equal to 1.0. These 
authors tested their concept of incremental effective stress on shear strength data from 
Geiser (1999), Wheeler and Shivkumar (1995), Cui and Delage (1996), and Maatouk et 
al. (1995), and volume change data from Fleureau et al. (1993), Blight (1965), and Vicol 
(1990) and found good agreement between the measured and predicted values in all 
cases. 
 



 5

 
 
 

Figure 1: Variation of � as a function of degree of saturation for two soils tested by 
Bishop and Blight (1963). (Figure taken from Yong and Warkentin, 1975). 

 

 
 

Figure 2: Relationship between effective stress parameter (� and suction ratio [(ua-
uw)/(ua-uw)b] for 17 studies. (Figure taken from Khalili and Khabbaz, 1998). 
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Independent State Variable Approach: The independent state variable approach was 
proposed by Fredlund and associates in a series of papers (Fredlund and Morgenstern, 
1977; and Fredlund et al., 1978; Fredlund and Rahardjo, 1993; Fredlund, 1996). These 
investigators showed that stress state of an unsaturated soil can be described by any two 
of the three possible combinations of stress variables, namely: total normal stress (σ), 
pore air pressure (ua), and pore water pressure (uw). Possible combinations are: (σ-ua) and 
(ua-uw), (σ-uw) and (ua-uw), and (σ-ua) and (σ-uw). These researchers showed that (σ-ua) 
and (ua-uw) were the most advantageous combination because only one stress state 
variable was affected when pore water pressure changed. Using these combinations, these 
authors suggested the following relationship for describing shear strength of unsaturated 
soils. 
 

b

waanf c φμμφμστ tan)('tan)(' −+−+=    (6) 

 
where tan φb is the slope of the shear strength vs. matric suction relationship. These 
authors also observed that although the Mohr-Coulomb failure plot for saturated soil is 
plotted in two dimensions, the corresponding plot for unsaturated soil must be a 3-
dimensional diagram (Fig. 3). Fredlund and Rahardjo (1993) further showed that since 
the intercept of the failure envelop intersects the shear stress vs. matric suction plane 
(Fig. 3), the relationship between the shear stress vs. matric suction can be described as 
 

b

wacc φμμ tan)(' −+=       (7) 
 
where c is the intercept of the Mohr-Coulomb failure envelope at specific matric suction 
and zero net normal stress (Fig. 4).  
 
Over the years, many experimental efforts have been made to test the relationship 
between shear strength and soil suction (Eq. 6). One of the difficulties has been in 
keeping soil suction constant as the specimen is being sheared. In careful experiments, 
Drumright (1989) and Drumright and Nelson (1995) showed that Fredlund’s relationship 
(Eq. 6) applies to unsaturated soils, however, the intersection of the failure surface with 
the plane containing suction was curved. These authors also showed that there was no 
appreciable difference in curved surface between the consolidated-drained (CD) and 
constant water content (CW) conditions. Based on this similarity, these authors 
concluded that there was a unique failure surface for a given suction stress history.  
 
Several other studies have also shown variations to the proposed relationship of Fredlund 
et al. (Eq. 6) either in terms of constancy of friction angle (φ) at various suctions or to the 
linear effect of suction on cohesion (c). Several of these studies have been presented at a 
series of international conferences on unsaturated soils (Alonso and Delage, 1995; 
Houston and Fredlund, 1997; Shackelford, et al., 2000; Miller et al., 2006).  
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Figure 3: Extended plot of Mohr-Coulomb failure envelopes for unsaturated soil. 
(Figure taken from Fredlund and Rahardjo, 1993). 

 
 
 
 

 
 

Figure 4: Two dimensional projections of failure envelopes at various suctions. 
(Figure taken from Fredlund and Rahardjo, 1993). 
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Equation (6) implies that shear strength is a linear function of suction. However, several 
studies have shown that this relationship is non-linear. Furthermore, this non-linearity is 
somewhat similar to the variation in χ as a function of degree of saturation as in effective 
stress concept. Several different types of modifications have been proposed. Some of 
these modifications are based on the inclusion of a factor similar to that of degree of 
saturation (Vanapalli et al., 1996; Oberg & Sallfours, 1997) whereas other modifications 
deal with inclusion of factor related to suction (Abramento and Carvalho, 1989; Rassam 
and Cook, 2002). Examples of these variations are as follows: 
 
Oberg & Sallfours (1997) : 

b

waanf Sc φμμφμστ tan))(('tan)(' −+−+=    (8) 

 
Fredlund et al. (1996) and Vanapalli et al. (1996): 

b

waanf c φμμφμστ κ tan))(('tan)(' −Θ+−+=    (9) 

 
Abramento and Carvalho (1989): 

βμμαφμστ )('tan)(' waanf c −+−+=     (10) 

 
Rassam and Cook (2002): 

βμμμμϕ
φμμφμστ
))()((

tan)('tan)('

bwawa
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−−−−

−+−+=
    (11) 
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−−
−−−

=
tan)(

))()((tan
     

 
where S= degree of saturation; Θ=normalized water content between saturation and 
residual water content; α, κ, β are fitting constants; and τsr=shear strength at residual 
suction.  
 
Inclusions of degree of saturation or the normalized water content in Eqs. (8) and (9) by 
Oberg & Sallfours (1997), Fredlund et al. (1995) and Vanapalli et al. (1996) is on a 
conceptual basis. Like Bishop’s formulation, these authors also reason that since water is 
present only in a fraction of the cross sectional area in unsaturated soils, the effect of soil 
suction needs to be reduced by the degree of saturation or the normalized water content. 
This also provides a mechanism to account for the variation in soil water retention 
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characteristics between soil types. The fitting factor “κ” in Eq. (9) is based on the best fit 
of Eq. (9) to the experimental data.   
 
Inclusions of the exponent function in Eqs. (10) and (11) by Abramento and Carvalho 
(1989) and Rassam and Cook (2002) is based on the best fit of Eq. (6) to the experimental 
data. Equations (10) and (11) are similar in that they are power function of suction. 
However, Eq. (10) starts with the shear strength at saturation and describes its increase 
with increase in suction whereas Eq. (11) starts with shear strength at residual water 
content and describes its decrease with a decrease in suction. Equations (10) and (11) 
imply that shear strength is not linearly related to soil suction as suggested by the original 
formulation by Fredlund and Morgenstern (1977). Since soil water content is related to 
soil suction through the water retention curves, Eqs. (10) and (11) are not different than 
Eqs. (8) and (9). If equations of water retention curve are substituted in Eqs. (8) and (9), 
it will also show a presence of non-linearity in shear strength vs. soil suction similar to 
that of Eqs. (10) and (11). 
 
Recently, Garven and Vanapalli (2006) summarized 19 formulations (including four 
formulations listed above) that have been suggested in the literature for shear strength 
prediction of unsaturated soil (Table 1). These authors tested six equations that use soil 
moisture retention curves in their predictions. The authors assumed that if half of the 
predicted shear strength were within 15% of the measured value, then it was considered 
successful prediction. Tested equations included Eqs. (8), (9), and (11). The authors 
concluded that these three equations were successful 70, 17, and 7% of the times, 
respectively. The authors also gave the following relationship relating κ value in Eq. (9) 
to plasticity index (Ip). 
 

20016.00975.00.1 pp II −+=κ       (12) 
 
In all the above formulations relating shear strength to soil suction, it has been assumed 
that the friction angle is not influenced by soil suction or in other words it is constant. 
However, there have been reports that suggest that friction angle also varies with soil 
suction. In a suction controlled direct shear test, Feuerharmel et al. (2006) showed that 
internal friction angle increased with an increase in matric suction up to 150 kPa for two 
colluvium soils. These authors also reported that φb values were higher than φ' values thus 
suggesting that suction effects were more significant than that of net normal stress. Futai 
et al. (2006) showed that shear strength estimation based on moisture retention curve did 
not produce good predictions. Furthermore friction angle varied with soil suction. These 
authors suggested the following modification for the friction angle. 
 

)10-)(1'(')( )b(
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where φ(s) is variation in friction angle with suction, φ' is effective friction angle for 
saturated soil, φ(ua-uw= ∞ ) is maximum value of soil friction angle, and b is friction angle 
adjustment factor. Gallage and Uchimura (2006) studied the effect of hysteresis (wetting  
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Table 1:Relationships describing the effects of suction on shear strength. (Taken from Garven and Vanapalli, 2006).
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Khalili & Khabbaz (1998) 
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Xu and Sun (2001) 
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Rassam and Cook (2002) 
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Tekinsoy et al. (2004) 
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LEGEND 
τus - shear strength contribution due to 
suction 
τsr -  contributions due to shear strength 
at residual suction 
φ’ - effective angle of internal friction 
(μa-μw) - suction 
(μa-μw)b - air entry value 
(μa-μw)r - residual suction 
Θ - normalized water content or degree 
of saturation 
θw - volumetric water content 

θs - saturated water content 
ς - fractal dimension 
Ds - pore distribution factor 
Pat - atmospheric pressure (101.3 kPa) 
Ps - expansive force 
S - degree of saturation 
Sr - residual degree of saturation 
κ, γ, λ, β, β1, α - fitting parameters 
a, b1, d, k - fitting parameters 
m, n - parameters related to the fractal 
dimensions 
χ - Bishop’s fitting parameter 
AEV - the air entry value an equivalent 
net normal stress
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and drying) on unsaturated shear strength and found no significant effect of  suction on 
friction angle but apparent cohesion was higher for wetting curve than for drying curve at 
the same suction. 

Stiffness of Unsaturated Soils 
 
This section was put together by Drs. Tuncer Edil, Craig Benson, and Auckpath. 
Sawangsuriya of the University of Wisconsin 
  
Stiffness of soil is an important engineering property, commonly used in geomechanical 
design and analysis.  Moreover, the widespread adoption of mechanistic-empirical design 
procedures (NCHRP 1-37A 2004) and performance-based specifications for flexible 
pavement structures use pavement layer modulus as a key material property.  Compacted 
soils are often used in pavement subgrades and embankments and typically are initially 
unsaturated.  Field data suggest that most soils compacted above the water table never 
reach saturation and thus normally remain in an unsaturated state (Roberson, 2002).  
Moreover, the moisture and suction regimes of unsaturated soils can vary in response to 
the loading and environmental conditions while in service.  The stiffness is greatly 
influenced by the state of stress and is also sensitive to the moisture and suction 
variations.  As a result, the stiffness of compacted soils can be expected to change in 
response to changing moisture conditions.  Therefore, the stiffness-suction-moisture 
content relationship of compacted soils is needed in order to describe their unsaturated 
behavior during construction and subsequently in service.   
 
Previous studies have focused primarily on the stiffness and (or) modulus-moisture 
relationship of compacted soils in the as-compacted state (Li and Selig, 1994; Marinho et 
al., 1996; Tian et al., 1998, Muhanna et al., 1999; Butalia et al., 2003, Li and Qubain, 
2003; Ooi and Pu, 2003; Yuan and Nazarian, 2003).  Relatively few studies have been 
reported regarding such relationships corresponding to in-service moisture changes 
(Sauer and Monismith, 1968; Fredlund et al., 1977; Edil and Motan, 1979; Khoury and 
Zaman, 2004).  Moreover, the relationship between modulus and suction has not been 
extensively explored for compacted soils either in the as-compacted or in the post-
compaction states.  Until recently, the dependency of modulus on suction and moisture of 
unsaturated soils has not yet been expressed in a quantitative relationship.  In particular, a 
mathematical model for relating resilient modulus to the soil-water characteristic curve 
has not been reported in the literature.  However, a recent doctoral thesis by 
Sawangsuriya (2006) relates small-strain modulus to the soil-water characteristic curve.  
 
Based on the more detailed literature review (see Appendix A), it appears that the 
theoretical concepts and fundamental basis of stiffness and suction individually and 
separately have been well-established in the literature.  The significant issues that 
emerged from the literature review are summarized as follows: 
 
1. Use of small-strain modulus provides several benefits, e.g. most tests are simple, 

rapid, repeatable, and nondestructive.   
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2. Stiffness of particulate materials such as soils is directly related to the behavior of 
contacts and confining pressure. 

3. Different factors that affect the modulus of soil at small strains have been extensively 
investigated and reported in the literature in such a way that they can be reasonably 
implemented to develop a relationship for the small-strain modulus of a given soil.  
Those factors include the current state of the soil sample (e.g. stress state, 
overconsolidation ratio, density, void ratio, microstructure), anisotropy, degree of 
saturation, aging, cementation, and temperature. 

4. A general expression of the small-strain modulus for dry or saturated soils is well-
established and can be adopted to form a basis for further developing a model to 
predict the modulus of unsaturated soils. 

5. Significant factors that influence the soil-water characteristic curve are soil type and 
compaction conditions, such as compactive effort and initial water content. 

6. The relationship between equilibrium soil suction value and average Thornthwaite 
climatic index value provides a basis for predicting the modulus changes caused by 
moisture variations under given environmental and climatic conditions while in 
service. 

7. The unsaturated soil modulus is mainly related to the soil moisture characteristics.  
Most importantly, the soil suction and moisture content are two key factors that 
strongly influence the modulus of unsaturated soils. 

8. The modulus of compacted soils is significantly impacted by suction and moisture.  In 
addition, the modulus of compacted soils during construction is anticipated to be 
different from that after construction where the moisture regime tends to vary over 
time.   

9. According to the physics of unsaturated particulate materials, the capillary menisci 
formed at the particle contacts creates an additional interparticle force to the 
particulate skeleton, resulting in an increase of modulus of contacts and the 
particulate skeleton.  In other words, the modulus of unsaturated particulate media 
increases as the matric suction increases due to increased capillarity or surface tension 
forces between particles.  Besides the capillary force, the particle surface absorptive 
force (i.e., water is attracted to mineral surface by electrochemical attraction) is 
another mechanism, especially in clayey soils.  

  
Modulus measurements using wave propagation techniques have become a promising 
means to assess the small-strain modulus of compacted soils both in the laboratory and in 
the field (Kim and Stokoe, 1992; Kim et al., 1997; Yesiller et al., 2000; Nazarian et al., 
2003).  An elastic wave propagation technique called elements has been increasingly 
employed in a variety of geotechnical laboratory tests (Dyvik and Madshus, 1985; 
Thomann and Hryciw, 1990; Souto et al., 1994; Fam and Santamarina, 1995; Zeng and 
Ni, 1998; Fioravante and Capoferri, 2001; Pennington et al., 2001; Mancuso et al., 2002; 
Davich et al., 2004; Sawangsuriya et al., 2006; Swenson et al., 2006).  For the field 
measurement of small-strain modulus, the soil stiffness gauge (SSG) can be employed as 
an alternative test because it provides simple, rapid, and direct means of nondestructively 
assessing in-place stiffness and modulus of compacted soils.   
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The key advantage of these techniques over conventional modulus tests is their ability to 
rapidly and nondestructively assess the soil modulus.  Furthermore at small strain levels, 
soil exhibits linear and elastic behavior.  Typically, the associated strain levels 
corresponding to many proposed geotechnical engineering structures such as pavements 
are however much larger (Mair, 1993; Sawangsuriya et al., 2005).  For example, the 
strain levels of the bender element are below 5x10-3% and the SSG ~10-3−10-2%, whereas 
the strain levels of the resilient modulus commonly used in the design of flexible 
pavement structures ranges from 0.01% to 0.1% (Sawangsuriya et al., 2005).  In order to 
correct the small-strain modulus measurements to such relevant levels of strain amplitude 
imposed by the proposed structure, the modulus-strain relationship (a.k.a. strain-
dependent modulus degradation curve) can be employed for a given operating stress level 
and soil type.  Sawangsuriya et al. (2005) and Sawangsuriya (2006) propose a method to 
correlate small-strain modulus to resilient modulus.  However, this method needs to be 
verified by resilient modulus testing under similar conditions. 
 
Since the modulus-suction-moisture relationship of the compacted soils at the initial 
conditions is different from that after they are subjected to climatic and environmental 
factors, the influence of moisture and suction on the resilient modulus of compacted soils 
need to be explored in two stages, as-compacted state (i.e., during construction) and post-
compaction state (i.e., in-service state after construction subject to moisture regime 
changes).  In the as-compacted state, the relationship of modulus, matric suction, and 
compaction moisture content can be investigated along the specified compaction curves.  
In the post-compaction state, the small-strain modulus can be evaluated under the 
desorption (drying) soil water characteristic curve.  The literature summary is presented 
separately for these two stages. 
 
As-Compacted State: Typical earthwork compaction acceptance criteria are currently 
based on the specified target dry density of the placed earthen materials achieved through 
appropriate moisture content and compaction energy.  According to this approach, by 
achieving a certain dry density using an acceptable and cost-effective level of compaction 
energy assures attainment of an optimum level of structural properties and also minimizes 
the available pore space and thus limits future moisture content changes and settlement.  
In important projects, various laboratory and field tests are employed to relate the 
achieved level of compaction to mechanical properties.   
 
Current mechanistic-empirical design procedures for structural design of flexible 
pavements require the mechanical properties of pavement material such as modulus.  To 
successfully implement a mechanistic-empirical design procedure and to move toward 
performance-based specifications, a cost-effective, reliable, and practical means to assess 
the modulus of pavement layer materials rapidly and directly is of interest since the 
modulus of pavement layers plays a key role in the overall quality and performance of 
pavements.   
 
One of the potential approaches to rapidly and directly assess soil modulus both in the 
laboratory and field is to employ the small-strain modulus tests.  In pavement 
engineering, the application of small-strain modulus tests to assess the modulus of 
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pavement materials and structural variability for pavement performance has increased 
dramatically (Kim and Stokoe, 1992; Souto et al., 1994; Kim et al., 1997; Chen et al., 
1999; Nazarian et al., 1999; Fiedler et al., 2000; Yesiller et al., 2000; Zeng et al., 2002; 
Nazarian et al., 2003; Sawangsuriya et al., 2005).  The main advantage of small-strain 
modulus tests is the ability to non-invasively and nondestructively assess the modulus of 
pavement materials at the surface or under a free-field condition (i.e., near-zero confining 
pressure).  Laboratory test methods are also available for small-strain modulus tests that 
can reproduce similar results to those measured in the field.   
 
Unsaturated soil behavior plays a significant role in the mechanical properties of 
compacted pavement subgrades.  Typical compaction specifications require that subgrade 
soils be compacted in the field at or near optimum water content and to a percentage of 
the maximum dry unit weight (i.e., relative compaction).  Consequently, compacted 
subgrade soils are in an unsaturated state during construction.  In unsaturated soil 
mechanics, soil suction is an important parameter which governs the state of stress.  
However, soil suction is not routinely quantified in geotechnical engineering practice.  
Furthermore, there is no unique relationship between modulus and dry unit weight alone.  
Similar modulus under the same stress condition can correspond to several values of dry 
unit weight depending on current moisture content and suction.  A relationship between 
modulus, dry unit weight, moisture content, and suction should be developed for different 
soil types and compaction conditions.  Understanding the influence of these factors on 
soil modulus will enhance the implementation of the small-strain modulus in monitoring 
the mechanical property quality of subgrades during earthwork construction monitoring 
(i.e., in the as-compacted state).   
 
A number of studies have reported the importance of three factors affecting the modulus 
of compacted subgrade.  Those factors include dry unit weight, moisture content or 
degree of saturation, and compaction conditions (i.e., compaction efforts, method of 
compaction) for a given soil.  The influence of each factor on the modulus of soils used in 
highway construction has been well-documented by Shackel (1973).  In general, the 
modulus increases with the dry unit weight but decreases as the molding moisture content 
increases.  The difference in compaction conditions cause the alterations in soil structure 
and hence the modulus.   
 
Because of its rapid and simple approach, the non-destructive evaluation using seismic 
waves are often employed by monitoring the P- and (or) S-wave velocities and thus 
corresponding to small-strain Young’s and (or) shear moduli are determined if the total 
mass density is known.  Many studies reported the correlation of wave velocities and 
small-strain moduli with the dry unit weight, water content, degree of saturation, and 
strength parameters (Sheeran et al., 1967; Marinho et al., 1996; Yesiller et al., 2000; 
Nazarian et al., 2003; Yuan and Nazarian, 2003; Ooi and Pu, 2003).  Besides dry unit 
weight, moisture content or degree of saturation, and compaction conditions, matric 
suction also governs the modulus behavior of compacted soils, which are typically in the 
unsaturated state.  Matric suction is the potential energy of soil water created due to 
curved interfaces and surface adsorptive forces and constitutes about 40-75% of total 
suction in fine-grained soils (Babu et al., 2005). 
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Both dry unit weight and moisture content reflect the current physical state of the soil, 
while matric suction defines the state of stress in unsaturated soils and varies with the 
changes in moisture content.  Since modulus is sensitive to the state of stress within a 
subgrade and the matric suction impacts the state of stress, it is crucial to understand the 
influence of matric suction on modulus.  Past research suggested that the modulus of 
unsaturated soils is strongly influenced by matric suction and a good correlation was also 
observed between modulus and matric suction (Sauer and Monismith, 1968; Fredlund et 
al., 1977; Edil et al., 1981; Khoury et al., 2003; Yang et al., 2005).  The matric suction 
was found to be a key factor associated with the modulus of compacted soils.  Appendix 
A-7 summarizes the findings from several investigators.  In addition, Edil (1973) 
indicated that the matric suction is a fundamental soil parameter which controls the 
stress-strain response and hence the modulus of soils.  Therefore, the matric suction 
should be treated as an independent parameter in establishing the relationship among 
modulus, matric suction, dry unit weight, and moisture content. 
 
Post-Compacted State: Subgrade moisture is sensitive to rise in water table, infiltration, 
or evaporation of water.  Changes in subgrade soil moisture and hence in its stiffness or 
modulus can occur seasonally over the service life of a pavement system in addition to 
the initial moisture conditions imposed during the construction period.  The importance 
of variation in subgrade modulus with moisture and suction, however, has not been 
addressed systematically to reflect mechanical behavior of compacted subgrades after 
construction (i.e., during post-compaction state).  Severe pavement damage (i.e., rutting 
and cracking) is often attributed to changes in subgrade modulus due to moisture and 
suction variations caused by climatic variations (i.e., climate-controlled moisture 
response of subgrade).  If a pavement is constructed during wet season or an excessive 
amount of water is used during compaction of subgrade, a drying cycle follows the 
construction as the subgrade reaches moisture equilibrium with the ambient conditions.  
Alternatively, if a pavement is laid down during dry season or compacted dry, a wetting 
process begins following the construction.  Both of these processes may result in 
significant volume change (settlement or swelling).  Additionally, wetting cycle also may 
result in increased shear deformations in the subgrade under traffic loads.   
 
Despite clear evidence of the unsaturated behavior in pavement subgrades, the response 
of compacted subgrades has rarely been explored on the basis of unsaturated soil 
mechanics.  There has not been a widespread adoption of unsaturated soil mechanics in 
geotechnical profession except in some specific areas associated with collapsible and 
expansive soils.  The long-term subgrade performance assessment also has not been 
based on unsaturated soil mechanics.  The influences of suction and moisture must be 
considered in pavement subgrade performance assessment in such a way that the 
anticipated in-service conditions are taken into account.  Laboratory test protocols and 
methods need to be developed for identifying and examining factors and conditions 
associated with the variation of soil modulus with moisture and suction in order to 
improve the pavement subgrade performance assessment.   
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The concept of soil suction provides a fundamental basis that reflects the modulus 
behavior of a soil (Edil, 1973; Edil and Krizek, 1976).  Since the energy of a soil-water 
system can be expressed as a function of its soil-water characteristic curve (SWCC), soil 
suction, which is the difference between the free energy of the water in the soil and that 
of pure water in a free surface condition, represents the work required to remove an 
infinitesimal quantity of water from the soil.  With the exception of cementation bonds, 
the soil suction is a measure of the combined effects of the forces holding the water in the 
soil and hence it can be considered to include implicitly the effects of the fundamental 
interaction forces that influence the deformation characteristics of the soil (Edil, 1973).   
 
Influence of moisture and suction change on the mechanical behavior of unsaturated soils 
has been recognized in the geotechnical profession especially with respect to the behavior 
of compacted subgrade beneath the pavement.  The variation of moisture and suction in 
pavement subgrade occurs seasonally over the service life of pavement as well as 
spatially, typically varying along the roadway length.  For a given soil, the SWCC is 
often used to describe the suction changes in response to moisture changes.  A number of 
experimental investigations have focused on the relationship of the suction and (or) 
moisture with modulus of soil in the post-compaction state (Fredlund et al., 1977; Edil 
and Motan, 1979; Edil et al., 1981; Motan and Edil, 1982; Mancuso et al., 2002; Costa et 
al., 2003; Inci et al., 2003; Khoury and Zaman, 2004; Sawangsuriya et al., 2005).  
Significant findings from these studies are summarized as the following. 
 
Edil and Motan (1979), Edil et al. (1981), and Motan and Edil (1982) investigated the 
effects of compaction moisture content, degree of saturation, and suction on mechanical 
properties of subgrade soils in Wisconsin.  Their results indicated that the resilient 
modulus as well as other moduli increased as the degree of saturation decreased to 75% 
and the soil suction increased up to approximately 800 kPa, beyond which a decrease in 
resilient modulus was observed.  They also found that soil matric suction is a 
fundamental parameter in characterizing the moisture state and is proposed as a 
parameter to reflect the influence of soil type and fabric, compaction, climatic variation, 
and fluctuation of groundwater table on the mechanical behavior of soils better than 
compaction moisture content or degree of saturation alone.  Finally, they suggested the 
use of the soil matric suction as the basic soil moisture parameter in addition to the 
compaction moisture content for pavement subgrade quality control and performance 
evaluation. 
 
Mancuso et al. (2002) developed the 3-D relationship of the small-strain shear modulus 
(Go), the mean net stress, and the matric suction for the optimum and the wet of optimum 
compacted silty sand tested in the suction-controlled resonant column apparatus.  They 
found that Go measured at a constant mean net stress increased with suction for both 
optimum and wet of optimum compacted soils and the modulus response exhibited the 
typical S-shape of the SWCC.  They also indicated that the difference in soil fabric due to 
molding water content significantly affected the Go-matric suction relationship.  The wet 
compaction induces a weaker soil fabric with respect to optimum compaction and thus 
the modulus increases with decreasing initial compaction water content (Mancuso et al. 
2002). 
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Costa et al. (2003) evaluated the influence of matric suction on the results of plate load 
tests conducted in an unsaturated lateritic soil.  Their results indicated that soil modulus 
increased substantially as suction increased.  Moreover, their field test results showed the 
small increases in matric suction resulted in substantial increases in bearing capacity of 
the soil-plate system and the rate of settlement exhibited a non-linear decreasing trend 
with increasing matric suction.  Inci et al. (2003) conducted an experimental investigation 
of Go of compacted clayey soils subjected to drying after compaction as well as the 
effects of soil type, compaction conditions, and degree of saturation on Go.  They found 
that Go increased as the plasticity and the degree of saturation of the soils decreased and 
Go was significantly affected by the initial compaction conditions. 
 
Khoury and Zaman (2004) developed correlations among resilient modulus (Mr), 
moisture content, and matric suction for compacted subgrade clayey and sandy soils upon 
drying and wetting.  Their results indicated that Mr-moisture content relationships 
exhibited a hysteretic behavior due to wetting and drying.  The clayey soil is more 
susceptible to moisture variation than the sandy soil and the changes in MR values and 
suction are influenced by the initial compaction water content.  They also developed the 
3-D relationship of Mr, moisture, and soil suction in order to understand seasonal 
variations in pavement performance.  Sawangsuriya et al. (2005) presented a preliminary 
relationship between Go and SWCC of a compacted clayey sand.  Their result showed 
that Go increased with increasing matric suction but decreased with increasing moisture 
content. Furthermore, Go of soil compacted near optimum was greater than Go compacted 
wet of optimum for a given matric suction or moisture content.  They also recommended 
the equilibrium soil suction and moisture be incorporated into the modulus of unsaturated 
pavement subgrade in order to improve the prediction of the variation in modulus with 
moisture conditions as a result of climatic and environmental fluctuations in the long-
term pavement evaluation. 
 
Moisture changes in subgrade soils beneath pavements have been investigated by 
Thadkamalla and George (1995).  They observed that the average moisture content at the 
shallow depth of the subgrade layer increased and the fluctuation of moisture content 
decreased over time (Thadkamalla and George, 1995).  The subgrade soils beneath 
pavements increased its moisture content to approximately 20 to 30% higher than its 
plastic limit and reached equilibrium condition during the first 3 to 5 years of service 
(Uzan, 1998).  Moreover, the moisture content of the subgrade after construction 
maintains a varying equilibrium moisture content with the environment (Thadkamalla 
and George, 1995; Uzan, 1998).  Past studies (Russam and Coleman, 1961; Edil and 
Motan, 1979; Lytton, 1997) also indicated that soil suction is known as a fundamental 
soil parameter that can reflect the influence of climate on the moisture regime and it can 
be correlated with a climatic moisture index such as Thronthwaite moisture index 
(Thornthwaite, 1948). 
 
Pavement structures are constructed over fine-grained compacted soils which are 
unsaturated when compacted and may not become saturated during their service life.  The 
moisture and suction conditions can vary over time and space due to climatic and 
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environmental fluctuations.  Consequently, the soil stiffness and (or modulus) is expected 
to change over time in response to temporal changes in moisture and suction conditions 
in addition to the initial moisture conditions imposed during construction.  The modulus 
under unsaturated conditions has not been extensively explored for compacted soils both 
in the as-compacted and post-compaction states.  Furthermore, the dependency of 
modulus on suction and moisture of unsaturated soil has not yet been expressed in a 
quantitative relationship.   
 
The main conclusions from the literature review, including the recently completed 
doctoral thesis on the subject by Sawangsuriya (2006) are as follows: 
 
1) Mathematical relationships are available to quantitatively describe the small-strain 

modulus of unsaturated compacted soils in both as-compacted and post-compaction 
states.   

2) The modulus of compacted soils depends primarily on matric suction and to a lesser 
degree on compaction moisture content and dry unit weight. 

3) Low-strain modulus normalized with initial compaction moisture content correlates 
semi-logarithmically with matric suction for a given compacted soil.   

4) A generalized modulus relationship that incorporates the effect of all compaction 
parameters (i.e., compaction moisture content and compaction energy) and soil type 
as a function of matric suction has been developed.  This general relationship is based 
on normalized modulus, normalized moisture content, and normalized dry unit weight 
by their values at optimum moisture content at standard Proctor effort. 

5) Based on the well-established expression of small-strain modulus for dry or saturated 
soils and the measured soil-water characteristic curve, a relationship has been 
proposed for modulus as a function of soil type, compacted fabric, solid-water 
contact, and stress state.  The relationship can be employed along with the fitting 
parameters in predicting small-strain modulus of unsaturated compacted soils.   

6) The effect of compaction moisture content on the fitting parameters is more 
significant than that of compaction energy.  Moreover, the fitting parameters correlate 
reasonably well with percent sand and fines as well as the plasticity index. 

 
Based on the literature review on stiffness of unsaturated soils, the following 
recommendations are provided for future studies on this topic: 
 
1) Hysteretic effects might be considered in developing the modulus-suction-moisture 

relationship because the in situ soil conditions can change with time due to the effects 
of weathering, wet-dry, and freeze-thaw conditions. 

2) Additional test soils are recommended to confirm the proposed relationship between 
the fitting parameters and the soil index properties. 

3) Higher matric suctions (i.e., greater than 1,000 kPa) might be considered to develop 
the modulus-suction relationship at the very low moisture contents and very high 
suctions.  

4) A strain-dependent modulus degradation curve (i.e., a plot of shear modulus versus 
shear strain amplitude) can be developed in order to adjust the measured small-strain 
modulus to the modulus corresponding to larger strains such as the resilient modulus, 
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commonly used in the design of flexible pavement structure.  To obtain such a 
degradation curve, the resilient modulus tests must be performed under the identical 
stress conditions (i.e., both matric suction and confining pressure).   
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CHAPTER III: MATERIALS AND METHODS  
 
Following Sections were put together by Drs. Satish Gupta and Andry Ranaivoson of the 
University of Minnesota. 

Water Retention Characteristics 
 
Water retention characteristics curves of the four soils were measured using the Tempe 
Cells and the pressure plate apparatus. Procedure for water retention characterization was 
very similar to the procedures used by the authors and reported to Mn/DOT in our 
previous reports (Gupta et al., 2004; Singh et al., 2006). Briefly the procedure involved 
bringing the soil sample to optimal water content, packing the soil in metal cores to 100% 
or 105% of standard Proctor density, and then running the water retention curves. Both 
optimal water contents and standard Proctor density values were provided by Mn/DOT.  
 
Since soil samples were collected under natural conditions by Mn/DOT, water content of 
all soil samples was greater than the optimal water content needed for packing. Thus to 
achieve a given level of water content, we air dried a known amount of soil on the 
laboratory bench. In some case, we overshot the air drying and thus to achieve the 
required soil water content we sprayed a known quantity of water with an atomizer.  
Once the soils were brought to given water content, we bagged the soils and allowed the 
water to distribute uniformly in the sample. This process took two to three days. After 
equilibration, a known quantity of soil was packed to a given density (100% or 105% of 
standard Proctor density) in 7.6 cm diameter and 7.6 cm high metal cores. These cores 
were saturated over night and then desorbed in a pressure chamber. Application of air 
pressure forced the excess water over and above soil’s retention capacity at that pressure 
to drain. Once equilibrium was reached, the soil was subjected to next air pressure and 
the outflow was collected and measured. This process was repeated until the applied air 
pressure was equivalent to the air entry value of the ceramic plate. At that time, the soil 
core was taken out of the pressure chamber, weighed, and then oven dried at 105 ºC. 
Water content at any pressure was then back calculated from the final water content of 
the soil core and the volume of outflow corresponding to each pressure step.  
 
Drying curves covered a pressure range of 10.2 cm to 15,300 cm of water head. Several 
different apparatuses were used to cover the full range:  
 

• Tempe cell apparatus: pressure range from 10.2 to 1020 cm H2O,  
• 5-bar pressure plate apparatus: pressure range from 102 to 3,060 cm H2O,  
• 15-bar pressure plate apparatus: pressure range from 1,020 to 15300 cm H2O.  
 

The pressure ranges overlapped and thus helped verify the accuracy of the results 
obtained from three different soil cores in three different pressure apparatuses.  
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Shear Strength Testing 
 
We followed the ASTM standard test method for triaxial compression test on cohesive 
soil (D 2850 – 95) for shear strength measurements. The procedure involved making the 
specimen at given optimal water content and given density, bringing the soil specimen to 
a given suction, and then shearing the specimen at a given confining stress (σ3).  
 
Specimen Preparation: Specimen was prepared by first air drying the bulk soil to 
known water content as described earlier and then packing a known quantity of soil in a 
cylindrical split mold to the target density (Fig. 5).  The split mold was 38.1 mm in 
diameter and 15.2 cm long. For high clay soil (DI TH 23), the mold was 25.4 cm long. 
Soil packing in the split mold was done by pushing plungers at both ends of the mold. 
This procedure has been shown to give more uniform packing compared to top packing 
using one plunger (Gupta and Larson, 1979). The final dimensions of the specimen were 
aimed to get 2:1 ratio for length to diameter (38.1 mm in diameter and 77.0 mm in 
length). Quantity of the soil was calculated based on the water content of the soil and the 
desired density (98% or 103% of standard Proctor density). After packing, a rubber 
sleeve was slipped over each specimen (Fig. 6). A total of 10 specimens were prepared 
for shear strength measurements at any given suction. This corresponded to three 
replications at three confining stresses (σ3=6.9, 27.6, and 55.2 kPa) plus one specimen for 
water content measurement. 
 
Specimen Saturation and Desorption: After preparation, ten specimen soil cores 
wrapped in a rubber sleeve were set on a pressure plate that was covered with a layer of 
fine soil to ensure continuity between the cores and the plate. A 15-bar pressure plate was 
used for specimens that will be brought to 5,000 cm suction whereas a 3-bar pressure 
plate was used for suction values less than 5000 cm. The ceramic plate and specimens 
were allowed to saturate overnight in a pressure chamber. To insure there was no trapped 
air in the specimens, water level in the chamber was raised to the soil core height in three 
stages. This step took up several hours with approximately three to four hours in between 
stages. The saturated cores were left overnight after which the chamber was drained by 
siphoning.  The chamber was then closed and the compressed air at a given pressure was 
pumped into the chamber. The specimens were allowed to desorb for about 3 to 10 days 
depending upon the soil and the air pressure applied (desired suction) until there was no 
water flow out of the chamber and an equilibrium was reached (Fig. 6). Longer 
desorption time was needed for high clay soils at higher suctions.  
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Figure 5: Split mold used to construct specimens. Mold diameter was 3.81 cm. 
 
 
 

 
 

Figure 6: Molded soil specimens with rubber sleeves on the pressure plate in a 
pressure chamber. The pressure chamber was used to bring specimens to a given 
soil suction. 
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Triaxial Testing: After equilibration, the specimens were taken out of the pressure 
chamber and specimen dimensions (length, diameter) along with weight measurements 
were taken. Diameters of the specimens were corrected for rubber sleeve thickness and 
then length and corrected diameter were entered into the computer that was hooked to the 
loading frame for shear testing. The specimens were placed on a plastic disc at top of the 
pedestal in the triaxial chamber. The rubber sleeve from the specimen was then stretched 
over the pedestal and secured in place with an o-ring.  At top of the specimen, a plastic 
disc along with a metal cap was also placed and the rubber sleeve stretched to cover the 
cap. Again, an o-ring was used to secure the sleeve to the top cap. A ball bearing was 
then placed on top of the metal cap and the plunger sliding from the upper portion of the 
triaxial chamber was gently lowered to touch the top of the metallic ball.  The whole 
assembly was then transferred to the loading frame where a second metallic ball was 
placed on top of the plunger to uniformly distribute the load from the loading frame. The 
chamber was then secured at its base with three locks and an o-ring, which prevented any 
leakage of air used to apply confining pressure on the specimen.  The triaxial chamber 
was connected to an air compressor for supply of compressed air (Fig. 7).   
 
Shear testing was done at three confining stresses (σ3=6.9 kPa, 27.5 kPa, and 55.2 kPa) at 
each suction.  After the soil specimen was pressurized, load was applied with the cross 
bar of the loading frame until (i) the specimen failed, (ii) the pre-set limits of the strain 
were met, or (iii) the limit of the load cell was reached. The load cell used in these 
measurements was a 10kN load cell. Specimens were sheared at 5.8% strain per minute 
(Fig. 8). Applied load was recorded every tenth of a second.  A loading curve was 
displayed on the computer screen with load values in kgf on the y-axis and vertical strain 
in mm on the x-axis.  In shearing mode, the curve showed a peak load while in bulging 
mode the curve went to a maximum load.  The shearing mode occurred in general with 
low clay soil (MnROAD and Red Wing soils) and/or at high suctions (5,000 cm and 
1,000 cm) while the bulging mode occurred with high clay and/or at low suctions (100 
cm, 50 cm, and saturated).  Figures 9 and 10 show the variation in deviator stress (σ1-σ3) 
vs. strain for two types of samples.  
 
The computer output consisted of several parameters: 
 

• Time, every tenth of a second 
• Load (kgf) 
• Compression stress (kgf/cm2); load divided by specimen cross-sectional 
 area 
• Extension (mm); movement of plunger 
• Percent compression strain; percent of plunger movement relative to 
 specimen length 
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Figure 7: Equilibrated soil specimen ready for shearing in a triaxial cell. 

 
 
 

 
 

Figure 8: Sheared soil specimen.
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Figure 9: Variation in deviator stress as a function of strain for three MnROAD 
specimens at 5 kPa suction and a confining stress 6.9 kPa. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Variation in deviator stress as a function of strain for three MnRoad 
specimens at 0.5 kPa suction and a confining stress 6.9 kPa. 
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Deviator Stress at 1% and 5% Strain: One of the main objectives of this study was to 
see if tangent or secant modulus on the specimen at small strain can be an indicator of the 
resilient modulus of the specimen. We selected 1% and 5% strain to estimate the deviator 
stress on the specimens.  These values were manually read from the computer output of 
deviator stress vs. strain. 

Stiffness Testing 
 
This section was written by Drs. Tuncer Edil, Craig Benson, and Auckpath Sawangsuriya 
of the University of Wisconsin 
 
Four subgrade soils having the plasticity index ranging between 0 and 52 are tested in 
this study.  They include: Duluth TH23 Slopes (A-7-6(60)), Red Lake Falls (A-4(9), A-7-
6(23)), Red Wing (A-4(0)), and MnROAD (A-4(3), A-6(5)).  The characteristics of the 
soil samples are given in Table 2.  All samples were collected and delivered to the 
University of Wisconsin-Madison Laboratories by Mn/DOT.  All test soils were 
compacted at two specified densities (98% and 103% of the maximum density using 
standard Proctor) at the optimum water content.  Appendix B provides the description of 
the specimen preparation.  Three levels of matric suctions including 0, 22 psi (154 kPa), 
50 psi (350 kPa) were induced in these specimens.  By combining all testing parameters 
(density, matric suction, and soil type), a total number of specimens are 24.  In order to 
establish the equilibrium matric suction, the compacted specimens were initially saturated 
and then subjected to desorption to the specified matric suctions along the soil-water 
characteristic curve.  Time to achieve the equilibrium condition varied depending on 
several factors (e.g. hydraulic conductivity of soil and specimen size).  After the 
equilibrium condition had been established, the specimens were subjected to resilient 
modulus (Mr) testing.  The small-strain shear modulus of the specimens measured by the 
wave propagation method using bender elements were conducted following the Mr test.  
Finally, the matric suction was measured with the thermal dissipation sensor on the 
specimens to obtain an independent value other than the assumed induced suction.     
 
The flowchart of the testing program is presented in Fig. 11.  The testing program is 
divided into three phases: (i) specimen suction conditioning, (ii) stiffness testing, and (iii) 
matric suction determination.  Details of each phase are discussed in the following 
section.   
 
Specimen Suction Conditioning-Soil-Water Characteristic Curve: The drying 
(desorption) soil-water characteristic curve (SWCC) of the compacted soil specimens was 
determined from a developed test apparatus under a constant net confining pressure of 35 
kPa (Sawangsuriya, 2006).  Additionally, 3 to 6 more data points at the dry end of the 
SWCC (> 1,000 kPa) were also included from the chilled mirror hygrometer test 
assuming that there is not a substantial effect of the net confining pressure on the SWCC 
at very high matric suctions (see also Hoyos et al., 2005; Huat et al., 2005).  
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Table 2: Properties of Test Soils 

 

aUnified Soil Classification System 
bAmerican Association of State Highway and Transportation Officials 
cASTM D 698 (Method A) 

 

 

 
 

Properties Silt Lean clay-1 Lean clay-2 Fat clay 

Source Red Wing Red Lake Falls MnROAD DI TH23 Slopes 

USCSa ML CL-1 CL-2 CH 

AASHTOb A-4(0) A-7-6(23) A-4(0) A-7-6(60) 

Liquid limit 28 42 26 85 

Plastic index 11 24 9 52 

Percent sand (%) 11.9 8.9 36.3 3.1 

Percent silt (%) 82.4 63.8 45.3 21.2 

Percent clay (%) 5.7 27.3 14.5 75.2 

Percent fines (%) 88.1 91.1 59.7 96.4 

Specific gravity 2.69 2.69 2.66 2.75 

Optimum 
moisture content 

(%)c 
13.5 22.0 16.0 27.5 

Maximum dry 
unit weight 
(kN/m3)c 

17.9 15.8 17.7 14.4 
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Task 1:
Determine the SWCC and

prepare soil specimens

Task 2:
Saturate soil specimen

(following ASTM 5084 test protocol)

Task 4:
Bender element test and

MR test (following a new NCHRP 1-28A test
protocol)

Task 5:
Prepare the final report

Task 3:
Induce matric suction to equilibrium condition

 
 

Figure 11: Testing program flowchart. 
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A number of relationships have been proposed to describe the highly nonlinear SWCC.  
Among these, the four-parameter relationships given by van Genuchten (1980) and 
Fredlund and Xing (1994) have been widely employed in engineering practice.  Both 
equations have a similar generic form that provides a sigmoid shape of the SWCC 
applicable to most natural soils.  These relationships are found to be the best in describing 
the SWCC data of a variety of soils (Leong and Rahardjo, 1997).  In this study, the 
SWCC test data was modeled by fitting the Fredlund and Xing equation using a least-
squared optimization algorithm.  The Fredlund and Xing equation given below was 
selected because it provides a better curve-fitting for the SWCC data of a variety of soils 
(Leong and Rahardjo, 1997) and it also includes an additional term that allows the 
volumetric water content to be zero at the high suction of 106 kPa (Croney and Coleman, 
1961; Koorevaar et al., 1983), which is supported by thermodynamic theory (i.e., at a 
temperature of 20oC and a relative humidity of 0.01%, soil suction equals 1,026,289 kPa). 
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where Θ is the normalized volumetric water content, θ is the volumetric water content, θs 
is the saturated volumetric water content, ψ is the soil suction (kPa), ψr, α, n, and m are 
the fitting parameters.  This equation is similar to the van Genuchten (1980) equation.  
Moreover, since the pore-size distribution function used by Fredlund and Xing (1994) is a 
modification of the pore-size distribution function given by van Genuchten (1980), the 
fitting parameters in Fredlund and Xing equation (i.e., ψr, α, n, and m) have the same 
meanings as those in van Genuchten (1980) and affect the shape of the SWCC in a 
similar fashion (Leong and Rahardjo, 1997, Yang et al., 2004).  However, the only 
difference is that the Fredlund and Xing (1994) forces the SWCC through θ = 0 and ψ = 
106 kPa.  The optimization algorithm results in a set of SWCC parameters (i.e., θs, θr, α, 
n, and m).   
 
The specimens were prepared in accordance with NCHRP 1-28A (see Appendix B).  A 
saturation cell was used to saturate these compacted specimens after obtaining a desired 
initial compaction condition.  The cell can accommodate a 102-mm (4-in) diameter and 
204-mm (8-in) high specimen.  Four saturation cells were assembled for saturating the 
compacted specimen in the study.  The cells used were similar to those used for the 
permeability testing of soils.  The saturation procedure adopted in the study follows 
ASTM D 5084, Standard Test Methods for Measurement of Hydraulic Conductivity of 
Saturated Porous Materials Using a Flexible-Wall Permeameter (ASTM 2004).  The 
saturation was ensured using the B-check (i.e., B ≥ 90-95%).  The saturation took 
approximately 2 to 6 weeks depending on the soil sample.  
 
A suction cell was designed and fabricated in order that the air pressure can be supplied 
to the cell and the pore water is allowed to drain freely from the cell.  Figure 12 illustrates  
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High air-entry
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ua = 22, 50 psi
(154, 350 kPa)
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Thick rubber band
with adjustable

steel ring

To graduate cylinder

 
 

Figure 12:  Schematic of a suction cell. 
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the schematic of the suction cell along with the outflow lines.  The cell has the following 
features: (1) the controlled air pressure is applied directly on the lateral surface of the 
specimen and (2) the pore water can freely drain from the bottom of specimen through 
the pedestal fitted with a ceramic disk and also from the top of specimen through the top 
cap fitted with a ceramic disk.  Double-drain was used in low permeable specimen to 
accelerate the equilibrium condition.  Appendix C provides the machine drawing of this 
suction cell.  The top cap and pedestal are designed in such a way that the water is able to 
flow in and out only in one direction and the air bubble can be easily flushed out of the 
outflow line. 

 
An axis translation technique where the pore air pressure (ua) in unsaturated soil is 
elevated while maintaining the pore water pressure (uw) at atmospheric pressure was 
adopted so that the matric suction (ua-uw) can be easily controlled and measured.  This 
technique is achieved by separating the air and water phases of the soil through the 
saturated high-air-entry (HAE) ceramic disks.  The specimen is placed in good contact 
with the saturated HAE ceramic disk.  The positive air pressure is applied to the pore air 
on one side, while allowing the pore water to drain freely under atmospheric pressure on 
the other side of the disk.  Separation of the air and water pressure is maintained as long 
as the applied air pressure is less than the air-entry pressure of the HAE ceramic disk, 
which is 5 bar (500 kPa) in this study.   
 
The HAE ceramic disk has the following dimension: 10.48 cm (4.125 in) in diameter and 
0.714 cm (0.281 in) high.  The disk has identical diameter as the top cap and the pedestal.  
To avoid air leakage from the disk, a rubber membrane and a thick rubber band with a 
steel clamp was used to seal the disk to the cap or to the pedestal.  The equilibrium 
condition was established when the amount of water expelled from the specimen ceased.  
The amount of water in the graduate cylinder was checked periodically.   More details 
and pictures are given in Appendix C.  
 
Stiffness Testing-Resilient Modulus: The resilient modulus (Mr) test was conducted 
following the bender element test, which takes less than ten minutes.  The Mr test was 
conducted in accordance with a new Mr testing protocol, NCHRP 1-28A as required by 
Mn/DOT.  Since the soil specimens are classified as fine-grained subgrade soils (i.e., 
greater than 35% passing 75 μm, No. 200) sieve, the Mr test sequence follows Procedure 
II.  Appendix B summarizes the test sequence for NCHRP 1-28A: Procedure II.  A 
sample test spreadsheet is given in Table 3. 
 
The Mr testing machine used consists of a triaxial cell, a load cell located outside the 
chamber, two external and two internal (local) LVDTs for measuring axial deformation 
of the specimen.  Two local LVDTs were installed on the specimen on diametrically 
opposite sides in the ¼ position (where the end-friction effects are negligible).  The 
measured axial deformations are averaged for calculating the resilient modulus.   
 
According to NCHRP 1-28A, the load pulse for the subgrade soils has a haversine shape  
with a loading time of 0.2 seconds followed by a 0.8 seconds rest time.  This pulse is 
used in the tests.  Air is used as the cell pressure.   
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Table 3: Example of spreadsheet for specimen and Mr test data 
 
Specimen ID Test Date

Specimen Property Specimen Geometry
As-compacted state As-compacted state
Dry unit weight Diameter
Moisture content Height
Post-compact state Post-compact state
Matric suction Diameter
Moisture content Height

MR Test Protocol NCHRP 1-28A Bender Element Test
Initial specimen height Tip-to-tip distance
Final specimen height Total unit weight
Initial gauge length S-wave travel time
Final gauge length Shear modulus

Load Deviator Bulk Confining Octahedral External External Internal Internal Measured Predicted Measured Predicted 
Step Stress Stress Pressure Shear LVDT 1 LVDT 2 LVDT 1 LVDT 2 MR-Ext MR-Ext MR-Int MR-Int

Stress Deformation Deformation Deformation Deformation
(kPa) (kPa) (kPa) (kPa) (mm) (mm) (mm) (mm) (kPa) (kPa) (kPa) (kPa)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Five-parameter log-log model
External LVDTs Internal LVDTs
k1 k1
k2 k2
k3 k3
k6 k6
k7 k7  
 

 



 

 35

A five-parameter log-log model will be used to represent the resilient modulus data as 
follows: 
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where Mr is the resilient modulus, σb is the bulk stress (θ= σ1+σ2+σ3 = σ1+2σ3), τoct is 
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σ1, σ2, σ3 (σ2 = σ3) are the principal stresses, k1, k2, k3, k6, and k7 are the fitting constants, 
and pa is the atmospheric pressure (~100 kPa).  After the Mr test, the bender element test 
and suction measurement using thermal dissipation sensor were conducted on all of the 
specimens. 
 
Small-strain Shear Modulus (Bender Element Test): After the resilient modulus test, the 
small-strain shear modulus was determined using the bender elements on the specimens 
without any applied stresses.  The bender element system (Sawangsuriya et al., 2006) was 
installed at top and bottom ends of the specimen so that the shear wave propagating 
longitudinally was monitored.  Knowing the travel distance (L) and time (ts), the shear 
wave velocity can be obtained.  The small-strain shear modulus (Go) was then calculated 
from the shear wave velocity (vs) and total mass density of the specimen (ρ) as follows: 
 
 2

so vG ⋅ρ=  (15) 
where vs = L/ts. 
 
Matric Suction Determination: After the stiffness measurement, the matric suction was 
determined using the thermal dissipation sensor.  The test took approximately 2-3 days to 
ensure the equilibration was established.  The matric suction as measured with thermal 
dissipation sensor longitudinally was used to verify if the specimen met both equilibrium 
condition and target matric suction.  The matric suction measured near the top, middle, 
and bottom of a specimen is shown in Fig. 13.  The equilibrium matric suction obtained 
was close to the target matric suction (~350 kPa). The average matric suction as 
measured with the thermal dissipation sensor was approximately 204 kPa for the ML 
specimen and 311 kPa for the CL specimen. The measured suction is about 42% lower 
for the ML specimen and 11% lower for the CL specimen, implying that the equilibrium 
was nearly but not fully established.  The gravimetric water content was also measured to 
ensure the moisture uniformity and homogeneity after the suction measurement. 
Approximately 4 to 6 measurements were taken along the soil specimen.  The average 
and standard deviation of water content was 10.8% and 0.2 for the ML specimen and 
14.6% and 0.8 for the CL specimen. However, it should be noted that water content 
changes may not reflect the equilibrium because changes in water content are 
insignificant as compared to changes in suction. Thermal dissipation sensor and suction 
measurement pictures are given in Appendix C. 
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Figure 13:  Matric suction as measured with thermal dissipation sensor. 
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CHAPTER IV: RESULTS AND DISCUSSION 
 
This section was written by Drs. Satish Gupta and Andry Ranaivoson of the University of 
Minnesota. 

Physical Characteristic of the Soils 
 
Tables 4 and 5 summarize the physical characteristics of the four soils tested in this 
project. Red Wing soil had the least amount of clay (4.8%) whereas Duluth TH23 had the 
most clay (75.2%). Red Wing soils are loess soils with high silt content and represent a 
large area of southeastern Minnesota, southwestern Wisconsin, northeastern Iowa, and 
northwestern Illinois, also designated as the unglaciated region of upper Midwest. Red 
Lake Falls soils are formed from lake sediments of the Red River valley in northwestern 
Minnesota. MnROAD soil is taken from near the Mn/DOT experimental facilities near 
Monticello along Interstate 94. Duluth TH23 is a soil taken along Trunk Highway 23 near 
Duluth. Except for MnROAD soil, the initial water content of the other soils was greater 
than the optimal water content. Therefore in these soils, optimal water content was 
achieved by soil drying. In case of MnROAD soil, optimal water content was archived by 
spraying additional water with an atomizer. 

Soil Water Retentions 
 
Figures 14 thru 17 shows the water retention characteristics of all four soils packed at two 
densities (100% and 105% of standard Proctor density). These densities are a bit higher 
than the densities used in shear strength measurements partially because the Mn/DOT had 
initially planned to run all test at 100 and 105% of the maximum density. These plans 
were changed to 98% and 103% of the maximum density after we had finished part of the 
water retention tests. Points in Figs. 14 thru 17 are the best fit lines drawn to the 
experimental data using van Genuchten’s function (Van Genuchten, 1980). The values of 
Van Genuchten parameters are given in Tables 6 thru 9. In general, there were small 
differences in the water retention characteristics of a given soil when packed at two 
different densities. With increase in density, there was a small decrease in the water 
content at lower suction and an increase in water content near the mid to higher suctions. 
This indicates that increasing compaction slightly reduced the proportion of larger pores 
but slightly increased the proportion of medium and smaller pores.   

Deviator Stress at 5% Strain 
 
Figures 18 thru 21 show the variation in deviator stress (σ1-σ3) at 5% sample strain as a 
function of confining stress (σ3) and soil suction for four soils that were initially packed 
at 103% of the Proctor density. Since all samples did not shear and in many of the 
samples bulging occurred during compression, it was difficult to calculate the values of 
cohesion and friction angle for a given soil at various suctions. The bulging process 
indicated hardening and dilation of the specimens. Because of this limitation, we decided 
to use deviator stress as an indicator of shear strength in characterizing the effects of 
initial compaction and suction. 
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Table 4: Soil name, optimum moisture, and density. 

 
 
 
 
 
 
 

 

Table 5: Soil name, texture, and liquidity and plasticity parameters  

Soil Name Textural 
Class 

% 
passing 

#4 

% 
passing 

#200 

Liquid 
limit % 

Plastic 
limit %. 

Plasticity 
Index 

MNRoad L 96.9 58.6 30.5 17.4 13.1 
Red Wing Si 96.7 85.3 0.0 0.0 0.0 
Duluth TH23  C 99.5 96.4 84.9 32.9 52 
Red Lake Falls SiCL 97.7 91.3 31.8 21.7 10.1 

 

Table 6: Value of Van Genuchten’s function value for MnRoad soil at two densities.  

Density θs θr α n 
100% 0.3292 0.1727 0.0873 1.565 
105% 0.3122 0.1659 0.3419 1.239 
 

Table 7: Value of Van Genuchten’s function value for Red Wing soil at two 
densities. 

Density θs θr α n 
100% 0.3130 0.1009 0.00075 2.044 
105% 0.3200 0.1145 0.00122 1.852 
 

Table 8: Value of Van Genuchten’s function value for Duluth TH23 soil at two 
densities. 

Density θs θr α n 
100% 0.4852 0.3443 0.1210 1.238 
105% 0.4276 0.3150 0.0145 1.370 
 
 

Table 9:  Value of Van Genuchten’s function value for Red Lake Falls soil at two 
densities. 

Density θs θr α n 
100% 0.3560 0.2262 0.00053 2.477 
105% 0.3660 0.2544 0.00146 1.857 

Soil Name %Silt %Clay Opt. % 
Moist. 

Initial 
% 

Moist 

Max 
Density, 

lb/ft3 

Max 
Density, 
g/cm3 

MnRoad 45.3 14.5 16.1 15.7 107.4 1.720 
Red Wing 80.4 4.8 13.1 20.9 111.7 1.789 
Duluth TH23  21.2 75.2 26.5 36.4 90.4 1.448 
Red Lake Falls 67.0 24.3 16.3 29.6 107.4 1.720 
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Van Genuchten Modeling: MnRoad 
at 100% & 105% Proctor Density
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Figure 14: Effect of compaction (100% and 105% of the Proctor Density) on water 
retention characteristics of the MnROAD soil. 

Van Genuchten Modeling: Red Wing 
at 100% & 105% Proctor Density

0

0.1

0.2

0.3

0.4

0.5

10 100 1,000 10,000 100,000

Suction, cm

W
at

er
 C

on
te

nt
, v

ol
/v

ol

RW 100% RW 105%

 
Figure 15: Effect of compaction (100% and 105% of the Proctor Density) on water 
retention characteristics of the Red Wing soil. 
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Figure 60: Relationship of parameter kus with liquid limit and plasticity index. 
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Figure 61:  Relationship of parameters k1 and kus with group index. 
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CHAPTER V: LINKING SHEAR STRENGTH MEASUREMENTS 
TO RESILIENT MODULUS 

 
This section was compiled by Drs. Satish Gupta and Andry Ranaivoson based on their 
results on shear strength and stiffness measurements by Drs. Tuncer Edil, Craig Benson, 
Auckpath Sawangsuriya of the University of Wisconsin. 

Power Function Model for Resilient Modulus of Unsaturated Soils 
 
In the resilient behavior characterization of the present report, Edil et al. (2007) suggest 
two formulations that can form the basis of a model for predicting resilient modulus of 
unsaturated soils. In one formulation, the authors used the relationship suggested by Oloo 
and Fredlund (1998) between deviator stress (σd) and resilient modulus (Mr) as the basis 
and added a component similar to the component of unsaturated cohesion in shear 
strength model of Fredlund and Morgenstern (1977) as modified by Vanapalli (1996). 
The final forms of the relationships were: 
 
For coarse-grained soils:                     ( ) ( )

waus

n

busr kkM μμσ κ −Θ+=     (26) 
 
For fine-grained soils: 
 
For k1>σd  ( ) ( ) ( )

wausdusr kkkkM μμσ κ −Θ+−−= 132
          (27) 

 
For k1<σd  ( ) ( ) ( )

wausdusr kkkkM μμσ κ −Θ+−+= 142
          (28) 

 
where k1, k2, k3, k4, kus, and n are material constants determined experimentally, σb is 
bulk stress (σb=σ1+σ2+σ3=σ1+2σ3), and κ is a fitting coefficient. 
 
The other formulation suggested by Edil et al. (2007) for resilient modulus is a 
modification of a five-parameter log-log model recommended by NCHRP 1-28A (2003). 
To account for unsaturated effects, Edil et al. (2000) again used Vanapalli et al. (1996) 
modification of Fredlund and Morgenstern (1977) equation for unsaturated shear 
strength. The new model for resilient modulus is thus written as: 
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where k1, k2, k3, k6, k7 are the fitting constants with k1 and k2>0, k3 and k6<0, and k7>1; pa 
is atmospheric pressure (~100 kPa); and τoct is octahedral shear stress defined as:  
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where σ1, σ2, and σ3 are principal stresses with σ2=σ3.  
 
As mentioned in the literature review section of shear strength, Vanapalli et al. (1996) 
modification of Fredlund and Morgenstern (1977) equation explicitly include soil water 
retention characteristics in the shear strength relationship. Use of κ in Vanapalli et al. 
(1996) equation is mainly to match predicted shear strength to measured values.  
 

b

waanf c φμμφμστ κ tan))(('tan)(' −Θ+−+=   (31) 

 
However, if any of the water retention functions (Brooks and Corey, 1964; van 
Genuchten, 1980; Fredlund and Xing, 1994) are explicitly included in Eq. (31), this 
relationship will look like a power function relationship of shear strength to soil suction.  
 

βμμφμστ )(''tan)( waanf c −+−=     (32) 

 
where c' is imbedded in the α value defined in the power function relationship of deviator 
stress to suction. The advantage of Eq. (32) over Eq. (31) is that water retention curve is 
implicitly included in the shear strength relationship and there is no need to have two 
independent variables (θ and uw) in the shear strength equation. The above equation will 
be valid for soil suction greater than the air entry value. 
 
Now similar argument can be made for modification of resilient modulus equations (Eqs. 
26-29) proposed by Edil et al. (2007) in this report. Thus the new formulations for Oloo 
and Fredlund (1998) model will be: 
 
For coarse-grained soil            ( ) ( ) 1

1)( βμμασ wa

n

busr kM −+=      (33) 
 
For fine-grained soils: 
 
For k1>σd  ( ) ( )( ) ( ) 1

1132

βμμασ wadusr kkkM −+−−=            (34) 
 
For k1<σd  ( ) ( )( ) ( ) 1

1142

βμμασ wadusr kkkM −+−+=            (35) 
 
The corresponding formulations for NCHRP 1-28A (2003) model will be: 
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where (Mr)us  is resilient modulus of an unsaturated soil and α1 and β1 are intercept and 
slope of the (Mr)us at a given σb and τoct vs. suction relationship. 
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The proposed relationships (Eqs. 33-36) have advantage over the relationships in Eqs. 
(26-29) that these do not require measurements of both water content and suction to 
estimate resilient modulus. Furthermore, the experience of the authors of this section 
suggests that exponent (κ) in Vanapalli et al. (1996) and Fredlund et al. (1996) equations 
is not constant over the whole suction range.  Comparatively, the shear strength 
measurements suggest that for most practical purposes, β and β1 are constant values over 
a large range suctions varying from saturation to 500 kPa for shear strength and 
saturation to 193 kPa for Mr.  

Testing for Suction Effects on Resilient Modulus 
 
Above concepts on suction effects were tested on the Mr data of Edil et al. (2006). 
Figures 62 and 63 show the relationships between Mr values vs. suction for both external 
and internal LVDT, respectively. Mr values are estimated at a bulk stress of 83 kPa and 
octahedral stress of 19 kPa (Edil et al., 2006).  Since there was no statistical difference in 
Mr values between samples that had been compacted to 98% and 103% of the maximum 
density, data for both these compaction levels were combined during regression. Like 
shear strength-suction relationship, these figures also show that Mr varies with soil 
suction as a power function relationship.  
 

1)(1
βμμα warM −=        (37) 

 
where α1 and β1 are empirical constants. Tables 20 and 21 list the value of these 
coefficients for various soils.  
 
Although the relationships between Mr vs. soil suction for various soils fall within a 
narrow range, it appears that there are some differences between soil types. In general, α1 
values decrease whereas β1 values increase with an increase in clay content (Figs. 64 thru 
67). α1 and β1 values were also regressed with other physical constants such as % sand, 
% silt, and plastic limit but their correlation coefficients were generally low and/or not 
consistent over both parameters (Table 22, Appendix F).  

Relationship between Resilient Modulus and Shear Strength 
 
One of the objectives of this study was to see if deviator stress at small strains (an 
indicator of shear strength) can be used to predict resilient modulus of unsaturated soils. 
Discussions in Chapter 1 and here show that both deviator stress at 1% strain and resilient 
modulus increase with an increase in soil suction and that increase is a power function 
relationship (Table 23). This suggests that there is a definite positive relationship between 
the shear strength indicator (deviator stress at 1% strain) and resilient modulus at any 
given suction for any given soil. The question is: can this relationship be generalized over 
different soil types ranging in particle size distribution and indirectly on varying water 
retention characteristics. Data in Table 23 shows that for any given soil, the rate of 
increase of Mr with soil suction (β1) is different than the rate of increase in deviator stress 
with soil suction (β). Furthermore, it shows that β1 value increases with clay content and  
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Figure 62: Relationship between resilient modulus at (measured using external 
LVDT) as a function of soil suction. Resilient modulus values correspond to bulk 
stress of 83 kPa and octahedral stress of 19 kPa. Data taken from Edil et al. (2007). 
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Figure 63: Relationship between resilient modulus at (measured using internal 
LVDT) as a function of soil suction. Resilient modulus values correspond to bulk 
stress of 83 kPa and octahedral stress of 19 kPa. Data taken from Edil et al. (2007). 
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Figure 64: Relationship between α vs. clay content. αvalues are for Mr data 
measured with external LVDT. 
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Figure 65: Relationship between α vs. clay content. α1 values are for Mr data 
measured with internal LVDT. 
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Figure 66: Relationship between β1 vs. clay content. β1 values are for Mr data 
measured with external LVDT. 
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Figure 67: Relationship between β1 vs. clay content. β1 values are for Mr data 
measured with internal LVDT. 
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Table 20: Best fit value of the power function coefficients describing the change in 
resilient modulus (Mr) as a function of suction (�w) for four soils. Mr values 
correspond to values measured using external LVDT. 

Soil Clay % α1
† β1

† R2 
Duluth TH23 75.2 2294 0.3148 0.74 
Red Lake Falls 24.3 1853 0.3799 0.65 
MN Road 14.5 8683 0.173 0.66 
Red Wing 4.8 15545 0.1413 0.79 
† Mr=αμw

β 
 
 

Table 21: Best fit value of the power function coefficients describing the change in 
resilient modulus (Mr) as a function of suction (�w) for four soils. Mr values 
correspond to values measured using internal LVDT. 

Soil Clay % α1
† β1

† R2 
Duluth TH23 75.2 888 0.4993 0.91 
Red Lake Falls 24.3 770 0.5678 0.67 
MN Road 14.5 5220 0.3039 0.78 
Red Wing 4.8 9310 0.3051 0.76 
† Mr=α1μw

β1 

 

 

Table 22: Correlation coefficients (R2) of � and � against % clay, % silt, % sand 
and plastic limit (PL) for Mr values measured using external and internal LVDT. 

 Mr measured using external 
LVDT 

Mr measured using internal LVDT 

Variable Sand Silt Clay PL† Sand Silt Clay PL 

 -----------------------------------------R2-------------------------------------------- 
α1 0.48 0.22 0.73 0.85 0.54 0.24 0.75 0.86 
β1 0.48 0.15 0.65 0.55 0.60 0.11 0.56 0.49 

 

†Except for PL, all R2 values are for a power function. R2 values for PL are for a linear 
function. 
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Table 23: Table 23: Slope of the power function describing deviator stress (σ1-σ3) vs. 
suction and slope of the power function describing resilient modulus (Mr) vs. 
suction for four soils. 

  98% of 
maximum 
density 

103% of 
maximum 
density 

Mr-ext Mr-int 

Soil Clay, % β† for 1% 
strain 

β† for 1% 
strain 

β1
§ β1

§ 

TH 23 75.2 0.1882 0.2003 0.3148 0.4993 
RLF 24.3 0.2349 0.2215 0.3799 0.5678 
Mn Road 14.5 0.2984 0.2376 0.173 0.3039 
RW   4.8 0.334 0.398 0.1419 0.3051 
 † (σ1-σ3) = α uw

β 
§ Mr=α1uw

β
1
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levels off at clay content of about 30%. Comparatively, β value decreases with clay 
content and also levels off at about 30% clay content. Threshold of 30% clay content  
indicates that soils above this level of clay content essentially behave as a clay matrix 
with coarser particles imbedded in that matrix. This is similar to the observations of 
Larson et al. (1980) and Larson and Gupta (1980) who found that soils with clay content 
greater than 33% essentially behaved as clays. Regression between β1 and β value shows 
that there exist an inverse relationship between these parameters irrespective whether Mr 
is measured using external (Fig. 68) or internal (Fig. 69) LVDT. However, the correlation 
coefficients for these relationships appear to be somewhat small. For practical purposes, 
these relationships (Figs. 68 and 69) may be used for estimating slope of resilient 
modulus vs. suction curves from the slope of deviator stress at 1% strain vs. suction. 
However, a better way may be to directly estimate slope (β1) of the resilient modulus vs. 
suction curve from clay content using relationships given in Figs. 66 and 67.  
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CHAPTER VI: FRAMEWORK FOR DEVELOPING MnPAVE 
FACTORS FOR SUCTION EFFECTS 

 
Currently, the MnPAVE resistance factors are given for different seasons but these values 
are based on limited data set. Field measurements by Ovik (1998) and Roberson et al. 
(2004) show that soil water content (in turn soil suction) under pavement varies with 
season and is not saturated most of the time. Therefore adjustments are needed to account 
for increased strength and stiffness of the material as a result of unsaturated soil 
conditions. These adjustments will not only reflect the realistic field conditions but will 
result in more accurate prediction of performance compared to the current design.  
 
As a start, a simple procedure to develop resistance factors that account for suction 
effects will be to estimate the range of suctions/water contents that might exist in sub 
grade soils for different seasons. These estimates will be needed for different soils in 
various parts of Minnesota. Generally, these measurements are not readily available for a 
wide variety of soils. In that case, simulation models could be used to generate variation 
in soil suction in various parts of Minnesota based on long-term climate. These suctions 
can then be used in Eq. (37) to estimate Mr values of a given sub grade soil for different 
seasons. Equation (37) assumes a bulk stress of 83 kPa and an octahedral stress of 19 
kPa. If the bulk and octahedral stresses are different than that suggested by NCHRP 1-
28A (2003) then Eq. (36) may be used to estimate Mr values of a given sub grade soil for 
various seasons. Estimate of α1 and β1 can be obtained using the soil clay content and the 
corresponding relationships (Eqs. 38-41) given in this report.  
 
Mr-ext  

7723.0

1 )(%47333 −= clayα   R2=0.73 (38) 

Mr-int  
9499.0

1 )(%39135 −= clayα   R2=0.75 (39) 
 
Mr-ext  

313.0

1 )(%088.0 clay=β   R2=0.65 (40) 
 
Mr-int  

2139.0

1 )(%2148.0 clay=β   R2=0.56 (41) 
 
The resistance factors of a given soil for various seasons will then be a ratio of Mr values 
in different seasons to Mr value in fall. This method assumes Mr value in fall as a 
reference (Roberson et al., 2004).  If bulk stress and octahedral stress are same among 
various seasons then resistance factor for a given season will be equal to 
 

( )
( )

1

)(M
)(M
r

r

β

μμ
μμ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−
−

==
fallwa

seasonwa

fall

season
seasonR       (42)



 

 102

 
 
 
 

Mr slope vs. shear slopey = -1.4916x + 0.646
R2 = 0.7294

y = -0.9016x + 0.4907
R2 = 0.5155

0
0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0 0.1 0.2 0.3 0.4 0.5

Shear strength slope

R
es

ili
en

t m
od

ul
us

 s
lo

pe

Mr-ext & 98%

Mr-ext & 103%

Linear (Mr-ext &
98%)
Linear (Mr-ext &
103%)

 
 

Figure 68: Figure 68: Relationship between slope of Mr -ext vs. suction (β) and 
slope of deviator stress at 1% strain vs. suction (β). 
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Figure 69: Relationship between the slope of Mr-int vs. suction (β) and slope of 
deviator stress at 1% strain vs. suction (β). 
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CHAPTER VII: EXPECTED BENEFITS  
AND FUTURE RESEARCH NEEDS 

 
 
Since soil water content and the resulting soil suction under the pavement varies with 
season and is not saturated most of the time, adjustments are needed to account for 
increased strength and stiffness of the material as a result of unsaturated soil conditions. 
The data and the Pedo-transfer function provided in this report will be useful in 
developing a frame work for adjusting the effects of suction in the resistance factors of 
MnPAVE. These adjustments will not only reflect the more realistic field conditions but 
will result in more reliable performance predictions than the current pavement design 
method. Furthermore, these data bases will be valuable in assessing the effect of variation 
in material properties on variation on pavement properties. This kind of assessment can 
be probably linked with intelligent compaction and performance based specifications 
(White et al., 2007) to separate the variation in pavement performance from machinery 
effects and material variation. 
 
Proposed relationships for shear strength, resilient modulus, and resistance factors to 
account for unsaturated conditions have not been tested. A thorough testing of these 
relationships should be undertaken either based on the data from the literature or a set of 
new measurements on soils other than those on which these relationships have been 
developed. Furthermore, efforts should be directed to estimate variation in soil 
suction/soil water contents in sub grade soils across Minnesota either through 
measurements or through model simulations using long-term climate data.  
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Fig. A-12.  Microscale models−schematic of unsaturated spherical particles (Cho and 
                  Santamarina 2001). 
 

 

 

 

Fig. A-13.  Water-air menisci between two solid sphere: (a) effect of suction on the 
                  normal force (F) between the spheres and (b) induced F versus suction 
                  (Mancuso et al. 2002). 
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Mancuso et al. (2002) described the behavior of unsaturated particulate media on the 
basis of the role of menisci water and bulk water as illustrated by a simplified model in 
Fig. A-14.  In the case of bulk water (Fig. A-14), the principles of saturated soil 
mechanics govern the soil behavior.  Changes in suction correspond to pore-water 
pressure reductions.  This can be represented by a contact force (F) between the particles, 
which varies linearly with variations in matric suction (ua-uw).  This linear behavior 
continues until the air-entry value is reached.  The particulate behavior moving from a 
saturated to an unsaturated condition can be described by the increase of F along the bulk 
water curve (Fig. A-14): 
 
  (A-19) 2

wa r)uu(F π−=

 
where r is the radius of the spherical particle.  Beyond the air-entry value, the particulate 
behavior tends toward the menisci water curve defined in Fig. A-14, which illustrates the 
way in which a real soil moves from bulk water dominated behavior to menisci water 
dominated behavior.   
 
Cho and Santamarina (2001) evaluate stiffness of particulate medium or soil skeleton by 
the shear wave velocity and the mass density of the soil mass which is related to the 
degree of saturation as shown in Fig. A-15.  At constant confinement, the stiffness of the 
soil skeleton increases with decreasing degree of saturation due to contact-level capillary 
forces (or suction) and reaches a peak at dry conditions due to salt precipitation and clay 
buttress formation at contacts.  Fig. A-16 shows different stages of unsaturated 
conditions, which can apply to most natural soils subjected to drying (Cho and 
Santamarina 2001).  As water begins drying or draining from a saturated soil, the outside 
menisci at boundaries pull inward and the suction pressure according to Laplace’s 
equation.  While the change in water content is very small at the early stage of drying, the 
change in pore water pressure has an important global effect on the soil mass, which 
remains saturated away from the boundary.  The pressure when the air phase breaks into 
the pore structure is called the air-entry value.  The air-entry value depends on the pore 
size; therefore, the finer particles with smaller pore throats have higher air-entry values.  
Air entry generally occurs at degrees of saturation (S) between 0.9 and 1.0.  Once air 
breaks in, the soil mass becomes unsaturated, yet the water still forms a continuous 
phase.  This is called the funicular stage (Newitt and Conway-Jones 1958, Pietsch 1991, 
Leverson and Lohnes 1995).  As drying proceeds, the suction pressure increases 
gradually with decreasing degree of saturation, following a quasi-linear trend.  Any local 
change in water pressure is rapidly homogenized throughout the mass by pressure 
diffusion within the continuous water phase.  The drying rate is relatively constant in this 
region. 
 
The pendular stage begins when water becomes disconnected.  Water rings form around 
particle contacts and only an adsorbed film may be present on particle surfaces (Leverson 
and Lohnes 1995).  Since the radii of menisci are small, the suction pressure increases 
significantly.  Because this is only a contact-level effect, a change in suction within a 
meniscus is felt at other menisci through the corresponding change in vapor pressure and 
thus the total suction as expressed in Kelvin’s equation (Fredlund and Rahardjo 1993).  
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Fig. A-14.  Effect of suction on the normal force (F) between two spherical particles for 
                  bulk and menisci water (Mancuso et al., 2002). 
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Fig. A-15.  Shear wave velocity versus degree of saturation (Cho and Santamarina, 
2001). 
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Fig. A-16.  Stages of unsaturated conditions and related phenomena  
(Cho and Santamarina, 2001). 
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This is a slow homogenization process.  The drying rate in this stage is increasingly 
slower.   
 
As the soil dries, fines migrate to contacts, and form buttresses between larger particles.  
These buttresses increase the stiffness of the particulate material formed by the coarser 
grains.  At the same time, the ionic concentration in the pendular water increases and 
eventually reaches saturation causing the precipitation of salt crystals between the two 
contacting particles.  Salt precipitation also increases the stiffness of the particulate 
skeleton (Cho and Santamarina, 2001).  The stiffness increases as explained by these two 
phenomena is similar to the cementation effect (Rinaldi et al., 1998).   

A-9   References  
 
Acar, Y. B. and EL-Tahir, E. A. (1986), “Low Strain Dynamic Properties of Artificially 

Cemented Sand,” Journal of Geotechnical Engineering, ASCE, Vol. 112, No. 11, pp. 
1001-1015. 

 
Afifi, S. S., and Richart, F. E., Jr. (1973), “Stress-History Effects on Shear Modulus of 

Soils,” Soils and Foundations, Vol. 13, No. 1, pp. 77-95. 
 
Afifi, S. S., and Woods, R. D. (1971), “Long-Term Pressure Effects on Shear Modulus of 

Soils,” Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 97, No. 
SM10, pp. 1445-1460. 

 
Anderson, D. G., and Woods, R. D. (1975), “Comparison of Field and Laboratory Shear 

Moduli,” Proceedings of the Conference on In Situ Measurement of Soil Properties, 
Raleigh, NC, Vol. 1, pp. 69-92. 

 
Anderson, D. G., and Woods, R. D. (1976), “Time-Dependent Increase in Shear Modulus 

of Clay,” Journal of the Geotechnical Engineering Division, ASCE, Vol. 102, No. 
GT5, pp. 525-537. 

 
Anderson, D. G., and Stokoe, K. H., II (1978), “Shear Modulus: A Time-Dependent Soil 

Property,” Dynamic Geotechnical Testing, ASTM STP 654, Philadelphia, PA, pp. 66-
90. 

 
Athanasopoulos, G. A. (1981), “Time Effects on Low-Amplitude Shear Modulus of 

Cohesive Soils,” Report UMEE 81R1, The University of Michigan, AnnArbor, MI. 
 
Atkinson, J. H. (2000), “Non-Linear Soil Stiffness in Routine Design,” Geotechnique, 

40th Rankine Lecture, pp. 487-508. 
 
Baig, S., Picornell, M., and Nazarian, S. (1997), “Low Strain Shear Moduli of Cemented 

Sands,” Journal of Geotechnical Engineering, ASCE, Vol. 123, pp. 540-545. 
 

 A-43



Baldi, G., Bruzzi, D., and Superbo, S. (1988), “Seismic Cone in Po River Sand,” 
Proceedings of the 1st International Symposium on Penetration Testing, Balkema, 
Vol. 1, pp. 643-650. 

 
Bergan, A. T., and Monosmith, C. L. (1973), “Characterization of Subgrade Soils in Cold 

Regions for Pavement Design Purposes, Highway Research Record, No. 431, 
Washington, D.C., pp. 25-37. 

 
Benson, C. H., and Gribb, M. M. (1997), “Measuring Unsaturated Hydraulic 

Conductivity in the Laboratory and Field,” Proceedings of Sessions on Unsaturated 
Soils at Geo-Logan’97, Unsaturated Soil Engineering Practice, Logan, Utah, pp. 
113-168. 

 
Biarez, J., and Hicher, P.-Y. (1994), Elementary Mechanics of Soil Behaviour-Saturated 

Remoulded Soils, Balkema. 
 
Biot, M. A. (1956), “Theory of Propagation of Elastic Waves in a Fluid-Saturated Porous 

Solid,” Journal of the Acoustic Society of America, Vol. 28, No. 2, pp. 168-191. 
 
Bolton, M. D., and Wilson, J. M. R. (1989), “An Experimental and Theoretical 

Comparison between Static and Dynamic Torsional Soil Tests,” Geotechnique, Vol. 
39, No. 4, pp. 585-599. 

 
Bosscher, P. J., and Nelson, D. L. (1987), “Resonant Column Testing of Frozen Ottawa 

Sand,” Geotechnical Testing Journal, ASTM, Vol. 10, No. 3, pp. 123-134. 
 
Brayant, J. T. (1998), “Variation of Soil Suction with Depth in Dallas and Forth Worth, 

Texas,” Transportation Research Record, No. 1615, Washington, D.C., pp. 100-104. 
 
Brooks, R. H., and Corey, A. T. (1964), “Hydraulic Properties of Porous Medium,” 

Hydrology Paper No. 3, Colorado State University, Fort Collins, CO. 
 
Brooks, R. H., and Corey, A. T. (1966), “Properties of Porous Media Affecting Fluid 

Flow,” Journal of the Irrigation and Drainage Division, ASCE, Vol. 92, No. 2, pp. 
61-88. 

 
Burland, J. B. (1989), “The Ninth Lauritis Bjerrum Memorial Lecture: ‘Small is 

Beautiful’- the Stiffness of Soils at Small Strains,” Canadian Geotechnical Journal, 
Vol. 26, pp. 499-516. 

 
Butalia, T. S., Huang, J., Kim, D.-G., and Croft, F. (2003), “Effect of Moisture Content 

and Pore Water Pressure Buildup on Resilient Modulus of Cohesive Soils,” Resilient 
Modulus Testing for Pavement Components, ASTM STP 1437, West Conshohocken, 
PA, pp. 70-84. 

 

 A-44



Campanella, R. G. (1994), “Field Methods for Dynamic Geotechnical Testing: An 
Overview of Capabilities and Needs,” Dynamic Geotechnical Testing II, ASTM STP 
1213, Philadelphia, PA, pp. 3-23. 

 
Campanella, R. G., Robertson, P. K., and Gillespie (1986), “Seismic Cone Penetration 

Test,” Proceedings of Sessions on In Situ 86, ASCE Specialty Conference on Use of 
In Situ Tests in Geotechnical Engineering, Blackburg, VA, pp. 116-130. 

 
Cascante, G., and Santamarina, J. C. (1996), “Interparticle Contact Behavior and Wave 

Propagation,” Journal of Geotechnical Engineering, ASCE, Vol. 122, No. 10, pp. 
831-839. 

 
Cascante, G., Santamarina, J. C., and Yassir, N., (1998), “Flexural Excitation in a 

Standard Resonant Column Device,” Canadian Geotechnical Journal, Vol. 35, No. 3, 
pp. 488-490. 

 
Chamberlain, E. J., Cole, D. M., and Johnson, T. C. (1979), “Resilient Response of Two 

Frozen and Thawed Soils,” Journal of the Geotechnical Engineering Division, ASCE, 
Vol. 105, No. 2, pp. 257-271. 

 
Chang, C. S., Misra, A., and Sundaram, S. S. (1991), “Properties of Granular Packings 

under Low Amplitude Cyclic Loading,” Soil Dynamics and Earthquake Engineering, 
Vol. 10, No. 4, pp. 201-211. 

 
Chen, D.-H., Wu, W., He, R., Bilyeu, J., and Arrelano, M. (1999), “Evaluation of In-Situ 

Resilient Modulus Testing Techniques,” Recent Advances in the Characterization of 
Transportation Geo-Materials, Geotechnical Special Publication, No. 86, ASCE, 
Reston, VA., pp. 1-11. 

 
Cho, G. C., and Santamarina, J. C. (2001), “Unsaturated Particulate Materials-Particle-

Level Studies,” Journal of Geotechnical and Geoenvironmental Engineering, ASCE, 
Vol. 127, No. 1, pp. 84-96. 

 
Clough, G. W., Sitar, N., Bachus, R. C., and Rad, N. S. (1981), “Cemented Sands under 

Static Loading,” Journal of the Geotechnical Engineering Division, ASCE, Vol. 107, 
pp. 799-817. 

 
Corey, A. (1994), “Mechanics of Immiscible Fluids in Porous Media,” Water Resources 

Publications, Highlands Ranch, CO. 
 
Costa, Y. D., Cintra, J. C., and Zornberg, J. G. (2003), “Influence of Matric Suction on 

the Results of Plate Load Tests Performed on a Lateritic Soil Deposit,” Geotechnical 
Testing Journal, ASTM, Vol. 26, No. 2, pp. 1-9. 

 

 A-45



Croney, D., Coleman, J. D., and Black, W. P. M. (1958), “The Movement and 
Distribution of Water in Soil in Relation to Highway Design and Performance,” Road 
Research Laboratory, Research Note 3209, pp. 1-14. 

 
Culley, R. W. (1971), “Effect of Freeze-Thaw Cycling on Stress-Strain Characteristics 

and Volume Change of a Till Subjected to Repetitive Loading,” Canadian 
Geotechnical Journal, Vol. 8, No. 3, pp. 359-371. 

 
Davich, P., Labuz, J., Guzina, B. and Drescher, A. (2004), “Small Strain and Resilient 

Modulus Testing of Granular Soils,” Final Report 2004-39, Minnesota Department of 
Transportation, St. Paul, MN. 

 
Deresiewiez, H. (1973), “Bodies in Contact with Applications to Granular Media,” R. D. 

Mindlin and Applied Mechanics, Pergamon Press, NY, pp. 105-145. 
 
Dobry, R. (1989), “Some Basic Aspects of Soil Liquefaction during Earthquakes,” 

Earthquake Hazards and the Design of Constructed Facilities in the Eastern United 
States, Annual of the New York Academy of Sciences, No. 558, pp. 172-182. 

 
Drnevich, V. P. (1977), “The Resonant Column Test,” Report to the U.S. Army Corps of 

Engineers, Soil Mechanics Series, No. 23, Department of Civil Engineering, The 
University of Kentucky. 

 
Drnevich, V. P. (1985), “Recent Developments in Resonant Column Testing,” Richart 

Commemorative Lectures, Proceedings of the ASCE Specialty Session, Detroit, MI, 
pp. 79-107. 

 
Drnevich, V. P., Hall, J. R., and Richart, F. E. (1967), “Effects of Amplitude of Vibration 

on the Shear Modulus of Sand,” Proceedings of the International Symposium on 
Wave Propagation and Dynamic Properties of Earth Materials, Albuquerque, NM, 
pp. 189-199. 

 
Drnevich, V. P., Hardin, B. O., and Shippy, D. J. (1978), “Modulus and Damping of Soils 

by the Resonant-Column Method,” Dynamic Geotechnical Testing, ASTM STP 654, 
Philadelphia, PA, pp. 91-125. 

 
Duffy, J., and Mindlin, R. D. (1957), “Stress-Strain Relations of a Granular Medium,” 

Journal of the Applied Mechanics, Vol. 24, No. 4, pp. 585-593. 
 
Dyvik, R., and Madshus, C. (1985), “Lab Measurements of Gmax Using Bender 

Elements,” Proceedings of the Geotechnical Engineering Division: Advances in the 
Art of Testing Soil Under Cyclic Conditions, ASCE, Detroit, MI, pp. 186-196. 

 
Edil, T. B., and Luh, G.-F. (1978), “Dynamic Modulus and Damping Relationships for 

Sands,” Proceedings on the Specialty Conference on Earthquake Engineering and 
Soil Dynamics, ASCE, Pasadena, CA, pp. 394-409. 

 A-46



 
Edil, T. B., and Motan, S. E. (1979), “Soil-Water Potential and Resilient Behavior of 

Subgrade Soils,” Transportation Research Record, No. 705, Washington, D.C., pp. 
54-63. 

 
Edil, T. B., Motan, S. E., and Toha, F. X. (1981), “Mechanical Behavior and Testing 

Methods of Unsaturated Soils,” Laboratory Shear Strength of Soil, ASTM STP 740, 
Philadelphia, PA, pp. 114-129. 

 
Edil, T.B., Benson, C., and Sawangsuriya, A. 2007, “Resilient modulus of unsaturated 

soils.” A report submitted to the Unversity of Minnesota as part of the subconatrct on 
the Mn/DOT project “Pavement Design using Unsaturated Technlogy, St. Paul, MN.  

 
Edris, V. E., and Lytton, R. L. (1977), “Climatic Materials Characterization of Fine-

Grained Soils,” Transportation Research Record, No. 642, Washington, D.C., pp. 39-
44. 

 
Egorov, K. E. (1965), “Calculation of Bed for Foundation with Ring Footing,” 

Proceedings of the 6th International Conference of Soil Mechanics and Foundation 
Engineering, Vol. 2, pp. 41-45. 

 
Fam, M., and Santamarina, J. C. (1995), “Study of Geoprocesses with Complementary 

Wave Measurements in an Oedometer,” Geotechnical Testing Journal, ASTM, Vol. 
18, No. 3, pp. 307-314. 

 
Fam, M., Santamarina, J. C., and Dusseault, M. (1998), “Wave-Based Monitoring 

Processes in Granular Salt,” Journal of the Environmental and Engineering 
Geophysics, Vol. 3, pp. 15-26. 

 
Fernandez, A., and Santamarina, J. C. (2001), “Effect of Cementation on the Small-Strain 

Parameters of Sands,” Canadian Geotechnical Journal, Vol. 38, No. 1, pp. 191-199. 
 
Fiedler, S. A., Nelson, C. R., Berkman, E. F. and DiMillio, A. F. (1998), “Soil Stiffness 

Gauge for Soil Compaction Control,” Public Roads, U.S. Department of 
Transportation, Federal Highway Administration, Washington, DC, Vol. 61, No. 4. 

 
Fiedler, S. A., Main, M., and DiMillio, A. F. (2000), “In-Place Stiffness and Modulus 

Measurements,” Proceedings of Sessions of ASCE Specialty Conference on 
Performance Confirmation of Constructed Geotechnical Facilities, Geotechnical 
Special Publication, No. 94, ASCE, Amherst, MA, pp. 365-376. 

 
Fioravante, V., and Capoferri, R. (2001), “On the Use of Multi-Directional Piezoelectric 

Transducers in Triaxial Testings,” Geotechnical Testing Journal, ASTM, Vol. 24, 
No. 3, pp. 243-255. 

 

 A-47



Fisher, R. A. (1926), “On the Capillary Forces in an Ideal Soil,” Journal of Agricultural 
Science, Vol. 16, pp. 492-505. 

 
Fredlund, D. G. (1964), “Comparison of Soil Suction and One-Dimensional 

Consolidation Characteristics of a Highly Plastic Clay,” M.S. Thesis, The University 
of Alberta, Edmonton, Alberta, Canada. 

 
Fredlund, D. G., Bergan, A. T., and Wong, P. K. (1977), “Relation between Resilient 

Modulus and Stress Conditions for Cohesive Subgrade Soils,” Transportation 
Research Record, No. 642, Washington, D.C., pp. 73-81. 

 
Fredlund, D. G., and Rahardjo, H. (1993), Soil Mechanics for Unsaturated Soils, John 

Wiley & Sons, Inc., New York, NY. 
 
Frost J. D., and Burns, S. E. (2003), “In Situ Subsurface Characterization,” The Civil 

Engineering Handbook, 2nd Edition by W. F. Chen and J. Y. Richard, CRC Press 
LLC. 

 
Georgiannou, V. N., Rampello, S., and Silvestri, F. (1991), “Static and Dynamic 

Measurement of Undrained Stiffness of National Overconsolidated Clays,” 
Proceedings of the 10th European Conference Soil Mechanics, Florence, Italy, Vol. 1, 
pp. 91-96. 

 
Goddard, J. D. (1990), “Nonlinear Elasticity and Pressure-Dependent Wave Speeds in 

Granular Media,” Proceedings of the Royal Society of London, London, England, 
Vol. 430, pp. 105-131. 

 
Goto, S., Tatsuoka, F., Shibuya, S., and Sato, T. (1991), “A Simple Gauge for Local 

Strain Measurements in the Laboratory,” Soils and Foundations, Vol. 31, No. 1, pp. 
169-180. 

 
Graham, J., Blatz, J. A., Alfaro, M. C., and Sivakumar, V. (2001), “Behavioral Influence 

of Specimen Preparation Methods for Unsaturated Plastic Compacted Clays,” 
Proceedings of the 15th International Conference on Soil Mechanics and 
Geotechnical Engineering,” Istanbul, Turkey, Vol. 1, pp. 633-638. 

 
Hardin, B. O., (1970), “Suggested Methods of Test for Shear Modulus and Damping of 

Soils by the Resonant Column,” ASTM STP 479, Philadelphia, PA, pp. 516-529. 
 
Hardin, B. O. (1978), “The Nature of Stress-Strain Behavior of Soils,” Proceedings of the 

Geotechnical Engineering Division Specialty Conference on Earthquake Engineering 
and Soil Dynamics, ASCE, Pasadena, CA, Vol. 1, pp. 1-90. 

 
Hardin, B .O., and Richart, F. E., Jr. (1963), “Elastic Wave Velocities in Granular Soils,” 

Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 89, No. SM1, 
pp. 33-65. 

 A-48



 
Hardin, B .O., and Black, W. L. (1966), “Sand Stiffness under Various Triaxial Stress,” 

Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 92, No. SM2, 
pp. 27-42. 

 
Hardin, B. O., and Black, W. L. (1968), “Vibration Modulus of Normally Consolidated 

Clay,” Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 94, No. 
SM2, pp. 353-369. 

 
Hardin, B. O., and Black, W. L. (1969), Closure to “Vibration Modulus of Normally 

Consolidated Clay,” Journal of the Soil Mechanics and Foundations Division, ASCE, 
Vol. 95, No. SM6, pp. 1531-1537. 

 
Hardin, B. O., and Drnevich, V. P. (1972), “Shear Modulus and Damping in Soils: 

Design Equations and Curves,” Journal of the Soil Mechanics and Foundations 
Division, ASCE, Vol. 98, No. SM7, pp. 667-692. 

 
Hardin, B. O., and Music, J. (1965), “Apparatus for Vibration during the Triaxial Test,” 

Symposium on Instrumentation and Apparatus for Soils and Rocks, ASTM STP 392, 
pp. 55-74. 

 
Hardin, B. O., and Richart, F. E., Jr. (1963), “Elastic Wave Velocities in Granular Soils,” 

Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 89, No. SM1, 
pp. 33-65. 

 
Hertz, H. (1881), “Überdie Beruhrung fester elasticher Körper,” Journal Für die Reine 

und Angewandte Mathematik, Vol. 92, pp. 156-171. 
 
Hill, J. J., Kurdziel, J. M., Nelson, C. R., Nystrom, J. A., and Sondag, M. (1999), 

“MnDOT Overload Field Tests of Standard and SIDD RCP Installations,” 
Transportation Research Board 78th Annual Meeting, Washington, D.C. (CD-ROM) 

 
Hillel, D. (1980), Fundamentals of Soil Physics, Academic Press, Inc., San Diego, CA. 
 
Hoar, R. J., and Stokoe, K. H, II (1978), “Generation and Measurement of Shear Waves 

In Situ,” Dynamic Geotechnical Testing, ASTM STP 654, Philadelphia, PA, pp. 3-29. 
 
Hryciw, R. D., and Thomann, T. G. (1993), “Stress-History-Based Model for Ge of 

Cohesionless Soils,” Journal of Geotechnical Engineering, ASCE, Vol. 119, No. 7, 
pp. 1073-1093. 

 
Humboldt Mfg. Co. (1999), Humboldt Soil Stiffness Gauge (GeoGauge) User Guide: 

Version 3.3, Norridge, IL. 
 
Humboldt Mfg. Co. (2000a), Test Results: Evaluation of the Humboldt GeoGauge on 

Soil-Fly Ash-Cement Mixtures, Norridge, IL. 

 A-49



 
Humboldt Mfg. Co. (2000b), Test Results: Evaluation of the Humboldt GeoGauge on 

New Mexico Route 44, Norridge, IL. 
 
Inci, G., Yesiller, N., and Kagawa, T. (2003), “Experimental Investigation of Dynamic 

Response of Compacted Clayey Soils,” Geotechnical Testing Journal, ASTM, Vol. 
26, No. 2, pp. 125-141. 

 
Isenhower, W. M. (1980), “Torsional Simple Shear/Resonant Column Properties of San 

Francisco Bay Mud,” M.S. Thesis, The University of Texas at Austin, Austin, TX. 
 
Isenhower, W. M., and Stokoe, K. H., II (1981), “Strain-Rate Dependent Shear Modulus 

of San Francisco Bay Mud,” Proceedings of the International Conference on Recent 
Advances in Geotechnical Earthquake Engineering and Soil Dynamic, St. Louis, MO, 
Vol. 2, pp. 597-602. 

 
Ishihara, K. (1996), Soil Behavior in Earthquake Geotechnics, Oxford University Press, 

Inc., New York, NY. 
 
Iwasaki, T. and Tatsuoka, F. (1977), “Effects of Grain Size and Grading on Dynamic 

Shear Moduli of Sands,” Soils and Foundations, Vol. 17. No. 3, pp. 19-35. 
 
Iwasaki, T., Tatsuoka, F., and Takagi, Y. (1978), “Shear Moduli of Sands under Cyclic 

Torsional Shear Loading,” Soils and Foundations, Vol. 18, No. 1, pp. 39-50. 
 
Jamiolkowski, M., Lancellotta, R., Lo Presti, D. C. F., and Pallera, O. (1994), “Stiffness 

of Toyoura Sand at Small and Intermediate Strain,” Proceedings of the 13th 
International Conference on Soil Mechanics and Foundation Engineering, New 
Delhi, India, pp. 169-172. 

 
Janssen, D. J., and Dempsey, B. J. (1981), “Soil-Moisture Properties of Subgrade Soils,” 

Transportation Research Record, No. 790, Washington, D.C., pp. 61-66. 
 
Jardine, R. J. (1992), “Some Observations on the Kinetic Nature of Soil Stiffness,” Soils 

and Foundations, Vol. 32, No. 2, pp. 111-124. 
 
Jardine, R. J., and Potts, D. M. (1988), “Hutton Tension Platform Foundation: An 

Approach to the Prediction of Pile Behavior,” Geotechnique, Vol. 38, No. 2, pp. 231-
252. 

 
Jardine, R. J., Potts, D. M., Fourie, A. B., and Burland, J. B. (1986), “Studies of the 

Influence of Non-Linear Stress-Strain Characteristics in Soil-Structure Interaction,” 
Geotechnique, Vol. 36, No. 3, pp. 377-396. 

 

 A-50



Jong, D.-T., Bosscher, P. J., and Benson, C. H. (1998), “Field Assessment of Changes in 
Pavement Moduli Caused by Freezing and Thawing,” Transportation Research 
Record, No. 1615, Washington, D.C., pp. 41-48. 

 
Jovičić, V., and Coop, M. R. (1998), “The Measurement of Stiffness Anisotropy in Clays 

with Bender Element Tests in the Triaxial Apparatus,” Geotechnical Testing Journal, 
ASTM, Vol. 21, No. 1, pp. 3-10. 

 
Khoury, N. N., Zaman, M. M., Nevels, J. B., and Mann, J. (2003), “Effect of Soil Suction 

on Resilient Modulus of Subgrade Soil Using the Filter Paper Technique,” 
Transportation Research Board 82nd Annual Meeting, Washington, D.C. (CD-ROM) 

 
Khoury, N. N., and Zaman, M. M., (2004), “Correlation between Resilient Modulus, 

Moisture Variation, Soil Suction for Subgrade Soils,” Transportation Research 
Record, No. 1874, Washington, D.C., pp. 99-107. 

 
Kokusho, T. (1980), “Cyclic Triaxial Test of Dynamic Soil Properties for Wide Strain 

Range,” Soils and Foundations, Vol. 20, pp. 45-60. 
 
Kokusho, T. (1987), “In Situ Dynamic Soil Properties and their Evaluation,” Proceedings 

of the 8th Asian Regional Conference on Soil Mechanics and Foundation 
Engineering, Kyoto, Japan, Vol. 2, pp. 215-435. 

 
Kokusho, T., Yoshida, Y., and Esashi, Y. (1982), “Dynamic Properties of Soft Clays for 

Wide Strain Range,” Soils and Foundations, Vol. 22, No. 4, pp. 1-18. 
 
Kramer, S. L. (1996), Geotechnical Earthquake Engineering, Prentice-Hall, Inc., Upper 

Saddle River, NJ. 
 
Kuribayashi, E., Iwasaki, T., Tatsuoka, F., and Horiuchi, S. (1975), “Effects of Particle 

Characteristics on Dynamic Deformational Properties of Soils,” Proceedings of the 
5th Asian Regional Conference on Soil Mechanics and Foundation Engineering, 
Bangalore, India, pp. 361-367. 

 
Lade, P. V., and Overton, D. D. (1989), “Cementation Effects in Frictional Materials,” 

Journal of Geotechnical Engineering, ASCE, Vol. 115, pp. 1373-1387. 
 
Lambe, T. W., and Whitman, R. V. (1969), Soil Mechanics, John Wiley & Sons, Inc., 

New York, NY. 
 
Lane, K. S., and Washburn, D. E. (1946), “Capillary Tests by Capillarimeter and by Soil 

Filled Tubes,” Highway Research Record, No. 26, Washington, D.C., pp. 245-473. 
 
Lawrence, F. V., Jr. (1963), “Propagation Velocity of Ultrasonic Wave Through Sand,” 

MIT Research Report R63-8, Massachusetts Institute of Technology, Cambridge, 
MA. 

 A-51



 
Lenke, L. R., McKeen, R. G., and Grush, M. (2001), “Evaluation of a Mechanical 

Stiffness Gauge for Compaction Control of Granular Media,” Report NM99MSC-
07.2, New Mexico State Highway and Transportation Department, Albuquerque, NM. 

 
Lenke, L. R., McKeen, R. G., and Grush, M. (2003), “Laboratory Evaluation of the 

GeoGauge for Compaction Control,” Transportation Research Record, No. 1849, 
Washington, D.C., pp. 20-30. 

 
Leverson, S. M., and Lohnes, R. A. (1995), “Moisture Tension Relations in Sand,” 

Proceedings of the 1st International Conference on Unsaturated Soils, Balkema, 
Paris, France, pp. 387-392. 

 
Lewis, M. D. (1990), “A Laboratory Study of the Effect of Stress State on the Elastic 

Moduli of Sand,” Ph.D. Thesis, The University of Texas at Austin, Austin, TX. 
 
Li, D., and Selig, E. T. (1994), “Resilient Modulus for Fine-Grained Subgrade Soils,” 

Journal of Geotechnical Engineering, ASCE, Vol. 120, No. 6, pp. 939-957. 
 
Li, J., and Qubain, B. S. (2003), “Resilient Modulus Variations with Water Content,” 

Resilient Modulus Testing for Pavement Components, ASTM 1437, West 
Conshohocken, PA, pp. 59-69. 

 
Lo Presti, D. C. F., Pallara, O., Lancellota, R., Armandi, M., and Maniscalco, R. (1993), 

“Monotonic and Cyclic Loading Behavior of Two Sands at Small Strains,” 
Geotechnical Testing Journal, ASTM, Vol. 16, No. 4, pp. 409-424. 

 
Lo Presti, D. C. F., Jamiolkowski, M., Pallara, O., Cavallararo, A., and Pedroni, S. 

(1997), “Shear Modulus and Damping of Soils,” Geotechnique, Vol. 47, No. 3, pp. 
603-617. 

 
Lytton, R. L. (1997), “Engineering Structures in Expansive Soils,” Keynote Address, 

Proceedings of the 3rd International Symposium on Unsaturated Soils, Rio de Janeiro, 
Brazil, Vol. 2, pp. 333-354. 

 
Mair, R. J. (1993), “Developments in Geotechnical Engineering Research: Application to 

Tunnels and Deep Excavations,” Unwin Memorial Lecture 1992, Proceedings of the 
Institution of Civil Engineers-Civil Engineering, Vol. 97, No. 1, pp. 27-41. 

 
Mancuso, C., Vassallo, R., and d’Onofrio, A. (2002), “Small Strain Behavior of a Silty 

Sand in Controlled-Suction Resonant Column-Torsional Shear Tests,” Canadian 
Geotechnical Journal, Vol. 39, No. 1, pp. 22-31. 

 
Marcuson, W. F., III and Wahls, H. E. (1972), “Time Effects on Dynamic Shear Modulus 

of Clays,” Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 98, 
No. SM12, pp. 1359-1373. 

 A-52



 
Marinho, F. A. M., Chandler, R. J., and Crilly, M. S. (1996), “Stiffness Measurements on 

an Unsaturated High Plasticity Clay Using Bender Elements,” Proceedings of the 1st 
International Conference on Unsaturated Soils, Paris, France, Vol. 1, pp. 1179-1200. 

 
Marinho, F. A. M., and Stuermer, M. M. (2000), “The Influence of the Compaction 

Energy on the SWCC of a Residual Soil,” Proceedings of Sessions of Geo-Denver 
2000, Advances in Unsaturated Geotechnics, ASCE, Geotechnical Special 
Publication, No. 99, Denver, CO, pp. 125-131. 

 
Mayne, P. W. (2001), “Stress-Strain-Strength-Flow Parameters from Enhanced In Situ 

Tests,” Proceedings of the International Conference on In Situ Measurement of Soil 
Properties and Case Histories, Bali, Indonesia, pp. 27-48. 

 
Mayne, P. W., Christopher, B. R., and DeJong, J. (2001), Manual on Subsurface 

Investigations, National Highway Institute Publication No. FHWA NHI-01-031, 
FHWA, Washington, D.C. 

 
McKeen, R. G., and Johnson, L, D. (1990), “Climate-Controlled Soil Design Parameters 

for Mat Foundations,” Journal of Geotechnical Engineering, ASCE, Vol. 116, No. 7, 
pp. 1073-1094. 

 
Miller, C. J., Yesiller, N., Yaldo, K., and Merayyan, S. (2002), “Impact of Soil Type and 

Compaction Conditions on Soil Water Characteristic,” Journal of Geotechnical and 
Geoenvironmental Engineering, ASCE, Vol. 128, No. 9, pp. 733-742. 

 
Mitchell, J. K., and Soga, K. (2005), Fundamentals of Soil Behavior, John Wiley and 

Sons, Inc., NJ. 
 
Mitchell, P. W. (1979), “The Structural Analysis of Footings on Expansive Soil,” 

Research Report No. 1, Kenneth W. G. Smith and Assoc., Adelaide, South Australia. 
 
Morris, D. V. (1990), “Automatic Feedback System for Resonant Column Testing,” 

Geotechnical Testing Journal, ASTM, Vol. 13, No. 1, pp. 16-23. 
 
Motan, S. E., and Edil, T. B. (1982), “Repetitive-Load Behavior of Unsaturated Soils,” 

Transportation Research Record, No. 872, Washington, D.C., pp. 41-48. 
 
Mualem, Y. (1986), “Hydraulic Conductivity of Unsaturated Soils: Prediction and 

Formulas,” Methods of Soils Analysis, Part 1, Physical and Mineralogical Methods, 
American Society of Agronomy, Madison, WI, pp. 799-823. 

 
Muhanna, A. S., Rahman, M. S., and Lambe, P. C. (1999), “Resilient Modulus 

Measurement of Fine-Grained Subgrade Soils,” Transportation Research Record, No. 
1687, Washington, D.C., pp. 3-12. 

 

 A-53



Nacci, V. A. and Taylor, K. J. (1967), “Influence of Clay Structure on Elastic Wave 
Velocities,” Proceedings of the International Symposium on Wave Propagation and 
Dynamic Properties of Earth Materials, Albuquerque, NM, pp. 491-502. 

 
Nakagawa, K., Soga, K., and Mitchell, J. K. (1996), “Pulse Transmission System for 

Measuring Wave Propagation in Soils,” Journal of Geotechnical Engineering, ASCE, 
Vol. 122, No. 4, pp. 302-308. 

 
Nazarian, S. and Stokoe, K. H., II (1987), “In Situ Determination of Elastic Moduli of 

Pavements Systems by Special-Analysis-of-Surface-Waves Method (Theoretical 
Aspects),” Research Report 437-2, Center for Transportation Research, The 
University of Texas at Austin, Austin, TX. 

 
Nazarian, S., Yuan, D., and Arellano, M. (2002), “Quality Management of Base and 

Subgrade Materials with Seismic Methods,” Transportation Research Record, No. 
1786, Washington, D.C., pp. 3-10. 

 
Nazarian, S., Yuan, D., and Baker, M. R. (1994), “Automation of SASW Method,” 

Dynamic Geotechnical Testing II, ASTM STP 1213, Philadelphia, PA, pp. 88-100. 
 
Nazarian, S., Yuan, D., and Tandon, V. (1999), “Structural Field Testing of Flexible 

Pavement Layers with Seismic Methods for Quality Control,” Transportation 
Research Record, No. 1654, Washington, D.C., pp. 50-60. 

 
Nelson, C. R., and Sondag, M. (1999), “Comparison of the Humboldt GeoGauge with In-

Place Quasi-Static Plate Load Tests,” CNA Consulting Engineers Report, 
Minneapolis, MN. 

 
Newitt, D. M., and Conway-Jones, J. M. (1958), “A Contribution to the Theory and 

Practice of Granulation,” Transaction of the Institution of Chemical Engineers, Vol. 
36, pp. 422-442. 

 
Ng, C. W. W., and Pang, Y. W. (2000), “Influence of Stress State on Soil-Water 

Characteristics and Slope Stability,” Journal of Geotechnical and Geoenvironmental 
Engineering, ASCE, Vol. 126, No. 2, pp. 157-166. 

 
Ni, S. H. (1987), “Dynamic Properties of Sand under True Triaxial Stress States from 

Resonant Column and Torsion Shear Tests,” Ph.D. Thesis, The University of Texas, 
Austin, TX. 

 
Ohara, S., and Matsuda, H. (1988), “Study on the Settlement of Saturated Clay Layer 

Induced by Cyclic Shear,” Soils and Foundations, Vol. 28, pp. 103-113. 
 
Olson, R. E., and Langfelder, L. J. (1965), “Pore-Water Pressures in Unsaturated Soils,” 

Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 91, No. SM4, 
pp. 127-160. 

 A-54



 
Ooi, P. S. K., and Pu, J. (2003), “Use of Stiffness for Evaluating Compactness of 

Cohesive Pavement Geomaterials,” Transportation Research Record, No. 1849, 
Washington, D.C., pp. 11-19. 

 
Perera, Y. Y., Zapata, C. E., Houston, W. N., Houston, S. L. (2004), “Moisture Equilibria 

beneath Highway Pavements,” Transportation Research Board 83rd Annual Meeting, 
Washington, D.C. (CD-ROM) 

 
Petersen, L., Peterson, R., and Nelson, C. R. (2002), “Comparison of Quasi-Static Plate 

Load Tests with the Humboldt GeoGauge,” CNA Consulting Engineers Report, 
Minneapolis, MN. 

 
Petrakis, E., and Dobry, R. (1987), “Micromechanical Modeling of Granular Soil at 

Small Strain by Arrays of Elastic Spheres,” Report CE-87-02, Department of Civil 
Engineering, Rensselaer Polytechnic Institute, Troy, NY. 

 
Pietsch, W. (1991), Size Enlargement by Agglomeration, John Wiley & Sons, Inc., New 

York, NY. 
 
Post Tensioning Institute (PTI) (1996), Design and Construction of Post-Tensioned 

Slabs-On-Ground, 2nd Edition, Post Tensioning Institute, Phoenix, AZ. 
 
Puzrin, A. M., and Burland, J. B. (1996), “A Logarithmic Stress-Strain Function for 

Rocks and Soils,” Geotechnique, Vol. 46, No. 1, pp. 157-164. 
 
Qian, X., Gray, D. H., and Woods, R. D. (1993), “Voids and Granulometry: Effects on 

Shear Modulus of Unsaturated Sands,” Journal of Geotechnical Engineering, ASCE, 
Vol. 119, No. 2, pp. 295-314. 

 
Ray, R. P., and Woods, R. D. (1988), “Modulus and Damping Due to Uniform and 

Variable Cyclic Loading,” Journal of Geotechnical and Geoenvironmental 
Engineering, ASCE, Vol. 114, No. 8, pp. 861-876. 

 
Reed, R. F., and Kelly, M. (2000), “Impact of Climatic Variation on Design Parameters 

for Slab on Ground Foundations in Expansive Soils,” Proceedings of Sessions of 
Geo-Denver 2000, Advances in Unsaturated Geotechnics, ASCE, Geotechnical 
Special Publication, No. 99, Denver, CO, pp. 435-455. 

 
Richards, B. G. (1965), “Measurement of the Free Energy of Soil Moisture by the 

Psychrometric Technique Using Thermistors,” Moisture Equilibria and Moisture 
Changes in Soils beneath Covered Areas, Butterworths, pp. 39-46. 

 
Richart, F.E., Jr. (1977), “Dynamic Stress-Strain Relations for Soils,” Proceedings of the 

9th International Conference on Soil Mechanics and Foundation Engineering, Tokyo, 
Vol. 2, pp. 605-612. 

 A-55



 
Richart, F. E., Jr., Hall, J. R., and Woods, R. D. (1970), Vibration of Soils and 

Foundations, Prentice-Hall, Inc., NJ. 
 
Rinaldi, V. A., Santamarina, J. C., and Redolfi, E. R. (1998), “Characterization of 

Collapsible Soils with Combined Geophysical and Penetration Testing,” Proceedings 
of the 1st International Conference on Site Characterization, Balkema, Brookfield, 
pp. 581-588. 

 
Rix, G. J., and Stokoe, K. H., II (1989), “Stiffness Profiling of Pavement Subgrades,” 

Transportation Research Record, No. 1235, Washington, D.C., pp. 1-9. 
 
Robertson, P. K., Campanella, R. G., Gillespie, D., and Rice, A. (1986), “Seismic CPT to 

Measure In Situ Shear Wave Velocity,” Journal of Geotechnical Engineering, ASCE, 
Vol. 112, No. 8, pp. 71-803. 

 
Roesler, S. K. (1979), “Anisotropic Shear Modulus due to Stress Anisotropy,” Journal of 

the Geotechnical Engineering Division, ASCE, Vol. 105, No. GT7, pp. 871-880. 
 
Russam, K. (1958), “An Investigation into the Soil Moisture Conditions under Roads in 

Trinidad, B. W. I.,” Geotechnique, Vol. 8, No. 1, pp. 57-71. 
 
Russam, K. (1965), “The Prediction of Subgrade Moisture Conditions for Design 

Purposes,” Moisture Equilibria and Moisture Changes in Soils Beneath Covered 
Areas, Butterworth, Sydney, Australia.  

 
Russam, K., and Coleman, J. D. (1961), “The Effect of Climatic Factors on Subgrade 

Moisture Conditions,” Geotechnique, Vol. 11, No. 1, pp. 22-28. 
 
Saada, A. S. (1988), “Hollow Cylinder Torsional Devices: Their Advantages and 

Limitation,” Advanced Triaxial Testing of Soil and Rock, ASTM STP 977, 
Philadelphia, PA. pp. 766-779. 

 
Sanchez-Salinero, I., Roesset, J. M., Shao, K., Stokoe, K. H., II, and Rix, G. J. (1987), 

“Analytical Evaluation of Variables Affecting Surface Wave Testing of Pavements,” 
Transportation Research Record 1136, Washington, D.C., pp. 132-144. 

 
Santamarina, J. C., Klein, K. A., and Fam, M. A. (2001), Soils and Waves, John Wiley & 

Sons, Chichester, UK. 
 
Sargand, S. M. (2001), “Direct Measurement of Backfill Stiffness for Installation and 

Design of Buried Pipes,” Ohio Research Institute for Transportation and the 
Environment, Ohio University, Athens, OH. 

 

 A-56



Sargand, S. M., Edwards, W. F., and Salimath, S. (2000a), “Evaluation of Soil Stiffness 
via Non-Destructive Testing,” Ohio Research Institute for Transportation and the 
Environment, Ohio University, Athens, OH. 

 
Sauer, E. K., and Monismith, C. L. (1968), “Influence of Soil Suction on Behavior of a 

Glacial Till Subjected to Repeated Loading,” Highway Research Record, No. 215, 
Washington, D.C., pp. 18-23. 

 
Sawangsuriya, A., Bosscher, P. J., and Edil, T. B. (2002), “Laboratory Evaluation of the 

Soil Stiffness Gauge,” Transportation Research Record, No. 1808, Washington, 
D.C., pp. 30-37. 

 
Sawangsuriya, A., Edil, T. B., and Bosscher, P. J. (2003), “Relationship between Soil 

Stiffness Gauge Modulus and Other Test Moduli for Granular Soils,” Transportation 
Research Record, No. 1849, Washington, D.C., pp. 3-10. 

 
Sawangsuriya, A., Edil, T. B., and Bosscher, P. J. (2004), “Assessing Small-Strain 

Stiffness of Soils Using the SSG,” Proceedings of the 15th Southeast Asia 
Geotechnical Conference, Bangkok, Thailand, pp. 101-106. 

 
Sawangsuriya, A., Edil, T. B., and Bosscher, P. J. (2005), “Stiffness Behavior of an 

Unsaturated Pavement Subgrade Soil,” Proceedings of International Conference on 
Problematic Soils, Famagusta, N. Cypus, pp. 209-217. 

 
Saxena, S. K., Avramidis, A. S., and Reddy, K. R. (1988), “Dynamic Moduli and 

Damping Ratios for Cemented Sands at Low Strains,” Canadian Geotechnical 
Journal, Vol. 25, No. 2, pp. 353-368. 

 
Seed, H. B., and Idriss, I. M. (1970), “Soil Moduli and Damping Factors for Dynamic 

Response Analyses,” Report EERC 70-10, Earthquake Engineering Research Center, 
University of California, Berkeley, CA. 

 
Shackel, B. (1973), “Changes in Soil Suction in a Sand-Clay Subjected to Repeated 

Triaxial Loading,” Transportation Research Record, No. 429, Washington, D.C., pp. 
29-39. 

 
Sharma, P. V. (1997), Environmental and Engineering Geophysics, Cambridge 

University Press, Cambridge, UK. 
 
Sheeran, D. E., Baker, W. H., and Krizek, R. J. (1967), “Experimental Study of Pulse 

Velocities in Compacted Soils,” Highway Research Record, No. 177, Washington, 
D.C., pp. 226-238. 

 
Shibata, T., and Soelarno, D. S. (1975),” Stress-Strain Characteristics of Sands under 

Cyclic Loading,” Proceedings of the Japan Society of Civil Engineering, No. 239, pp. 
57-65. (in Japanese) 

 A-57



 
Shibuya, S., Hwang, S. C., and Mitachi, T. (1997), “Elastic Shear Modulus of Soft Clays 

from Shear Wave Velocity Measurement,” Geotechnique, Vol. 47, No. 3, pp. 593-
601. 

 
Shibuya, S., Mitachi, T., Fukuda, F., and Degoshi, T. (1995), “Strain Rate Effect on 

Modulus and Damping of Normally Consolidated Clay,” Geotechnical Testing 
Journal, ASTM, Vol. 18, No. 3, pp. 365-375. 

 
Shibuya, S., and Tanaka, H. (1996), “Estimate of Elastic Shear Modulus in Holocene Soil 

Deposits,” Soils and Foundations, Vol. 36, No. 4, pp. 45-55. 
 
Shibuya, S., Tatsuoka, S., Teachavorasinskun, S., Kong, X. J., Abe, F., Kim, Y. S., and 

Park, C. S. (1992), “Elastic Deformation Properties of Geomaterials,” Soils and 
Foundations, Vol. 32, No. 3, pp. 26-46. 

 
Siekmeier, J. A., Young, D., and Beberg, D. (1999), “Comparison of the Dynamic Cone 

Penetrometer with Other Tests during Subgrade and Granular Base Characterization 
in Minnesota,” Nondestructive Testing of Pavements and Backcalculation of Moduli, 
ASTM STP 1375, West Conshohocken, PA, pp. 175-188. 

 
Silver, M. L., and Park, T. K. (1975), “Testing Procedure Effects on Dynamic Soil 

Behavior,” Journal of the Geotechnical Engineering Division, ASCE, Vol. 101, No. 
GT10, pp. 1061-1083. 

 
Silver, M. L., and Seed, H. B. (1971), “Deformation Characteristics of Sands under 

Cyclic Loading,” Journal of the Soil Mechanics and Foundations Division, ASCE, 
Vol. 97, No. SM8, pp. 1081-1098. 

 
Silvestri, F. (1991), “Stress-Strain Behaviour of Natural Soils by Means of 

Cyclic/Dynamic Torsional Shear Tests,” Experimental Characterization and 
Modelling of Soils and Soft Rocks, The University of Napoli Federico, pp. 7-73. 

 
Souto, A., Hartikainen, J., and Özüdoğru, K. (1994), “Measurement of Dynamic 

Parameters of Road Pavement Materials by the Bender Element and Resonant 
Column Tests,” Geotechnique, Vol. 44, No. 3, pp. 519-526. 

 
Stanculescu, I., and Fodor, G. (1975), “Influence of Climatic Factors on the Elastic 

Pavements Deformability,” Symposium on Recent Developments in the Analysis of 
Soil Behavior and their Application to Geotechnical Structures, pp. 471-485. 

 
Stokoe, K. H., II, Hwang, S. K., Lee, J. N.-K., and Andrus, R. D. (1995), “Effects of 

Various Parameters on the Stiffness and Damping of Soils at Small to Medium 
Strains,” Pre-failure Deformation of Geomaterials, Balkema, Rotterdam, Vol. 2, pp. 
785-816. 

 

 A-58



Stokoe, K. H., II, Lee, S. H. H., and Knox, D. P. (1985), “Shear Moduli Measurement 
under True Triaxial Stresses,” Proceedings of the Geotechnical Engineering Division: 
Advances in the Art of Testing Soil Under Cyclic Conditions, ASCE, Detroit, MI, pp. 
166-185. 

 
Stokoe, K. H., II and Richart, F. E., Jr. (1973), “In Situ and Laboratory Shear Wave 

Velocities,” Proceedings of the 8th International Conference on Soil Mechanics and 
Foundation Engineering, Vol. 1, Part 2, Moscow, U.S.S.R., pp. 403-409. 

 
Stokoe, K. H., II and Woods, R. D. (1972), “In Situ Shear Wave Velocity by Cross-Hole 

Method,” Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 98, 
No. SM5, pp. 443-460. 

 
Swenson, J., Guzina, B., Labuz, J., and Drescher, A. (2006), Moisture Effects on PVD 

and DCP Measurements, Final Report 2006-26, Minnesota Department of 
Transportation, St. Paul, MN 

 
Tatsuoka, F., Jardine, R. J., Lo Presti, D. C. F., Di Benedetto, H., and Kodako, T. (1997), 

“Characterizing the Pre-Failure Deformation Properties of Geomaterials,” 
Proceedings of the 14th International Conference of Soil Mechanics and Foundation 
Engineering, Hamburg, Germany, Vol. 4, pp. 2129-2164. 

 
Tatsuoka, F., Siddiquee, M. S., Park, C. S., Sakamoto, M., and Abe, F. (1993), 

“Modeling Stress-Strain Relations of Sand,” Soils and Foundations, Vol. 33, No. 2, 
pp. 60-81. 

 
Tatsuoka, F., and Shibuya, S. (1991), “Deformation Characteristics of Soils and Rocks 

from Field and Laboratory Tests,” Proceedings of the 9th Asian Regional Conference 
on Soil Mechanics and Foundation Engineering, Bangkok, Thailand, Vol. 2, pp. 101-
170. 

 
Thomann, T. G., and Hryciw, R. D. (1990), “Laboratory Measurement of Small Strain 

Shear Modulus under Ko Conditions,” Geotechnical Testing Journal, ASTM, Vol. 13, 
No. 2, pp. 97-105. 

 
Thornthwaite, C. W. (1948), “An Approach toward a Rational Classification of Climate,” 

Geographical Review, Vol. 38, No. 1, pp. 55-94. 
 
Tian, P., Zaman, M. M., and Laguros, J. G. (1998), “Gradation and Moisture Effects on 

Resilient Moduli of Aggregate Bases,” Transportation Research Record, No. 1619, 
Washington, D.C., pp. 75-83. 

 
Timoshenko, S. P., and Goodier, J. N. (1951), Theory of Elasticity, McGraw-Hill, NY. 
 

 A-59



Tinjum, J. M., Benson, C. H., and Blotz, L. R. (1997), “Soil-Water Characteristic Curves 
for Compacted Clays,” Journal of Geotechnical and Geoenvironmental Engineering, 
ASCE, Vol. 123, No. 11, pp. 1060-1069. 

 
Trudeau, P. J., Whitman, R. V., and Christian, J. T. (1974), “Shear Wave Velocity and 

Modulus of a Marine Clay,” Journal of the Boston Society of Civil Engineers, Vol. 
61, No. 1, pp. 12-25. 

 
van Genuchten, M. (1980), “A Closed-Form Equation for Predicting the Hydraulic 

Conductivity of Unsaturated Soils,” Soil Science Society of America Journal, Vol. 44, 
pp. 892-898. 

 
van Genuchten, M., Leij, F., and Yates, S. (1991), “The RETC Code Quantifying the 

Hydraulic Functions of Unsaturated Soils,” Report No. EPA/600/2-91/065, U.S., 
EPA, Office of Research and Development, Washington, D.C. 

 
Vanapalli, S. K. (1994), “Simple Test Procedures and their Interpretation in Evaluating 

the Shear Strength of an Unsaturated Soil,” Ph.D. Thesis, The University of 
Saskatchewan, Canada. 

 
Vanapalli, S. K., Fredlund, D. G., and Pufahl, D. E. (1999), “The Influence of Soil 

Structure and Stress History on the Soil-Water Characteristics of a Compacted Till,” 
Geotechnique, Vol. 49, No. 2, pp. 143-159. 

 
Vanapalli, S. K., Fredlund, D. G., Pufahl, D. E., and Clifton, A. W. (1996), “Model for 

the Prediction of Shear Strength with Respect to Soil Suction,” Canadian 
Geotechnical Journal, Vol. 33, No. 3, pp. 379-392. 

 
Viggiani, G., and Atkinson, J. H. (1995a), “Stiffness of Fine-Grained Soil at Very Small 

Strains,” Geotechnique, Vol. 45, No. 2, pp. 249-265. 
 
Viggiani, G., and Atkinson, J. H. (1995b), “Interpretation of Bender Element Tests,” 

Geotechnique, Vol. 45, No. 1, pp. 149-154. 
 
Viggiani, G., and Atkinson, J. H. (1997), Discussion: “Interpretation of Bender Element 

Tests,” Geotechnique, Vol. 47, No. 4, pp. 873-877. 
 
Vucetic, M., and Dobry, R. (1991), “Effect of Soil Plasticity on Cyclic Response,” 

Journal of Geotechnical Engineering, ASCE, Vol. 117, No. 1, pp. 89-107. 
 
Wan, A. W.-L., Gray, M. N., and Graham, J. (1995), “On the Relations of Suction 

Moisture Content and Soil Structure in Compacted Clays,” Proceedings of the 1st 
International Conference on Unsaturated Soils, Paris, France, pp. 215-222. 

 
Weaver, E., Ormsby, W. C., and Zhao, X. (2001), Pavement Variability Study: Phase I 

Interim Report, National Pooled Fund Study 2(212), Non-Nuclear Testing of Soils 

 A-60



and Granular Bases Using the GeoGauge (Soil Stiffness Gauge) and Other Similar 
Devices, U.S. Department of Transportation, Federal Highway Administration. 

 
Wilson, S. D., and Dietrich, R. J. (1960), “Effect of Consolidation Pressure on Elastic and 

Strength Properties of Clay,” Proceedings of the Soil Mechanics and Foundations 
Division, Research Conference on Shear Strength of Cohesive Soils, ASCE, Boulder, 
CO, pp. 419-435. 

 
Woods, R. D. (1978), “Measurement of Dynamic Soil Properties,” Proceedings of the 

Earthquake Engineering and Soil Dynamics Specialty Conference, ASCE, Pasadena, 
CA, Vol. 1, pp. 91-178. 

 
Wright, S. G., Stokoe, K. E., II, and Roesset, J. M. (1994), “SASW Measurements at 

Geotechnical Sites Overlaid by Water,” Dynamic Geotechnical Testing II, ASTM STP 
1213, Philadelphia, PA, pp. 39-57. 

 
Wu, W., Arellano, M., Chen, D.-H., Bilyeu, J., and He., R. (1998), “Using a Stiffness 

Gauge as an Alternative Quality Control Device in Pavement Construction,” Texas 
Department of Transportation Report, Austin, TX. 

 
Wu, S., Gray, D. H., and Richart, F. E., Jr. (1984), “Capillary Effects on Dynamic 

Modulus of Sands and Silts,” Journal of the Geotechnical Engineering Division, 
ASCE, Vol. 110, No. GT9, pp. 1188-1203. 

 
Yesiller, N., Inci, G., and Miller, C. J. (2000), “Ultrasonic Testing for Compacted Clayey 

Soils,” Proceedings of Sessions of Geo-Denver 2000, Advances in Unsaturated 
Geotechnics, ASCE, Geotechnical Special Publication, No. 99, Denver, CO, pp. 54-
68. 

 
Yu, P., and Richart, F. E., Jr. (1984), “Stress Ratio Effects on Shear Modulus of Dry 

Sands,” Journal of the Geotechnical Engineering Division, ASCE, Vol. 110, No. 
GT3, pp. 331-345. 

 
Yuan, D., and Nazarian, S. (2003), “Variation in Moduli of Base and Subgrade with 

Moisture,” Transportation Research Board 82nd Annual Meeting, Washington, D.C. 
(CD-ROM) 

 
Yun, T. S., and Santamarina, J. C. (2005), “Decementation, Softening, and Collapse: 

Changes in Small-Strain Shear Stiffness in Ko Loading,” Journal of Geotechnical and 
Geoenvironmental Engineering Division, ASCE, Vol. 131, No. 3, pp. 350-358. 

 
Zen, K., Umehara, Y., and Hamada, K. (1978), “Laboratory Tests and In Situ Seismic 

Survey on Vibratory Shear Modulus of Clayey Soils with Various Plasticities,” 
Proceedings of the 5th Japanese Earthquake Engineering Symposium, pp. 721-728. 

 A-61



Zeng, X., and Ni, B. (1998), “Application of Bender Elements in Measuring Gmax of Sand 
under Ko Condition,” Geotechnical Testing Journal, ASTM, Vol. 21, No. 3, pp. 251-
263. 

 
 

 

 A-62


	 
	ACKNOWLEDGEMENT
	 LIST OF TABLES
	 LIST OF FIGURES
	 EXECUTIVE SUMMARY
	CHAPTER I: INTRODUCTION
	Objectives
	Scope

	 CHAPTER II: LITERATURE REVIEW
	Shear Strength of Unsaturated Soils
	Stiffness of Unsaturated Soils

	 CHAPTER III: MATERIALS AND METHODS 
	Water Retention Characteristics
	Shear Strength Testing
	Stiffness Testing

	 CHAPTER IV: RESULTS AND DISCUSSION
	Physical Characteristic of the Soils
	Soil Water Retentions
	Deviator Stress at 5% Strain
	 Deviator Stress at 1% Strain
	Shear Strength Model for Unsaturated Soils
	 Resilient Modulus of Unsaturated Soils
	Development of Mathematical Model 
	Model Validation 

	 CHAPTER V: LINKING SHEAR STRENGTH MEASUREMENTS TO RESILIENT MODULUS
	Power Function Model for Resilient Modulus of Unsaturated Soils
	Testing for Suction Effects on Resilient Modulus
	Relationship between Resilient Modulus and Shear Strength

	 CHAPTER VI: FRAMEWORK FOR DEVELOPING MnPAVE FACTORS FOR SUCTION EFFECTS
	 CHAPTER VII: EXPECTED BENEFITS 
	AND FUTURE RESEARCH NEEDS
	 CHAPTER VIII: REFERENCES



