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Introduction

Since “the AASHTO 1986 Guide for Design of
Pavement Structures” recommended highway
agencies to use a resilient modulus (Mr) obtained
from a repeated triaxial test for the design of
subgrades, many researchers have made a large
number of efforts to obtain more accurate,
straightforward, and reasonable Mr values which
are representative of the field conditions.
Resilient modulus has been used for
characterizing the non-linear  stress-strain
behavior of subgrade soils subjected to traffic
loadings in the design of pavements.

Over the past ten years, the Indiana Department
of Transportation (INDOT) has advanced the
characterization of subgrade materials by
incorporating the resilient modulus testing,
which is known as the most ideal triaxial test for
the assessment of behavior of subgrade soils
subjected to repeated traffic loadings.

The National Cooperative Highway
Research Program (NCHRP) has recently
released the New Mechanistic-Empirical Design
Guide (Guide for Mechanistic-Empirical Design
of New and Rehabilitated Pavement Structures,
NCHRP 1-37A, Final Report, July 2004) for
pavement structures. The new M-E Design
Guide requires that the resilient modulus of
unbound materials be inputted in characterizing
layers for their structural design. It recommends
that the resilient modulus for design inputs be
obtained from either a resilient modulus test for
Level 1 input (the highest input level) or
available correlations for Level 2 input.

Due to the complexity and high cost
associated with the Mr testing in the past,
extensive use of the resilient modulus test in the
state DOTs was hindered. With a fast growing
technology, it becomes much easier to run a

resilient modulus test. Therefore, it would be
necessary for the department of transportation to
appropriately implement the resilient modulus
test for an improved design of subgrades.

In the present study, physical
property tests, unconfined compressive tests,
resilient modulus (Mr) tests and several
Dynamic Cone Penetrometer (DCP) tests were
conducted to assess the resilient and permanent
strain behavior of 14 cohesive subgrade soils
and five cohesionless soils encountered in
Indiana. An attempt was made to simplify the
existing resilient modulus test, AASHTO T 307.
This attempt was made by reducing the number
of steps and cycles of the resilient modulus test.
The M-E Design guide requires the material
coefficients kj, ky, and ks. Three models for
estimating the resilient modulus are proposed
based on the unconfined compressive tests. A
predictive model to estimate  material
coefficients ki, k,, and ks using 12 soil variables
obtained from the soil property tests and the
standard Proctor tests is developed. A simple
mathematical approach is introduced to calculate
the resilient modulus. Although the permanent
strain occurs during the resilient modulus test,
the permanent strain behavior of subgrade soils
is generally neglected. In order to capture both
the permanent and the resilient behavior of
subgrade soils, a constitutive model based on the
Finite Element Method (FEM) is proposed. A
comparison of the measured permanent strains
with those obtained from the Finite Element
(FE) analysis shows a reasonable agreement. An
extensive review of the M-E design is done.
Based on the test results and review of the M-E
Design, implementation initiatives are proposed.
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Findings

The objectives of this study are to
simplify the resilient modulus testing procedure
specified in AASHTO T307 based on the
prevalent conditions in Indiana, to generate
database of Mr values following the existing
resilient modulus test method (AASHTO T307)
for Indiana subgrades, to develop useful
predictive models for use in Level 1 and Level
2 input of subgrade Mr values following the
New M-E Design Guide, to develop a simple
mathematical  calculation method and to
develop a constitutive model based on the
Finite Element Method (FEM) to account for
both the resilient and permanent behavior of
subgrade soils.

Results show that it may be possible to
simplify the complex procedures required in the
existing Mr testing to a single step with a
confining stress of 2 psi and deviator stresses of
2, 4, 6, 8, 10 and 15 psi. Three models for
estimating the resilient modulus are proposed
based on the unconfined compressive tests. A

Implementation

With the advent of the new M-E Design Guide,
highway agencies are encouraged to implement
an advanced design following its philosophies.
Not only were the resilient and permanent
behavior of subgrade soils investigated in this
study, but also an extensive review was made on
the features embedded in the New M-E Design
Guide for subgrades as part of implementation
of the M-E Design Guide. The following can be
implemented from this study:

1) Simplified procedure can be used in Mr
testing with reasonable accuracy;

2) Designers can use the predictive models
developed to estimate the design resilient
modulus for Indiana subgrades;

predictive model to estimate material
coefficients ki, k,, and ks using 12 soil
variables obtained from the soil property tests
and the standard Proctor tests is developed. The
predicted resilient moduli using all the
predictive models compare satisfactorily with
measured ones. A simple mathematical
approach is introduced to calculate the resilient
modulus. Although the permanent strain occurs
during the resilient modulus test, the permanent
behavior of subgrade soils is currently not taken
into consideration. In order to capture both the
permanent and the resilient behavior of
subgrade soils, a constitutive model based on
the Finite Element Method (FEM) is proposed.
A comparison of the measured permanent
strains with those obtained from the Finite
Element (FE) analysis shows a reasonable
agreement. An extensive review of the M-E
design is done. Based on the test results and
review of the M-E Design, implementation
initiatives are proposed.

3) The M-E Design Guide assumes that the
subgrade is compacted at optimum moisture
content, leading to unconservative design. In
order to ensure a conservative design for
subgrades, the use of the average values is
recommended,;

4) When laboratory testing for evaluating thawed
Mr is not available, the use of Mr for wet of
optimum would be reasonable;

5) Caution needs to be taken to use the
unconservative frozen Mr value suggested in M-
E Design Guide.
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CHAPTERLINTRODUCTION

1.1. Research Motivation

Since “the AASHTO 1986 Guide for Design of Pavement Structures” recommended
highway agencies to use a resilient modulus (Mr) obtained from a repeated triaxial test
for the design of subgrades, many researchers have made significant effort to obtain more
accurate, straightforward, and reasonable Mr values which are representative of the field
conditions. Over the past ten years, the Indiana Department of Transportation (INDOT)
has advanced the characterization of subgrade materials by incorporating the resilient
modulus testing, which is considered as the most ideal triaxial test for the assessment of
behavior of subgrade soils subjected to repeated traffic loadings.

The National Cooperative Highway Research Program (NCHRP) has recently
released the New Mechanistic-Empirical Design Guide (Guide for Mechanistic-Empirical
Design of New and Rehabilitated Pavement Structures, NCHRP 1-37A, Final Report,
July 2004) for pavement structures. The new M-E Design Guide requires that the resilient
modulus of pavement materials be inputted in characterizing pavement layers for their
structural design. It recommends that the resilient modulus for design inputs be obtained
from either a resilient modulus test for Level 1 input (the highest input level) or available
correlations for Level 2 input.

Due to complexity and high cost associated with the Mr testing in the past, extensive
use of the resilient modulus test in the state DOTs was hindered. With a fast growing

technology, it becomes much easier to run a resilient modulus test. Therefore, it would be



necessary for the department of transportation to appropriately implement the resilient

modulus test for an improved design of subgrades.

1.2. Problem Statement

Over many past decades, the California Bearing Ratio (CBR) has been used for the
characterization of subgrade soils. The CBR value is similar to the undrained shear
strength of soil which is independent of confining stress conditions, and is different from
the stiffness of soil. Due to its limitation to account for realistic behavior of the subgrade
soils subjected to moving traffic loads, the modern design philosophies related to
subgrade soils have evolved to take the resilient modulus into consideration for a design
of subgrade.

In order to reflect the recommendation of “the AASHTO 1986 Guide for Design of
Pavement Structures”, two research projects (FHWA/INDOT/JHRP 92-32 and
FHWA/INDOT/JTRP-98/2) on the resilient modulus (Mr) of subgrade soils were
completed under the Joint Transportation Research Program (JTRP) in Indiana. However,
the resilient modulus test is only being performed by specialized laboratories due to its
complexity and difficulty.

Many researchers have proposed numerous correlations between Mr values from
repeated triaxial tests and measurements obtained from nondestructive field testing
methods, such as the Cone Penetration Test (CPT), the Dynamic Cone Penetration Test
(DCPT), the Falling Weight Deflectometer (FWD), and the Plate Load Test (PLT). At
small strain levels (i.e. less than 0.1%), some laboratory tests, such as the unconfined
compression test (Drum et al. 1990, Lee et al. 1997) and the static triaxial test (Kim et al.

2001) were suggested as alternatives to the repeated triaxial test, due to its complexity



and difficulty. Therefore, there is a need to simplify the complex procedure of the
existing resilient modulus test to allow the operator of the resilient modulus testing to
readily perform the Mr test.

Note that the AASHTO Design guide recommends highway agencies to use
representative confining and deviator stresses in subgrade layers under traffic loading
conditions. When simplifying the Mr test procedure, it is necessary to investigate the
range of confining and deviator stresses resulting from the traffic loadings in Indiana and
to account for such reasonable stress levels in the Mr test. Over- or underestimation of the
stress levels in the subgrades will lead to erroneous results of resilient modulus results
(Houston et al. 1993). As one resilient modulus corresponding to the representative
confining and deviator stress for a given subgrade is needed in designing a pavement, the
complex testing procedure may be simplified for practical design purpose.

In the previous JTRP project, resilient modulus tests based on AASHTO T 274 were
performed by Lee et al. (1993) on several predominant soils and correlations were made
between the resilient modulus and the unconfined compressive strength. However, using
their correlations for all of subgrade soils encountered in Indiana is not feasible as their
correlations are not based on the soil properties. Moreover, the resilient modulus test
method has been changed to AASHTO T307. In order to successfully design subgrades
following the New M-E Design Guide, predictive models based on the soil properties,
standard Proctor tests, and unconfined compressive tests are necessary for designers to
use those models conveniently for wide range of subgrade soils encountered in Indiana.

The basic principle of the loading adopted in AASHTO T 307 is the simulation of a

typical moving load in a sinusoidal form. The peak point of the loading is analogous to



the loading condition where the traffic is immediately above the subgrade. A soil
specimen subjected to resilient modulus testing can be simply modeled as a one-
dimensional forced vibration of a spring-mass system and the feasibility of the
mathematical approach needs to be explored to suggest a simple calculation method to
obtain the resilient modulus.

Generally, the permanent strain of subgrade soils is not taken into consideration in
the resilient modulus test. This is due to the assumption that the subgrade would be in the
elastic state. However, subgrade soils may exhibit the permanent strain even at a much
smaller load than that causing shear failure. It is fairly necessary to develop a constitutive
model that describes the realistic behavior of subgrade soils, such as resilient and

permanent behavior.

1.3. Scope and Objectives

The objectives of this study are to simplify the resilient modulus testing procedure
specified in AASHTO T307 based on the prevalent conditions in Indiana, to generate
database of Mr values following the existing resilient modulus test method (AASHTO
T307) for Indiana subgrades, to develop useful predictive models for use in Level 1 and
Level 2 input of subgrade Mr values following the New M-E Design Guide, to develop a
simple calculation method, and to develop a constitutive model based on the Finite
Element Method (FEM) to account for both the resilient and permanent behavior of

subgrade soils. The detailed goals of the research will be:

(1) Simplification of the standard resilient modulus testing;



(2) Clarification of confining pressure effects on resilient modulus of cohesive
subgrades;

3) Construction of database of resilient modulus depending on soil types in Indiana;

(4) Development of predictive models to estimate the resilient moduli for subgrades
encountered in Indiana;

®)) Development of a simple mathematical method to calculate the resilient modulus;

(6) Development of a constitutive model based on the Finite Element Method that can

describe both resilient and permanent behavior of subgrade soils.

1.4. Report Outline

This report consists of eight chapters, including this introduction.

Chapter 2 presents the literature review on the resilient behavior and permanent
behavior of cohesive and cohesionless soils, and fundamental theories related to behavior
of subgrade soils.

Chapter 3 reviews the important features embedded in “the New Mechanistic-
Empirical Design Guide”.

Chapter 4 describes the experimental program of the project. This chapter covers
the soils used, resilient modulus tests, unconfined compressive tests, physical property
tests and DCPT tests.

Chapter 5 discusses the results of resilient modulus tests on compacted subgrade
soils. Predictive models to estimate resilient modulus based on soil properties are
discussed.

Chapter 6 reports the results of resilient modulus tests on chemically modified soils

which were previously conducted as part of implementation.



Chapter 7 introduces a simple mathematical method to obtain resilient modulus and
a constitutive model based on Finite Element Method that can describe permanent and
resilient behavior.

Chapter 8 summarizes the conclusions and recommendations drawn from this study

and proposes implementation initiatives.



CHAPTER 2. LITERATURE REVIEW ON BEHAIVOR OF SUBGRADE SOILS

2.1. Introduction

In a road structure subjected to repeated traffic loadings, subgrade soils play a role
in supporting the asphalt and base layers and traffic loadings. Due to this important role,
the subgrade should have enough bearing capacity to perform its function appropriately.
If the subgrade soils respond primarily in an elastic mode, the rutting problem typical in
weak subgrades will not occur.

However, rutting problems are observed in many roads, resulting in expensive
rehabilitation efforts. Therefore, the assumption that subgrade soils are purely elastic is
not consistent with most observation mode in practice. It is more realistic to treat the
subgrade soils as elasto-plastic materials. In reality, subgrade soils subjected to repeated
traffic loadings exhibit nonlinear resilient and permanent behavior even at small strains,
before reaching their yield strengths.

In this chapter, to facilitate the understanding of the resilient and permanent
behavior of subgrade soils, the following topics will be discussed: stress tensors and

invariants, elastic stress-strain relationship, resilient and permanent behavior of subgrade.



2.2. Stress Tensor and Invariants

In order to look into the behavior of soils, stress-strain analysis is needed. In a
Cartesian coordinate system, the stress tensor o of a soil element is composed of nine

stress components:

O-l 1 O-l 2 O-l 3 O-'(x O-'cy Xz O-x Xy xz
0;,=|0y 0y O0ynl|=|0, 0, O.|=7, O, T, (2.1)
0-3 1 0-32 0-33 O-zx O-zy O-zz z-z‘c sz O-z

where ¢ and t represent normal and shear stress state components, respectively.
Applying the moment equation of motion in the absence of body moments allows the
stress tensor to be symmetric.

Thus, 0, =0, 0r 0}, =0,,, 03 =03, 0,5, =0y, 0,,=0,, 0, =0, €tc.

w = 0> Oy =0,
According to the Cayley-Hamilton theorem (Desai and Siriwardane 1984), for the 3 x 3
square matrix given in (2.1), the characteristic equation is written as follows.
oc’-lo’+1Lo-1,=0 (2.2)
The coefficients I;, I, and 15 of the characteristic equation, the invariants of the stress

tensor, can now be obtained as follows.

I, = 0|, + 0y, + 03;,=sum of the diagonal terms of cj (2.3)
Oy On| [On O, On O

I, = (24)
031 Opn| [0y O3 |03 O3

= sum of the cofactors of the diagonal terms of o;;

On Op Op
I, =0, 0, 0,|=determinant of j (2.5)

031 O3 O3



I}, I, and I; are called invariants because they do not change when the coordinate axes are
rotated. Although there is a change of coordinates, the principal stresses and principal
axes remain the same. The first invariant I, is often referred to as bulk stress 6.

In order to express the stress state for a soil in 3D space, principal stresses are
generally used because the principal stresses are also invariants regardless of rotation of

axes. Now expressing the stress tensor in terms of principal stresses, (2.1) becomes

o, 0 0
o,=| 0 o, 0 (2.6)
0 0 o,

when 6, > 0,> 63, G, G2, and o3 are major, intermediate and minor pricipal stresses,
respectively.

A more accessible formulation results by decomposing a stress tensor into a
deviatoric tensor and a hydrostatic tensor, because the characteristics of shear and mean
stresses for a soil become more evident. Equation 2.7 illustrates this relationship.

o, = Sij +§o- 0. (2.7)

nn"ij

where S;; = deviatoric tensor, 6, = hydrostatic stress = o1+ 62, + 033, 0;j = Kronecker
delta.

Substitution of (2.7) into equation (2.1) leads to:

O-nn 0 0
O, O Oy Sn Sy S 3 o
Oy Op Opn|=|S8y Sy Sy|t]| 0 ?;m 0 (2.8)
O3 O3 O3 Sy Sn o Sy 0 0 [
L 3

Thus,
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1
S, =0y —ga 6,= o, —po, (2.9)

nnij

where p = mean stress = Gyn/3
Because the deviatoric stress tensor is also a symmetric tensor, the deviatoric stress

invariants are obtained as follows.

J, =S, =8, +8,+S5,=0 (2.10)
J, = %Sgsij = %[Sﬁl T+ 8%+ 8L 8L+ 8L + 5%+ 8%+ 5%+ 82 (2.11)
1
~clo-0.y +@. -0 +(0,-0)’] 2.12)
1 2 2
J3ZESiijmSmi:I3_§IIIZ+EII3:0 (2.13)

2.3. Elastic Behavior of Soil

2.3.1. Elastic Stress-Strain Relationship

This first step in describing elasto-plastic behavior is to define elastic behavior. A
solid is called elastic if it completely recovers its original configuration when the forces
applied on it are removed. According to the generalized form of Hooke’s law, the linear
elastic relationship between the stress tensor and strain tensor can be written as follows
(Chen and Saleeb 1994).

o.=C..&y (2.14)

y g
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Here Cjjq is a fourth-order elastic stiffness tensor and has 81 constants. By using the
symmetry of stress, strain and elastic stiffness tensors, 81 constants reduce to 21

constants (Chen and Saleeb 1994). Now (2.14) can be expressed in matrix form as:

O-ll Cllll C1122 C1133 C1123 C1113 C1112 811
022 C221 1 C2222 C2233 C2223 C2213 C2212 822
0-33 - C3311 C3322 C3333 C3323 C3313 C3312 833
0-23 C2311 C2322 C2333 C2323 C2313 C2312 }/12
013 C1311 C1322 Cl333 C1323 C1313 C1312 7/23
0-12 _C1211 C1222 C1233 C1223 Cl2l3 C1212 i 713

where €11, €», and €33 are normal strains, and Y2, Y23, and 7y;3 are shear strains,
respectively.
In the most general form, an isotropic, fourth-order tensor can be given by:

Cjpy = 20,04 + 6,0, + V0,0, (2.15)
Since Cjj 1s symmetric and hence p = v, taking (2.15) into (2.14) leads to:

o, = A0ey +2ue; (2.16)

where A and p are Lame’s constants. Here i is the shear modulus, also known as G.

In order to express € in terms of &, rewriting (2.16) leads to:

1 A8,
S i —— 2.17)
2u 7 2u(BA+2u)

Matrix C' becomes



A -1

Avu -2 =2 0
a 2 2

Aol 2
2 2

o 1 2 y) ; 0
= -= == +
“B+2u)| o 2 a

0 0 0 31+2u
0 0 0 0
L0 0 0 0

0

0

0
34+2u
0

12

0
0
34+ 2u]

Young’s modulus E, Poisson’s ratio v, shear modulus G, and bulk modulus K can be

defined as:

o #GA+20)
(A+ 1)

A
V=——
21+ p)

(2.18)

(2.19)

(2.20)

2.21)

These fundamental elastic terms discussed above will be used in developing a

constitutive model that describes both resilient and permanent behavior in the finite

element (FE) formulation in Chapter 7.

2.4. Resilient Behavior of Subgrades

2.4.1. Introduction

It is well known that subgrade soils show a nonlinear and time dependent elasto-

plastic response under traffic loading. As mentioned earlier, in the traditional theories of
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elasticity, the elastic properties of a material are defined by the elastic modulus E and
Poisson’s ratio v. A similar approach has been widely used in dealing with base material
and subgrade soils. In this approach, the elastic modulus is replaced with the resilient
modulus to represent the nonlinearity with respect to stress level (Lekarp et al. 2000).
This resilient modulus is generally used as an input parameter for multi-layered elastic
analysis. The resilient modulus is very meaningful to a pavement’s life. To illustrate this
condition, Elliott and Thornton (1988) reported the results of analyses using the ILLI-
PAVE algorithms on a flexible pavement subjected to a 9,000-pound wheel load. As the
resilient modulus increased, the asphalt layer strain decreased and the subgrade stress
ratio (load-induced deviator stress in subgrade divided by the unconfined compressive
strength of the soil) also decreased.

From 1986, AASHTO required the use of the subgrade resilient modulus for the
design of flexible pavements. Resilient modulus is an important material property, similar
in concept to the modulus of elasticity. It differs from the modulus of elasticity in that it
is obtained by a repeated-load triaxial test and is based only on the recoverable strains.

Resilient modulus is defined as:

M, =2 2.22
R

where My is the resilient modulus; o4 is the repeated deviator stress; and & is the
recoverable axial strain.

The current standard test method to determine the resilient modulus is described by
AASHTO T 307-99 which has recently been upgraded from AASHTO T 294-94 and

AASHTO T 274. Most literature is limited to AASHTO T 294-94 and AASHTO T 274
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but limited literature on the evaluation of AASHTO T 307-99 appears to be available. In
AASHTO T 307-99, traffic conditions are simulated by applying a series of repeated
deviator stresses, separated by rest periods and field conditions are simulated by
conditioning and postconditioning (i.e. main testing). Conditioning consists of 500 to
1000 load applications at a confining stress of 6 psi and a deviator stress of 4 psi. In
addition, main testing is performed at three levels of confining stresses (2, 4, 6 psi) for
which each 5 levels of deviator stresses (2, 4, 6, 8 and 10 psi) are applied, resulting in 15
steps of load applications. AASHTO T 307-99 classifies soil types into type 1 and type 2
materials. Granular soils and cohesive soils are categorized as type 1 and type 2,
respectively. This test applies to the same procedure for both granular and cohesive
subgrades and is done under drained conditions only. However, the research on the
drainage condition has been quite limited and somewhat neglected. Although the test is
done under drained conditions, considerably fast and repeated load applications (each
cycle consists of 0.1 second loading and 0.9 second unloading) may lead to undrained or

partially undrained condition, especially for cohesive subgrades.

2.4.2. Resilient Behavior of Cohesive Subgrades

In general, the resilient modulus of cohesive subgrades is affected by the following
factors: a) Deviator stress; b) Method of compaction; ¢) Compaction water content and
dry density; d) Thixotropy; €) Degree of saturation; and f) Freeze-thaw cycles. Deviator
stress, compaction water content and dry density, and freeze-thaw cycles are the factors
that most influence the resilient modulus of cohesive subgrades. Another factor that

affects the resilient modulus is seasonal variation of moisture content. Seasonal variations,
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however, can be accounted for by variations in the degree of saturation. Therefore,

seasonal variations will not be discussed further here.

2.4.2.1. Deviator stress

Results from several studies have shown that the resilient modulus of cohesive soils
is greatly affected by the magnitude of the deviator stress. Wilson et al. (1990), Drumm et
al. (1990) and Thompson and Robnett (1979) reported that at low levels of repeated
deviator stress, the resilient modulus decreases significantly as the deviator stress
increases. On the other hand, as shown in Figure 1, at greater levels of deviator stress, the
resilient modulus either decreases slightly or reaches constant values. Figure 1 presents a
subset of the tests that Wilson et al. (1990) performed on an A-6a cohesive subgrade,
located in Jackson County, Ohio. In a different study, Thompson and Robnett, after
thorough testing performed on Illinois soils, reported the existence of a breakpoint
resilient modulus corresponding to the resilient modulus at a deviator stress of 6 psi with
unconfined confining stress. This breakpoint characterizes the behavior of these soils

under repeated loads.
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Figure 1. Effect of deviator stress on a A-7-6 subgrade soil (Wilson et al. 1990)

2.4.2.2. Method of compaction

Deviator Stress (psi)

16

Lee (1993) reported on the influence of the method of compaction on the resilient

modulus of cohesive subgrades based on the results of past studies. For specimens

compacted at low degrees of saturation, the method of compaction had little effect on the

resilient modulus due to the flocculated arrangement of the clay particles. In contrast,

when samples are compacted above optimum water content, compaction caused large

changes, which was attributed to the dispersed arrangement of the clay particles. Seed

and Chan (1959) concluded that the kneading and impact methods of compaction usually

produce a flocculated particle arrangement for water contents dry of optimum and a

dispersed arrangement at wet of optimum, while static compaction, at any level of

moisture content generates a flocculated arrangement. They also reported that for clays
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compacted dry of optimum, the recoverable strains for samples prepared by kneading and
static compaction were the same. However, for specimens compacted wet of optimum,

the kneading compacted specimens experienced significantly larger recoverable strains.

2.4.2.3. Compaction water content and dry density

It is expected that as the compaction moisture content of a cohesive soil increases,
the stiffness of the soil tends to decrease. As seen from Figures 2 and 3, the same trend
has been observed for the resilient modulus. Figure 2 is from results of tests on cohesive
subgrades conducted in Indiana by Lee et al. (1997). Figures 1 and 2 clearly show that as
the moisture content increases, the resilient modulus decreases. It was noticed that
specimens compacted wet of optimum exhibit significantly lower values of the resilient
modulus. This observation agrees well with the aforementioned effect of the method of
compaction. As seen from Figure 2, it is also observed that the resilient modulus
increases as the dry density increases. As the density of any soil increases, less volume is
occupied by the voids, and this consequently results in the increase of the strength of the

soil.
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Figure 2. Effect of compaction water content and moisture density on a cohesive
subgrade (Lee et al. 1997)

2.4.2 4. Thixotropy

Seed and Chan (1957) showed that when samples of cohesive soil are compacted at
a high degree of saturation, they exhibit a significant increase in strength if they are
allowed to rest before testing. Seed and Chan also reported that after a certain number of
repeated loads (about 40,000 repetitions), thixotropy no longer affected the recoverable
deformations. This situation could be attributed to the fact that the induced deformations

were so large that they overcame the thixotropic strength of the samples.

2.4.2.5. Degree of saturation

The effect of the degree of saturation is similar to the effect of the water content on
the resilient modulus. Figure 3 presents the variation of the resilient modulus with the

degree of saturation of an A-7-5 subgrade soil, compacted wet of optimum. The results
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are from research that Drumm et al. (1997) carried out on Tennessee soils. A decrease in

the resilient modulus is observed as the degree of saturation increases.
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Figure 3. Effect of post-compaction saturation on resilient modulus of an A-7-5 subgrade
soil (Drumm et al. 1997)

2.4.2.6. Freeze-thaw

The effect of freeze-thaw on the resilient modulus of cohesive subgrades is
significant. Elliott and Thornton (1988) mentioned a dramatic reduction in the resilient
modulus following only one freeze-thaw cycle. In some Arkansas soils, this reduction
was estimated to be about 50 percent. Lee (1993) also reported that Micleborough in
1970 examined the effect of freeze-thaw on the resilient properties of highly plastic
glacial lake clay. After two and four freeze-thaw cycles, the results showed a reduction of

the resilient modulus by 63 and 74 percent, respectively.
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2.4.2.7. Models for the resilient modulus of cohesive subgrades

During the last twenty years, many models have been proposed to predict the
resilient modulus of cohesive subgrades. Some of them are stress-dependent and others
are dependent on physical properties. There are also models that considered both physical
and stress conditions of the subgrades. However, all these models seem to apply only to
the subgrades that were used to develop these models. In most of the cases when the
models were applied to other types of cohesive subgrades, the deviation was significant.
This deviation is expected given the nature of the models. These models were developed
for certain soils and then were examined to see if they were applicable to others. The
results were not satisfactory because these soils had different physical and stress
conditions. Therefore, it is worth noting that when using one of the models presented next,

one must proceed with caution.

a. Pezo and Hudson (1994) suggested the following model for the resilient modulus.
Mr=F,-F,-F,-F,-F,-F,-F,, R* =0.803 (2.23)
Factors Fy ~ F¢ depend on physical properties and the stress condition of the soil.
b. Thompson and Robnett (1979) introduced the following model.
Mr=k,+k;-(k,—0,),ifk>0q4 (2.24)
Mr=k,+k, (c,—k),ifk<o4 (2.25)
k; - k4 = material and physical property parameters.
c. Hall and Thompson (1994) proposed the model:

Mr(OPT)=6.90+0.0064-C +0.216- P -1.970-C ,R* = 0.76 (2.26)
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Mr (OPT): subgrade resilient modulus (ksi) at AASHTO T-99 optimum moisture
content and 95 percent compaction
C: percent clay (<2um)
PI: plasticity index (percent)
OC: percent organic carbon
R?: coefficient of determination
d. Lee et al. (1979) suggested the following model.
Mr=695.4-(S, 0,)—5.93-(S,,,)>» R> =0.97 (2.27)
Mr: resilient modulus (psi) at maximum axial stress of 6psi, confining stress is 3psi
Su1.0%: stress (psi) causing 1% strain in conventional unconfined compressive test
e. Mohammad et al. (1999) performed CPT tests in two types of clay and suggested the
model below.
Mr=a-q"+b-f +c-w+d-y,+e,R* =0.91-0.95 (2.28)
Mr: resilient modulus (in MPa)
a, b, ¢, d, e: constants from regression analyses
n: integer (1, 2, or 3)
qc: tip resistance (MPa)
f;: sleeve friction (MPa)
w:moisture content (%)
va: dry unit weight (kN/m?)
f. Drumm et al. (1997) modeled the change of the resilient modulus with respect to post-

compaction saturation and presented the following model.
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M

Mr(wet) = Mr(opt) + d—Sr ’ AS (229)

Mi(wen): resilient modulus (MPa) at increased post-compaction saturation
M ropy): resilient modulus (MPa) at optimum moisture content
dM,/dS: gradient of resilient modulus (MPa), function of type of soil

AS: change in post-compaction degree of saturation (decimal)

2.4.3. Resilient Behavior of Cohesionless Subgrades

In the case of cohesionless subgrades, the factors that influence the resilient modulus
the most are, in approximate order of importance, the following: a) Dry density; b)
Degree of saturation; ¢) Confining pressure; d) Aggregate gradation; ¢) Compaction

method; f) Deviator stress.

2.4.3.1. Deviator stress

The influence of the deviator stress on the resilient modulus of cohesionless
subgrades is similar to that of cohesive subgrades. Wilson et al. (1990) and Mohammad
et al. (1995) reported a decrea