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Abstract

The mechanistic design of flexible pavement systems requires the
specification of the mechanical properties of unbound granular base/subbase
material. The influence of the degree of saturation, low confining pressure, and
suction (measured through an SWCC test) on the monotonic and cyclic behavior
of granular base/subbase was investigated to obtain a better understanding of
granular base behavior corresponding to condition encountered in situ.

In order to achieve this understanding, a series of quick-undrained (UU)
monotonic and cyclic triaxial tests were conducted on sand specimens (Material 1
and Material 2) at ambient temperature, with the degree of saturation ranging
from 24% to 66%, and confining pressures from 4 kPa to 64 kPa. Additional tests
were conducted under UU conditions to determine the effects of freeze—thaw on
permanent deformation (plastic strain) and the memory of base material.

The results showed that shear strength and modulus of elasticity increase
with increasing confining pressure, and decrease with increasing water content
(degree of saturation), as expected. The stress-strain response of the specimens
was generally ductile with higher confining pressure and degree of saturation
causing greater ductility. The cyclic test results showed that there was a
monotonic relationship between accumulated plastic strain and confining pressure,
given that ratio of peak shear stress to confining presseure is constant. The
research also showed that there is an almost linear relationship between increase

plastic strain and moisture content after cyclic tests or freeze-thaw. Overall it was
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found that the effect of saturation and change in suction on shear strength and
modulus of elasticity is not as significant as the effect of confining pressure.
However, it was found that the effects of saturation, suction, and confining
pressure were almost equally important when it comes to plastic strain

development during cyclic tests or freeze-thaw loading.
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CHAPTER 1

Introduction

1.1 General

Many current pavement design and rehabilitation assessment tools are still
based on empirical methods. However, the importance of mechanistic methods for
the design and rehabilitation of pavements has been known for many years.
Mechanistic methods basically have their roots in the mechanics of materials.
Such methods rely heavily on the constitutive properties of pavement layers such
as the resilient modulus. In this way a better understanding of pavement response
can be achieved; i.e., the stresses, strains, and deflections in the various pavement
layers.

The use of mechanistic instead of empirical methods also allows for better
prediction of the degree of damage to a given pavement for any particular set of
environmental and traffic loads. Such predictive capabilities enable pavement
authorities to better quantify the effects of variation of layer material properties,
layer thickness, temperature, etc. on the level of damage associated with seasonal
changes and traffic loads. However, a complexity that is often overlooked is that a
considerable amount of highway construction activity is carried out at relatively
shallow depths where the soil is likely to be unsaturated and subjected to low
stresses.

The rational design process assumes that the granular base and subbase
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courses indefinitely maintain their original moduli. This holds reasonably well if
moisture conditions remain constant with time, which is rarely the case given the
variability of weather conditions typical to Ontario (from high humidity in August
to deep winter frost penetration with severe spring thaw conditions). Therefore,
the prediction of pavement response to unsaturated base/subbase requires an
understanding of how the mechanical properties of base vary with changes in
moisture content and temperature (freeze/thaw) corresponding to low confining
pressures.

The experimental research reported in this thesis describes the effects of
the degree of saturation, initial suction, temperature and low confining pressure
on the mechanical characteristics of unsaturated modified base material. For the
research, a modified Granular B material was compacted to a dry density of at
least 1.87 g/em® with the water content ranging between 4% and 10.5% by
weight. These characteristics represent those of materials used in highways.

This chapter starts with a brief overview of the use of base/subbase
material in the design of pavement structures, followed by an explanation of what
is needed with respect to research on unsaturated bases, concluding with the

objective of the thesis and details of its organization.

1.2 Use of Base Material in Highways
The base course is a layer of material immediately beneath the surface or

binder course. Its purpose is to increase load-supporting capacity, allow quick
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drainage of water and protect against frost action. Therefore, an appropriate base
material requires certain physical properties that must be controlled within limits.
These controlled properties, which are available in the AASHTO Guide for the

Design of Pavement Structures (1993), are:

e Gradation

e Particle Shape

e Base Stability

o Permeability

e Plasticity

e Abrasion Resistance

A composition of crushed stone, crushed slag, or other untreated/stabilized
materials often serve as good base/subbase material because of their high

durability, high permeability, and low frost susceptibility.

The specifications which define the requirement for a suitable base
material vary from one region to another. In Ontario, many authorities follow the
guidelines provided in the Ontario Provincial Standard Specification (OPSS).
Aggregates in Ontario for base/sub-base construction are designated as Granular
A, B or M. Granular B aggregates are composed of clean, hard, durable, uncoated
particles from deposits of gravel or sand, quarried rock. In this research, a

modified Granular B aggregate, in which particles greater than the #10 sieve
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(2 mm) were removed, was used for the tests conducted. Table 1.1 shows the
MTO gradation requirement for the granular base material. It should be noted that
the larger aggregate sizes were removed to ensure that sample diameter/largest

particle size ratio was reasonable.

1.3 Research Objectives
The purpose of this research was to evaluate the effects of the degree of
saturation, low confining pressures, freezing-thawing and initial suction on the
monotonic/cyclic behavior of unsaturated modified base/subbase material.
Laboratory tests were conducted to evaluate the following:
e Change in undrained shear strength with a change in degree of saturation
and confining pressure.
e Behavior of unsaturated modified granular material at different water
contents and confining pressures.
e Effects of initial suction on shear strength parameters at low confining
pressures.
e Change in modulus of elasticity (Es)) with a change in degree of
saturation.
e Change in modulus of elasticity (Esp) with a change in confining
pressures.
o Effects of water content/confining pressure on cyclic test results.

e Effects of freeze/thaw on cyclic test results.
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e Effect of freeze/thaw on the memory of the mechanical properties.
A finite element sensitivity analysis was performed, using SAP 2000, to
demonstrate the effect of base modulus of elasticity on surface deflection for

an FWD test.

1.4  Organization of Thesis

The research presented in this thesis was primarily concerned with describing
how the behavior of base/subbase material, under cyclic and monotonic
conditions, varies with the degree of saturation at low confining pressures. In
order to gain an understanding of why this variation occurs and justify the work
that has been undertaken, it is necessary to present a review of the literature.
Chapter 2 presents a brief discussion and short overview of the published research
on pavement design. Chapter 3 offers a literature review on material
characteristics, with Chapter 4 discussing unsaturated soil mechanics, matric
suction, soil-water characteristic curves and unsaturated shear strength.

Chapter 5 presents a sensitivity analysis performed with a finite element
computer program. Chapter 6 provides a brief description of the test equipment,
materials and procedures used during the experimental part of the research, with
Chapters 7 and 8 presenting detailed results for monotonic and cyclic testing,
respectively. Finally, Chapter 9 lists the conclusions and observations that can be

made from the study and provides recommendations for future research.
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Table 1.1: MTO Gradation Requirements (OPSS, 1993)

Ministry % passing by mass
Sieve Granular Granular Granular
Designation A B M
Typel Type II
150 mm - 100 100 100
37.5 mm - - - -
26.5 mm - 50-100 50-100 50-100
19 mm 85-100 - - -
13.2 mm 65-90 - - -
9.5 mm 50-73 - - -
4.75 mm 35-55 20-100 20-55 20-100
1.18 mm 15-40 10-100 10-40 10-100
300 um 5-22 2-65 5-22 5-95
150 pm - - - 2-65
75 pm 2-8 0-8 0-10 0-25
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CHAPTER 2

Pavement Design

2.1 Introduction

The design of pavements involves three basic external parameters; i.e. the
material and geometric characteristics of the base/subgrade upon which the
pavement is placed, the applied surface loads and the environmental factors.

The base/subgrade upon which the asphalt layer is placed has a large
impact on structural design. The stiffness of the base/subgrade helps determine
the pavement layer thickness, the number of layers, and seasonal load restrictions.
Traffic loads are used to determine pavement composition, layer type and
thickness. Environmental factors such as temperature, moisture and ice formation
can affect pavement durability, binder rheology, structural support and ultimately
pavement life and failure (Erlingsson et al. 2002).

This chapter provides a summary of pavement design including loading
concepts and environmental factors. The material characteristics will be discussed
separately in Chapter 3 due to the need for a more detailed discussion as well as

the overall appreciation of the nature of the research.

2.2  Loads
Load distribution is one of the primary functions of a pavement and the

expected loads that a pavement can be exposed to play an important part in its
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design. The loading that needs to be considered includes axle loads, the number of
load repetitions, tire contact areas, and vehicle speeds.

According to the simplest rational design procedure, each individual load
inflicts a certain amount of unrecoverable damage on a pavement which is
cumulative over the life of the pavement. When this damage reaches some
maximum value the pavement is considered to have reached the end of its useful
service life. Therefore, structural pavement design requires a quantification of all
expected loads that a pavement will encounter over its design life. This
quantification is often expressed in terms of Equivalent Single Axle Loads
(ESAL). This approach converts wheel loads of various magnitudes and
repetitions ("mixed traffic") to an equivalent number of "standard" or "equivalent”
loads, which usually corresponds to the 80 kN (18,000 Ibs) dual tire single axle

system (Irick et al. 1991, Huang 1993).

2.3 Environment

Environmental variations can have a significant impact on the properties
of the pavement materials and the underlying subgrade, which can drastically
affect pavement performance. Every environmental constituent (e.g., solar flux,
heat, wind, humidity, etc.) has an incremental effect on a pavement. For instance,
asphalt concrete shows visco-elastic-plastic behavior which is temperature

dependent, whereas the stiffness and permanent deformation characteristics of
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unbound materials show water content dependency (Erlingsson et al., 2002).
There are several constituents that exert considerable influence, including:

Moisture - The moisture susceptibility of a material is reflected by its
tendency to attract sufficient quantities of water to cause changes in its physical
properties. Research studies have demonstrated that moisture susceptibility is
related to the suction properties of soil and aggregate properties (Saarenketo et al.,
1998). Certain types of soils can be highly expansive when wet and structural
design must account for this expansiveness (Jones 1973, Holtz and Gibbs 1956).
In general, high water content can have adverse effects on the monotonic and
cyclic properties of the pavement materials.

Temperature Variations - The water content and the phase of water within
granular materials are directly influenced by ambient temperature conditions
(Harris, 1995). Cooler temperatures cause an increase in migration of water
toward the ground surface by increasing the height of capillary rise in soils.
Conversely, warmer temperatures reduce the height of capillary rise. This is
frequently observed during construction performed when a cool season follows a
warm season (McCarthy, 1998).

If the road has a high water content or access to free moisture, at freezing
temperatures high suction properties can lead to significant frost action (Kono et
al.1973, Guthrie and Scullion 2000), causing:

Frost heave - The crystallization of ice within the larger soil voids leading

to the formation of ice lenses or veins, causes frost heaving. An ice lense grows
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through capillary rise until the water supply is exhausted or until freezing
conditions at the freezing interface no longer allow crystallization. As the ice
lense grows, the overlying soil and pavement will “heave”, possibly causing
cracking of the pavement. This problem mainly occurs in soils containing fine
particles (often termed “frost susceptible” soils). Clean sands and gravels, with
small amounts of fine particles, tend to be non-frost susceptible. The degree of
frost susceptibility is mainly a function of the percentage of fine particles within
the soil (Knutsson et al. 1985, Holtz 1981).

Thaw weakening - Thawing refers to the melting of ice contained within
the base/subgrade. As the ice melts during the spring and turns to liquid it cannot
drain out of the soil fast enough and thus the base/subgrade becomes significantly
saturated (weaker with less stiffness) and tends to lose bearing capacity.
Therefore, surface loads may be quite detrimental to a pavement during thaw

periods (Drumm et al. 1997).

2.4  Structural Design of Flexible Pavement

Flexible pavements are layered structures consisting of an asphaltic layer
overlying granular base/subbase layers (typically unbound), which in turn are
constructed over a prepared subgrade. The layered configuration is designed so as
to reduce the imposed surface loading through the pavement layers to a much
lower intensity that could be carried by the subgrade without permanent

deformations.

10
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A flexible pavement design procedure should provide a layered pavement
structure that is capable of sustaining the anticipated heavy traffic loadings for a
given design period. It is generally assumed that flexible pavements deteriorate or
lose serviceability with time. According to the serviceability concept, pavements
display certain distress modes that can fall into three main categories: fracture,
distortion, and disintegration. Disintegration refers to distress in the asphaltic
concrete layers caused by factors such as low stability, loss of fines, poor asphalt
cement-aggregate bonds, etc. Fracture and distortion take the following forms:

e Permanent deformations (distortion mode)

e Load-induced fatigue cracking (fracture mode)

e Thermal-induced cracking (fracture mode).

The accumulation of inelastic permanent deformations associated with
repeated wheel loadings, causes permanent deformation, which is a fatigue related
distress mode. During the design process, the pavement structure is analyzed and
modified as necessary to ensure that the critical distress modes will either be
precluded or their effects reduced to tolerable functional levels for the selected

design period (Erlingsson, 2004).

Structural design aims to determine the number, material composition and
thickness of the different layers within a pavement structure. The two principal
methods of flexible pavement design are empirical and mechanistic-empirical.
Since this chapter is only meant to provide a brief overview of the different

structural design techniques, for detailed analysis of the design methods the
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reader is referred to:

¢ Empirical Method: The AASHTO Guide for Design of Pavement

Structures 1993.

e Mechanistic-Empirical Method: The 2002 AASHTO Guide for Design of

Pavement Structures.

24.1 Empirical Method

An empirical approach is based on the results of experiments or
experience and requires making certain observations in order to ascertain the
relationships between input variables and outcomes. It is not necessary to firmly
establish the scientific basis for the relationships between variables and outcomes
as long as the limitations with such an approach are recognized. In some cases, it
is much more expedient to rely on experience than to quantify the exact cause and

effect of certain phenomena.

24.2 Mechanistic - Empirical Method

A mechanistic approach explains phenomena only by reference to physical
causes. In pavement design, the phenomena of interest are the stresses, strains
and deflections within a pavement structure and the physical causes are the loads
and material properties of the pavement structure. The relationship between these

phenomena and their physical causes is generally described using mathematical
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models, the most common of which is a layered elastic model.

Empirical elements are used, together with the mechanistic approach,
when defining the values of the calculated stresses, strains and deflections that
result in pavement failure. The relationship between loads and material
properties, and pavement failure is described by empirically derived equations
that compute the number of loading cycles to failure. The mechanistic-empirical
pavement design method has certain basic advantages over a purely empirical
one. It uses material properties that relate better to actual pavement performance,
provides more reliable performance predictions, and accommodates
environmental effects on materials (Erlingsson, 2004). It characterizes materials
better allowing for improved use of available materials and, accommodation of

new ones.

2.4.3 Mechanistic Models
This section briefly describes the mechanistic analysis procedures used for

flexible pavement design

One of the more popular approaches to analysis of pavements is by

layered elastic models. This approach makes some basic assumptions, such as:

e Each layer is homogeneous, isotropic, and linearly elastic
e Each layer has a finite thickness h, but the lowest layer is infinite in

thickness
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e A uniform pressure q is applied on the surface over a circular area of
radius a.
Given these assumptions, the theory of elasticity is used to develop solutions for

given surface loadings.

The finite element method (FEM) is a numerical analysis technique for
obtaining approximate solutions to a wide variety of engineering problems. In the
FEM analysis, the pavement is discretized into a number of elements. The FEM
approach provides an approximate solution to the layered elastic model.
Generally, a finite element model must assume some constraining values at the
boundaries of the region of interest. Also, the choice of element geometry (size
and shape), as well as interpolation functions, influence overall model

performance (Huebner et al., 2001).

2.5 Failure Criteria

The empirical equations, used to compute the number of loading cycles to
failure, are a part of the mechanistic-empirical design process. These equations
are derived by observing the performance of pavements and relating the type and
extent of observed failure to an initial strain under various loads. Fatigue
cracking and rutting are two types of failure criteria. These are related to

deformations in the pavement subgrade (Huang 1993).
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CHAPTER 3

Material Characterization

3.1 Introduction

The mechanistic method of pavement design requires information on
material properties as described in Chapter 2. The material properties to be used
for analysis include the resilient moduli and the Poisson ratios of subgrade,
granular base, and asphalt layer. Since the Poisson ratio has a relatively small
effect on pavement responses, it can be reasonably assumed as 0.45 for subgrade
soils and 0.35 for all other materials (Huang 1993). The properties of bituminous
bounded materials depend on temperature, while the response of granular
base/subbase material depends on the water content (Erlingsson and Magnusdottir
2002, Lekarp et.al. 2000, Said and Wahlstrom 2000, Said et al. 2000). This
section describes the methods for estimating the resilient modulus of base

material and the factors affecting it.

3.2 Resilient Modulus

During each loading cycle, the applied deviator stress and the
corresponding strain is monitored. At the end of the loading phase, the maximum
deviator stress is noted and the total strain corresponding to this stage is
measured. At the end of the unloading period, the strains corresponding to the

plastic strains are evaluated. The resilient modulus is then calculated as the ratio
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of the maximum deviator stress to the resilient strains (total strains minus plastic

strains).

_0q (3.D

R
£

r

33 Estimate of Resilient Modulus for Fine-Grained Soil

Owing to the complexity and equipment requirements of repeated load
testing, it is generally preferable to develop approximate methods for the
estimation of Mg. The AASHTO design guide (1993) suggests that the Mg of

fine-grained soils can be estimated using:
Mg = 1500 CBR (psi) = 10.41 CBR (MPa) (3.2)

in which CBR is California Bearing Ratio, which can be measured as per ASTM

D1883 or AASHTO T193.

Although the CBR is widely used to characterize subgrade soils, and such
a relationship may be useful in practice, it provides a measure of shear strength
and compressibility that is not necessarily correlated to a measure of stiffness or
modulus. Drumm et al. (1990) proposed an approximate method for predicting
Mg from E;, which is the initial tangent modulus or initial slope of the stress-strain
curve under triaxial stress conditions and corresponds to small levels of stress or

strain when the stress-strain curve assumed to be hyperbolic.
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M, = a'+b'(o, —0,) 33)
0, —0;

where a', which is a function of ((61—03)ur, %clay, I, S, Vi, %opassing #200) =
material parameter for hyperbolic representation of resilient modulus-deviator
stress relationship; and b', which is a function of (Ei, (61—C3)ut, Wi, %opassing
#200) = material parameter for hyperbolic representation of resilient modulus-
deviator stress relationship; 6;—03 = deviator stress; E; = initial tangent modulus;
(01—03)ur = the asymptotic value of stress difference which is related closely to
the strength of the soil. The values of E;, and (0,—03).1 can be calculated from the

hyperbolic stress-strain relation which is described in the following section.

3.3.1 Hyperbolic Stress-Strain Relationship

If the results of soil deformation analysis are to be realistic and
meaningful, it is important that the stress-strain characteristics of the soil be
represented in a reasonable way. This is difficult because the stress-strain
characteristics of soil are extremely complex, and the behavior of soil is
nonlinear, inelastic, and highly dependent on the magnitudes of the stresses in the

soil.

The hyperbolic stress-strain relationships were developed in an attempt to
provide a simple framework capturing the most important characteristics of soil

stress-strain behavior, using the data available from conventional laboratory tests.
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It has been shown that the stress-strain curves for a number of soils may be
approximated quite accurately by hyperbolae like the one shown in Figure 3.1
(Wong and Duncan, 1974). This hyperbola can be represented by an equation of

the form:
Equation 3.4:

€
&€

1
__+_______
Ei (0'1 -0, ).,1;

(0'1 — 0'3 ) = (34)

If the hyperbolic equation is transformed to Equation 3.5 as shown below, it
represents a linear relationship between &/ (0,—03) and €:

&€ 1 €

—_—— =t =qg+be (3.5)
(0,-0;) E, (0,-03),

where, a and b are material parameters for hyperbolic representation of stress-
strain response, corresponding to initial tangent modulus and unconfined
compressive strength, respectively. E; is the initial tangent modulus or initial
slope of the stress-strain curve; and (0;—03)yr is the asymptotic value of stress

difference which is related closely to the strength of the soil.

To determine the best-fit hyperbola for the stress-strain curve, values of
€/(01—03) are calculated from the test data and are plotted against €. The best fit
straight line on this transformed plot corresponds to the best-fit hyperbola on the

stress-strain plot. When data from actual tests are plotted on the transformed plot,
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the points are frequently found to deviate from the ideal linear relationship. The
data for stiff soils, such as dense sands, usually plot on a curve which is concave
upward. However the data for soft soils, such as loose sands, usually plot on a

curve which is concave downward.

A good match is usually achieved by selecting the straight line so that it
passes through the points where 70% and 95% of the strength are mobilized. In
practice, only two points for each stress-strain curve (the 70% point and the 95%
point) are plotted on the transformed diagram (Wong and Duncan, 1974). Figure
3.2 shows a schematic plot in terms of transformed parameters €/(6;—03) and € for

medium-dense sand (Wong and Duncan, 1974).

3.4  Factors Affecting the Resilient Properties of Granular Materials

As illustrated by Drumm et al. (Equation 3.3), the resilient modulus is a
function of deviatoric stress level (04), degree of saturation (S;), density (Ya), fines
content (%passing sieve #200), and material parameters for the hyperbolic
representation of stress-strain response(E;, (01—03)ur). A literature survey of
resilient moduli studies by other investigators indicates that these factors have a
significant effect on the resilient response of granular materials. The factors are

discussed further in the following section.
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3.4.1 Stress Level

Some investigators (Fredlund et al. 1977, Rhee 1991, Kim 2001) have
determined that the bulk stress level has the greatest effect on the resilient
response of granular materials. The resilient modulus increases with confining
pressure (cell pressure ©3) and, is relatively unaffected by the magnitude of
repeated deviator stress as long as the repeated stress does not cause excessive
permanent deformation. AASHTO (2002) has adopted the bulk stress model as
Equation 3.6 for base/subbase soils:

Mr=ki (8) % (3.6)
where, 6 =0, + 62 + 03 = bulk stress, with 61, 6, and o3 being the major,
intermediate, and minor principal stresses, respectively; k; and k, are constants
determined experimentally.

A typical plot of Mg versus bulk stress is shown in Figure 3.3.

Extensive testing of granular materials has indicated that both the number
of stress repetitions and the sequence of the applied stresses have little, if any,
effect upon the Mg value (Kim et al. 2001). This implies that one specimen can be
repeatedly used to derive the constants of Equation 3.6. In general, after
“conditioning” the specimen with about 1000 repetitions, Mg values may be
calculated after 150 to 200 repetitions at each stress state. In addition, the load

duration and frequency have little effect upon the granular aggregate.
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3.4.2 Aggregate Properties and Specimen Diameter

Aggregate gradation, moisture content, and shape properties have
significant influence on the mechanical response of unbound base layers.
Aggregate particle shape can be expressed using three independent properties:
form, angularity, and surface texture (Barrett, 1980; Masad, 2000). Form
quantifies the dimensional proportions of an aggregate. Angularity refers to the
sharpness or roundness of the corners, while texture refers to the small-scale
asperities at the surface of a particle. Within a specific type of aggregate
(mineralogy and classification) texture and aggregate shape significantly
influence the resilient response of the granular material. Rough-textured and
angular aggregates develop a stronger and stiffer mass by locking together while
smooth-textured and rounded aggregate particles tend to slide past one another.
Studies have proven that the intuitive and obvious is true: crushed aggregates,
high in angularity and roughly textured, provide better load carrying capacity and
a higher resilient modulus than rounded, uncrushed particles (Hicks and
Monismith, 1971; Allen, 1973; Allen and Thompson, 1974; Barksdale and Itani,
1989; Thom and Brown, 1989).

Thom and Brown (1987) reported that resilient modulus generally
decreases as the fine content increases. Hicks and Monismith (1971) found that
resilient modulus decreases as fines content increases for partially crushed
aggregates, but they found an opposite effect for fully crushed aggregates. The

dry density decreases as the fine content increases. It may be inferred that
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aggregate gradation and amount of fines has an indirect effect on the resilient
behavior of unbound granular bases by affecting the impact of moisture and
density of the system. A more direct impact of gradation on stiffness occurs due
to the manner in which the fine particles fill the voids and impact the interaction
among the coarser, angular particles. This can be visualized in the extreme when
one compares a “floating matrix” where the the coarse aggregate floats in the
fines — preventing interaction — with a lack of fines where only coarse aggregate
interaction provides a resistance to movement. The intermediate case is where the
coarse aggregate and fine aggregate blend is appropriately balanced to provide
optimum density and maximum particle interaction (Kim, 2001).

The resilient moduli determined from specimens of the same maximum
particle size (same gradation) were almost identical, independent of specimen
diameter, confirming that the effect of specimen size is negligible when the ratio
between the diameter of the specimen and the maximum particle size is greater
than 6. However, for a given confining pressure, the resilient modulus decreases

with an increase in the maximum particle size (Kim, 2001).

3.4.3 Suction Induced by Freeze/Thaw

The significance of suction in modeling resilient response is generally
recognized (Bergan and Monismith 1973, Fredlund et al.1975, Brown and Pappin
1981, Cole et al. 1986). Fredlund et al. (1975) stressed the fundamental

importance of including the pore air and pore water stress states as well as the
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applied stress in the development of a resilient modulus model. Since the pore air
pressure will tend to equal atmospheric pressure in a field situation, it can be
considered essentially as a constant. The effect of suction, apart from the
externally applied stresses, has been investigated by Cole et al. (1981) based on
laboratory tests performed on soils from Winchendon, Massachusetts.

Examination of the data showed that the stress function exponent k;
(Equation 3.6) is statistically independent of the suction. Furthermore, it was
found that the effect of suction on the resilient modulus can be represented by
making k;, a function of suction. where A, is a regression constant and:

10136 ¥
[=——=[

k=
¥,

(3.7)

The value 101.36 represents atmospheric pressure in kPa, y is suction in kPa
(expressed as a positive number) and , is a reference stress = 1.0 kPa.

Given appropriate conditions, the more frost susceptible soils will undergo
more heave. The moisture uptake associated with frost heaving generally results
in a decrease in the soil density along with an increase in moisture content,
possibly to the point of complete saturation. This occurs to varying degree in the
test soils, depending on their level of frost susceptibility (Chamberlain, 1983).
Upon thawing, the suction is generally near zero, while during subsequent
recovery we find a continuing increase in y (decrease in the moisture content) and
an increase in dry density. Densification takes place not only upon thaw as the

soil consolidates and any pore water pressure dissipates, but also under the action
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of the cyclic loads imposed during testing.

3.4.4 Stress Duration and Frequency

Based on repeated loading triaxial tests with both variable and constant
confining chamber pressure, Cole et al. (1986), Kim et al. (2001) reported that the
resilient response of well-graded granular materials is independent of stress pulse

duration and loading frequency.
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Figure 3.1: Hyperbolic Representation of a Stress-Strain Curve

(Wong and Duncan, 1974)
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Figure 3.2: Transformed Plots for Sandy Material (Wong and Duncan, 1974)
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Figure 3.3: Variation in Resilient Modulus with Bulk Stress (Kim et al., 2001)

26



Masters Thesis - Arash Katebi Zaki McMaster - Civil Engineering

CHAPTER 4

Unsaturated Soil Mechanics

4.1 Introduction

A considerable amount of construction activity is carried out at relatively
shallow depths where soil is likely to be unsaturated and subjected to low stresses.
One particular example is the design and construction of roads and highways. The
prediction of pavement response taking into account unsaturated base requires
stress analysis techniques using a suitable stress-strain model. Current practice in
analyzing problems at shallow depths, particularly with coarse-grained soils, is
usually to ignore the unsaturated nature of the material. In effect, it is assumed
that the influence of level of saturation may be considered to be negligible when
compared to other factors.

Previous research into the behavior of unsaturated soils has shown that the
suction induced by non-saturation decreases as the particle size, and hence void
size, of the soils increase. The influence of suction induced in granular soils has
largely been ignored because their magnitude is generally small relative to the
stress levels imposed on the soil by self weight, or construction for most
engineering activities, and traffic loading. However, for shallow depth activities
(Iess than 2m) the stress levels will be less than 40 kPa. For example, in pavement

design where a 20 cm HMA layer is laid down on top of a 40 cm base, the vertical

pressure (0y) will be equal to yh, where, 7y is the average unit weight of the hot
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mix and base material, and h is the distance from the middle of the base to the top
of the HMA. Assuming Y= 20 kN/m>, and h = 0.4 m, the 6,=Y%h =20x 0.4 =8

kPa. The horizontal confining pressure is even smaller; i.e, 6y~ K,6,~ 0.5 x 8 =
4 kPa assuming that the coefficient of lateral earth pressure is 0.5. Given such low
confining pressures, suctions induced in granular soils could have an effect on the
soil behavior; particularly if the base/subbase has a high fraction of fines. The
following section briefly reviews some of the literature on unsaturated soils to

gain a better understanding of their behavior.

4.2  Soil Suction

Suction has been found to be an important property that affects the
strength, compressibility, and stress-strain response of unsaturated soils. The
relation between matric suction and water content is called a retention curve or
soil-water characteristic curve (SWCC) (Fredlund and Rahardjo, 1993). Water is
held in an unsaturated medium by forces whose effects are expressed in terms of

the pressure of the water.

The total suction, y, of a soil is made of two components; the matric
suction, which is the water pressure in a pore of the medium relative to the air
pressure, (u,-u,), and the osmotic suction, =
V= (UUy) + T 4.1)
If the changes in osmotic suction are compared to those in matric suction when

the water content is varied, the total and matric suction curves are almost the
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same, particularly in the higher water content range. In other words, a change in
total suction is essentially equivalent to a change in the matric suction; i.e.,
Ay = A(u,-uy).

The matric suction component is commonly associated with the capillary
phenomenon arising from the surface tension of water, which is the result of the
intermolecular forces acting on molecules at the air-water interface; i.e., the
contractile skin. In soils, the pores with small radii act as capillary tubes that
cause the soil water to rise above the water table. The capillary water has a
negative pressure with respect to the air pressure, which is generally atmospheric
(i.e. u, = 0 gauge pressure) in the field. An increase in the radius of the curvature
results in a decrease in the capillary height. In other words, the non-uniform
opening along the capillary tube can affect the capillary height.

The development of capillary force in a soil is also affected by the pore
size distribution in the soil. A non-uniform distribution results in hysteresis in the
SWCC. Thus, at a given matric suction, the soil water content during the wetting
and drying processes is different. In addition, the equivalent contact angle at an
advancing interface during the wetting process is different from that at a receding
interface during the drying process. The above factors, as well as the presence of
entrapped air in the soil, swelling, shrinking or aging are considered to be the
main causes for hysteresis in the SWCC. Hysteresis is very important where
wetting and drying cycles occur, such as would be seen in the field. Figure 4.1

shows the typical soil-water characteristic curves for fine sand, glass beads,
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volcanic sand, and silt loam, Figure 4.2 shows a typical wetting-drying SWCC.
Soil suction has been shown to be largely independent of material density
in the medium to low saturation range (Heath 2002). Figure 4.3 shows the
retention curve for different dry densities of sand. As can be observed in this
figure, the results do not depend on the density of the specimen (Fredlund et al.

1997).

4.3  Unsaturated Shear Strength

A theoretical framework for unsaturated soil mechanics that parallels
saturated soil mechanics is available in terms of stress state variables, such as net
normal stress, (G, — u,), and matric suction, (u, — u,) where o, is the normal stress,
u, is the pore-air pressure, and u, is the pore-water pressure (Fredlund and
Rahardjo 1993, Vanapalli 1997, Yoshimine et al. 1999). Several advancements
have been made in the prediction of the strength behavior of unsaturated soils in
recent years. These procedures use the soil-water characteristic curve, either
directly or indirectly, along with the saturated shear strength parameters, ¢’ and ¢’,
to predict the shear strength function (Vanapalli et al. 1996, Fredlund et al. 1996,
Oberg and Sillfors 1997, Khallili and Khabbaz 1998). The following section

briefly summarizes some of these equations.

4.3.1 Equations

Bishop (1959) proposed a shear strength equation for unsaturated soils by
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extending Terzaghi’s principle of effective stress for saturated soils:
T=c'+ o'tan ¢' 4.2)
where, 6' = (G- u, )¢+ (U2 — Uy )r; T = shear strength of unsaturated soil;
c¢' = effective cohesion; ¢' = angle of frictional resistance; (G - u,)¢f = net normal
stress on the failure plane at failure; (u, — uy)r = matric suction on the failure plane
at failure; and = a parameter that depends on the degree of saturation and soil
type. The value of y was assumed to vary from 1 to 0, which represents the
variation from a fully saturated condition to a total dry condition. Several
investigators have however found limitations with respect to the quantification of
the parameter Y, both theoretically and experimentally (Miao et al. 2001, Rassam
and Williams 1999).

Fredlund et al. (1978) proposed a relationship to explain the shear strength
of unsaturated soils in terms of two independent stress state variables:
T=¢'+ (0 - U, ) tan ¢'+ (U, — Uy ), tan ¢° (4.3)
where, <|>b = angle indicating the rate of increase in shear strength relative to
matric suction, (u, - uy). The shear strength contribution due to matric suction, ¢b s
was initially assumed to be linear based on the analysis of limited results
published in the literature (Fredlund and Rahardjo 1993). Later, experimental
studies performed over a broad range of suction values showed that the variation
of shear strength with respect to soil suction is non-linear (Gan and Fredlund,
1988, Escario and Juca 1989). Equation 4.3 can be applied to both the linear and

non-linear variation of shear strength with respect to suction. Figure 4.4 shows
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shear stress v.s. normal stress for undrained triaxial tests.

As the soil moves from a saturated state to a drier state, the distribution of
the solid, water, and air phases changes as the stress state changes. The wetted
area of contact between the soil particles decreases with an increase in the soil
suction. There is a relationship between the rate at which shear strength changes
in unsaturated conditions and the wetted area of water contact between the soil
particles or aggregates. In other words, a relationship exists between the soil-
water characteristic curve and the shear strength of unsaturated soils.

Oberg and Sillfors (1997) proposed an equation for predicting the shear

strength of primarily non-clayey soils such as sands and silts:

T=c"+(0, ~1,), tand'+(y, —u,), [S(tan¢") ] 4.9

Examining Equation 4.4 and comparing to 4.2, the x parameter proposed
by Bishop is replaced by the degree of saturation. They state that this i factor
reflects the fraction of the pore area that is occupied by water (i.e. Ay/A¢) which is
approximately equal to the degree of saturation, S. Equation 4.4 has not been
experimentally verified through the measurement of shear strength and degree of
saturation at the point of failure in the specimens. Implicit in this equation is the
assumption that there is a one to one relationship between the degree of

saturation, and the area of water contact along the shear plane in the soil.
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4.3.2 Shear Strength versus Confining Pressure

The shear strength increases with an increasing effective confining
pressure. The matric suction in the soil decreases with an increase in degree of
saturation accompanied by a reduction in the volume. In undrained loading
conditions for unsaturated soils, the increase in shear strength caused by an
increase confining pressure is greater than the reduction of shear strength
associated with the decrease in matric suction. In Figure 4.4, the diameter of the
Mohr circles increase with an increase in confining pressure. The envelope
defines a curved relationship between the shear strength and total normal stress
for unsaturated soils tested under undrained conditions. Once the soil becomes
saturated under the application of confining pressure a horizontal envelope
develops with respect to the shear strength axis.

Under saturated conditions, where a single stress state variable, (G - uy),
controls the strength, an increase in the confining pressure will be equally
balanced by a pore-water pressure increase. The effective stress, (03 - uy),
remains constant regardless of the applied confining pressure, 63. Once the soil is
saturated, the undrained shear strength behavior is in accordance with ¢, =0

concept (Bishop, 1959 and Fredlund, 1989).

4.3.3 Effect of Confining Pressure on Angle of Friction
The Mohr envelope for almost all soils is curved to some extent, and the

wider the range of pressures involved, the greater the curvature. Experimental
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evidence has shown ¢ is not constant for dense granular materials at low effective
confining pressures. The following equation fits laboratory shear test data on
compacted granular soils (Duncan et al. 1974):

o
P,

) (4.6)

¢'=¢',- A¢’ log,o(

=09, when ¢’,> 67,
where, ¢ is the value of ¢’ for 6”3 equal to p,, and A¢’ is the reduction in ¢’ for a
10 fold increase in ¢’3. The values of ¢'c, and o’ 5, are the effective friction angle

and confining pressure at critical state, respectively. The parameter p, is

atmospheric pressure (Wong and Duncan, 1974).

4.3.4 Variation of E; with Confining Pressure

For all soils, except fully saturated soils tested under UU conditions, an
increase in confining pressure will result in a steeper stress-strain curve and
higher shear strength. Therefore, the values of E; (initial tangent modulus) and qy,
increase with increasing confining pressure. This stress-dependency is taken into
account by using empirical equations to represent the variations of E; with

effective confining pressure.

% yp @7

a

Ei= Kpa(

where, the parameter K is the modulus number and n is the modulus exponent

(Wong and Duncan, 1974).

34



Masters Thesis - Arash Katebi Zaki McMaster - Civil Engineering

44 Stress Paths

The successive states of stress in a test specimen or an in-situ element of
soil can be represented by a series of Mohr circles or by a series of stress points,
often corresponding to the stress on the plane of maximum shear. The curve
connecting the relevant stress points is called the stress path, giving a clear

representation of the successive states of stress (Craig, 1990).

4.5  Shear Testing Procedure

Modified laboratory tests can be used to establish the properties of an
unsaturated soil. For example, a modified direct shear test or triaxial test can be
used to measure the relationship between matric suction and shear strength.

However, the equipment for such tests is costly, and is not available in most labs.

4.5.1 Triaxial Test
Various triaxial test procedures are used for unsaturated soils. These methods
are usually given two-word designations:
1) Consolidated —Drained or CD test
2) Consolidated —Undrained or CU test with pore pressure measurement
3) Constant Water content or CW test
4) Unconfined Compression or UC test.
The CW test is a special case where only the pore air is kept in a drained mode,

while the pore water is kept undrained during the shear test (Rampino et al. 1999).
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4.5.2 Undrained Triaxial Tests

The procedure for performing an undrained test on an unsaturated soil
specimen using the triaxial shear apparatus is similar to the procedure used for
performing a typical undrained test on a saturated soil specimen. The unsaturated
soil specimen is tested at its initial water content or matric suction. In other words,
the initial matric suction in the specimen is neither relaxed nor changed prior to
commencing the test. Both confined and unconfined compression triaxial tests can
be conducted and the shear strength contribution due to suction can be interpreted
in terms of total stress.

Matric suction changes in an unsaturated soil under undrained loading
conditions are analogous to the changes in pore-water pressures in saturated soils
under similar conditions of loading. Volume change in unsaturated soils under
undrained loading is due mainly to the compression of air. Undrained pore

pressures are assumed to be generated immediately after loading.

4.5.3 Unconfined Compression Test

The unconfined compression test is a special case of the undrained test, in
which the soil specimen is sheared quickly by applying an axial compressive load
in order to maintain undrained conditions until failure is reached (strain rate = 1.2
mm/min). Theoretically, this should apply to both the pore-air and pore-water
phases. The pore-air and pore-water pressures are not commonly measured during

compression.

36



Masters Thesis - Arash Katebi Zaki McMaster - Civil Engineering

18
: \Touchet silt
15t ,’» % loam
2 |
3
S 10f
§§& |
o= ¥
= -
173)
L -
- 5 N
=

0
0 20 40 60 80 100
Degree of saturation, S (%)

Figure 4.1: Typical Retention Curve for Different Materials (Barbour, 1998)
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Figure 4.2: Drying-Wetting Hysteresis Curves (Fredlund and Rahardjo, 1993)
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Figure 4.3: Water Retention Curve for Ikalanian Sand (Cole, 1986)
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CHAPTERSS

Sensitivity of Deflection to Base Modulus

5.1 Introduction

Deflection measurements have long been used to evaluate the structural
capacity of the pavements whose properties depend on temperature and water
content and to back calculate the elastic moduli of the pavement components. If
allowable pavement surface deflections are available, they can be used to assess
the need for seasonal load limits.

This chapter begins with a brief discussion of Falling Weight
Deflectometer testing, and back calculation technique. Thereafter a computer
analysis is performed to demonstrate how sensitive FWD test results are to
changes in base modulus. An important reason for addressing moisture sensitivity
of base materials is to examine if the effect of moisture changes can be detected
by FWD testing. We know that changes in surface deflection measured by FWD
can be affected by changes in Hot Mix Asphalt temperature-related properties or
subgrade moisture-related properties. However, since this thesis focuses on the
effect of base/subbase properties these changes are not taken into consideration in

the example presented in this chapter.

5.2  Falling Weight Deflectometer

A FWD is a device that delivers an impulse to the pavement surface by
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dropping a weight from a certain height. By varying the drop height and weight, a
peak force ranging from 6.7 kN to 107 kN can be generated. The load is
transmitted to the pavement through a loading plate, 300 mm in diameter,
providing a load pulse in the form of a half sine wave with duration typically
ranging from 25 to 30 ms. The magnitude of the load is measured by a load cell.
Deflections are measured by velocity transducers mounted on a bar that can be
lowered automatically to the pavement surface with the loading plate. One of the
transducers is located at the center of the plate, while the remaining ones are

placed at various offsets up to 2.25 m (Huang, 1993).

5.2.1 Back Calculation of Moduli

"Back calculation" is a mechanistic evaluation of pavement surface
deflection basins generated by various pavement deflection devices. It takes a
measured surface deflection and attempts to match it (within tolerable error) with
a calculated surface deflection, generated from an identical pavement structure
using assumed layer stiffnesses (moduli), which are adjusted until they produce a
surface deflection that closely matches the measured one. The combination of
assumed layer stiffness that results from this match is then assumed to be near the

actual in situ moduli for the various pavement layers (Lytton, 1989).

5.3  Pavement Computer Model

A pavement comprising of HMA, base, and sub-base was modeled using a
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finite element computer program called SAP2000. This static analysis was based
on the assumption that all layers are linear elastic. Although HMA layers are
viscoelastic and granular layers are nonlinear elastic, an approximate procedure is
to assume them to be linear elastic (Huang, 1993). To illustrate the effect of some
design factors on pavement responses, an elastic 3-layer system shown in Figure
5.1 was studied. Emphasis was placed on studying the influence of base layer
modulus on measured response. Table 5.1 shows the modulus and Poisson ratio of
different layers of pavement (Huang, 1993). Figure 5.2 shows the geometry of the

3-D model which was generated using solid elements.

5.3.1 Geometry

A 2mx 2 mx 2.5 m symmetric model was found to be sufficient for the
analysis after having initially tested a 10 x 10 x 10 m model. Any stresses outside
the 2 m x 2 m area were found to be negligible. The circular plate with a diameter
of 30 cm was instead represented by a 30 cm x 30 cm plate in the computer
model. Since the model is symmetrical, symmetry was used and only a quarter of
the problem was discretized.

Since any deflection beyond a depth of 2.5 m was found to be negligible,
this depth was assumed to be sufficient for the model. To ensure that the
assumption was correct, an analysis was completed for the case in which a spring
whose stiffness was calculated from the Egp-pase (Tomlinson, 1991) was placed

under each node at a depth of 2.5 m. Since the results showed that deflections
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were negligible, the springs were replaced by pinned supports at those points

when performing additional simulations.

5.3.3 Loading
A 40 kN (9 kips) distributed load was applied to a 30 cm x 30 cm plate.
This uniform load was applied to a 15 cm x 15 cm plate at the corner of the

pavement model, which represented a FWD test.

5.3.4 Boundary Conditions

Figure 5.2 shows the geometry of the pavement model. In the x-z plane,
the deflection in the y direction and rotation in the x and z directions were fixed
for all nodes. The deflection of the nodes in the z direction was also fixed at z = -
2.5. In the y-z plane, the deflection in the x direction and rotation in the y and z
directions were fixed. In this case also, the deflection of the nodes in the z
direction was fixed at z = -2.5. Where these two planes intersect (z-axis), the
deflection in the direction of x, y and the rotation in all directions were fixed
except for the node at z = -2.5 for which deflection and rotation was fixed in all

directions.

54  Results
The main purpose of this analysis was to show how sensetive FWD test

results are to changes in the base modulus. As shown in Table 5.2, and in Figures
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5.3 and 5.4, the deflection in the centre of the plate increases by 7% when E,
decreases by 20%. Figure 5.3 shows a linear relationship between maximum
deflection at the center of the plate and the base modulus of elasticity. As can be
seen in this figure, with increasing modulus of elasticity the deflection decreases
in a linear fashion. Figure 5.4 shows the maximum deflection vs. distance away
from the center of the plate. In this case, there is a very slight upward curvature.
The values of maximum deflection decrease in a linear fashion the further away
the distance is from the center of the plate. It is important to recognize that
changes in elastic modulus due to moisture changes must approach 20% in order
to capture changes in peak deflection of the order of 7%. In other words, surface
deflection is relatively insensitive to the properties of the base layer, which in turn
implies that deflection measurements are not a good indicator of changes in the

properties of the base/subbase due to possible changes in moisture.
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Table 5.1: Properties of the Pavement Layers

Pavement Layers Modulus of Elasticity Poisson Ratio
(MPa)
HMA 2758 0.45
Base Variable* 0.35
Sub-grade 138 0.35

* Base modulus are: 138, 159, 171, 179, 207 MPa

Table 5.2: Deflection at the Center of the Plate

Omax | Base Modulus Ep Omax
MPa % Changes | % Changes
254.5 138 -20 +7
242.1 159 -7 +2
237.25 170.75 0 0
232.1 179 +7 -2
220.3 207 +20 -7
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Figure 5.1: Elastic 3-Layer System
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Figure 5.2: Computer Model
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CHAPTER 6

Equipment, Materials, and Procedures

6.1 Introduction

The testing program in the present research was designed to identify the
shear response of unsaturated modified granular material, using primarily the
triaxial apparatus. This chapter describes the test equipment and materials used, as

well as specimen preparation and testing.

6.2  Testing Program

Although it is recognized that base/subbase materials have particle sizes
up to 150 mm diameter, for this research specimens were prepared using the fine
portion of the granular base and compacted to achieve relatively uniform dry
densities at varying water contents. Given the significance of the fine portion in
the moisture sensitivity of granular bases, and the fact that the maximum
specimen diameter was 38mm, the large fraction greater than the #10 sieve (2
mm) was removed. Consequently, although the parent material was a Granular B,
the actual material tested no longer resembled that of a Granular B. An important
reason for using smaller specimens was to make sure that stress changes within a
sample from top to bottom due to self weight, did not exceed the confining
pressures. Note that for 200 mm-high samples, the change in vertical stress from

top to bottom is approximately 4 kPa, which would have corresponded to the
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minimum cell pressure applied in the testing programme. The other reason for
using finer aggregate was to allow the use of smaller samples that were easier to
fabricate and monitor. It should be noted that the moisture sensitivity depends
more on the finer fraction than on the coarser fraction.

Choosing only the fine portion of Granular B is a recognized limitation of
the study but the testing is considered realistic in terms of identifying the
representative properties that must be available during design, prior to
construction.

To achieve the objectives of the research, a methodology had to be applied
which would insure that specimens compacted under controlled conditions would
possess consistent properties. The variables that were controlled during the tests
included initial dry density, water content, degree of saturation and suction as well
as, the confining pressure, rate of strain and level of stress (for cyclic loading).
Variables that were measured during the tests, or calculated after testing was
completed were: strain and deviator stress, undrained compression modulus,
initial total suction, shear strength parameters, and plastic strain under cyclic
loading (before and after freezing/thawing). The variables that were neither
controlled, nor measured, nor calculated were pore water and air pressure, matric
suction change during shearing and volume change during shearing.

The testing programme included:

1) Undrained conditions during shearing and the application of confining

pressure (UU).
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2) Tests that were conducted on 2 types of material specimens at wet of
optimum, optimum, and dry of optimum water content.

3) Cyclic loading.

4) Some specimens being tested with 5 cycles of loading/unloading, then frozen
and thawed, and put through 5 more cycles of loading.

5) A soil water characteristic curve test that was conducted on Material 1 (drying
curve).

6) Testing the specific gravity of sand according to ASTM D854.

6.3 Equipment

A regular triaxial cell with the confinement applied using a compressed air
system was used for tests performed at low confining pressure. This cell was
installed in a “Wykehham-Farrance” 10 kN load frame, which was used to shear
the specimens. Confining pressure was applied via an air pressurizer tank. The
displacement rate during loading was 1.14 mm/minute. It should be noted that the
64 kPa pressure was considered a reference pressure.

Pressure System — To achieve low confining pressure, only air was applied
in the cell. Final adjustments and control of the air pressure were made with an
“AB High Performance Pressure Transducer” system. This system was used only
because of very low confining pressures. A latex rubber membrane separated the
soil specimen from the pressurized air. It was found that it was advisable to use a

double membrane since in some cases the (inner) membrane could develop leaks.
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Measurment Devices - Transducers were used to determine loads,
displacements, and cell pressure. For small loads, a 250 Ib load cell was used and
it was connected rigidly to the top of the load frame. The loading ram then
connected the measuring device to the specimen at the top cap. All load devices
were externally mounted due to the limited space inside the triaxial cell. Axial
displacements were measured with a displacement transducer. The transducer was
mounted directly to the loading ram and movement of the loading ram was
measured relative to the top cap of the cell. One pressure transducer, with a
capacity of 0-100 psi, was used to measure the cell pressure (i.e., the confining
pressure). Electronic information from the load cell, pressure transducer, and
displacement transducer was collected automatically at 5 second intervals by a

data acquisition software package

6.3.1 Compaction Equipment

Figure 6.1 shows the compaction equipment, which consisted of a
compaction mold and tamper. The mold had an inside diameter of 38 mm and
enough height to compact a 100 mm-tall specimen. A compaction force was
applied by a hand-tamper with a drop weight. The diameter of the specimen was

obtained by a and the height was measured by a dial gauge.
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6.4  Materials
6.4.1 General Properties of the Materials
A. Granular Materials

All virgin granular materials used for the study met the gradation
requirements of the Ontario Ministry of Transportation given in Table 1-1. Each
type of granular base/sub-base material was air-dried and then screened into
different-sized fractions. The fractions were then recombined in a way so as to
meet the grading requirements for this research. The particle size distribution of
the sand is provided in Table 6-1.

In the tests conducted during the research, a blended mixture of fine-
grained coarse aggregate, consisting of two types of materials with Do = 0.085
mm, D3p = 0.2 mm and Dgy = 0.6 mm, was used. Classification of the material
according to AASHTO and Unified system is fine sand, and SW, respectively.
Material 1 was a well-graded mixture of sub-rounded fine to medium crushed
silica sand composed of 100% shield material that came from the LAFARGE PIT
at Hwy 5 at Dundas. Material 2 was a well-graded mixture of fine to medium
crushed silica and lime sand mostly composed of shield with some limestone. The
source chosen was the CBM ABERFOYL PIT, located 1 km north of Hwy 401 on
Hwy 6. The reason for using both types of material is that it was believed that the
surface charge characteristics could lead to different moisture sensitivities, which
would mean that an additional variable was included. Figures 6.2 and 6.3 show

the microscopic pictures of Materials 1 and 2 at a magnification factor of X 40.
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The former contained more round-shaped particles while the latter contained
flakier, medium-size particles. Material 1 has a maximum dry density of 1.99
g/cm® with a water content of about 8.6%, with Material 2 having a maximum dry
density of 1.98 g/cm’® with a water content of about 9.5%. The specific gravity,

G;, was measured according to ASTM D854 and was found to be 2.68.

6.5  Procedures
The following sections outline the techniques used when mixing,

compacting, and installing specimens.

6.5.1 Mixing

The sand that was to be used was initially sieved and then prepared
according to Table 6.1 by adding measured weights of each sieve size. For the
earlier samples, the sand was poured through a splitting device until an even
mixture was produced. However, at a later stage the sand was simply mixed with
care for a couple of minutes to get an even mixture. The sample was then dried in
an oven at 105°C to achieve zero water content. Distilled de-aired water was used
to control the effects of osmotic suction and decrease air content in the soil
solution. The amount of water required to achieve the desired dry density was
then added to the sample and it was covered by cling-wrap to avoid water
evaporation. Four moisture content tests were conducted both before and after
shearing the samples. Any changes in water content during sample preparation,

installation and shearing were found to be negligible.
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Once the amount of water was determined from compaction curves, 155 g
of air-dried material was poured into the bowl. The water was then added to the
aggregate and mixed carefully with a spoon. Finally, the bowl was covered with

cling-wrap to minimize either the loss or gain of moisture.

6.5.2 Compaction/Sample Preparation

Previous studies on suitable sized triaxial specimens, e.g., Anderson
(1997) suggest that for granular soils, the specimen diameter has no effect on test
results if it is at least six times the maximum particle size. Given the grain size
distribution adopted, this requirement was attained. Samples 36 mm in diameter
and 76mm high were compacted in 4 equal layers, with 25 and 35 impacts for
each layer to achieve the target dry density, 25 impacts were required for samples
with 7% to 10.5% and 35 impacts were used for those with 4% water content.

During sample preparation a mold was placed on top of the base plate and
the porous stone was placed inside. The mold was then lined with a latex
membrane and then a certain amount of sand was compacted. During compaction,
no vacuum was applied to the sample. Once this process was completed, the
loading cap was put on top of the sample. After compaction, the mold was
removed however the membrane remained to allow the vacuum to develop proper
levels of confinement. The specimen dimensions were measured quickly and
thereafter, the volume of the sample and dry density were calculated. If the target

dry density was not achieved, another sample was prepared. Once the target value
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was achieved, the sample was covered with a second membrane. After shearing
the samples, they were weighed to get the exact value of soil mass and dry

density.

6.6  Procedures for Testing

As mentioned previously, the confining pressure was applied over a 2-3
minute period, and the initial load was set. The measuring equipment was zeroed
appropriately and shearing commenced. When loaded cyclically, the applied

deviatoric stress was  (0,); /3. These specimens were subjected to 10 cycles.

Some specimens were tested with 5 cycles of loading/unloading before freezing,
and another 5 cycles after freezing and thawing. After the first 5 cycles of loading,
the cell and the sample were placed inside a freezer (average temperature of —
7°C) for a period of 18 to 22 hours. Thereafter they were removed and placed
outside at room temperature for an additional 18 to 22 hours to thaw. After
thawing, another 5 cycles of loading were applied to these samples. It should be

noted that this entire process was conducted at constant cell pressure.

6.7  Quality Control

All specimens were compacted to specified water contents, dry density,
and therefore target degrees of saturation. The amount of water and soil was
estimated from the compaction curves. In order to gain confidence in the

specimen preparation procedures, a Quality Control (QC) program was initiated.
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The QC program was conducted with three specific objectives. The primary
objective was to ensure that compaction techniques would reproduce specimens
of water content, dry density, and degree of saturation. The second objective was
to examine changes in water content that occurred during preparation and testing.
The final objective was to make sure that the physical characteristics of the
triaxial specimens were in good agreement with the target values specified. The
results led the author to choose the procedure for sample preparation which was
described in Section 6.5.2.

The first check was to ensure that procedures for mixing and compaction
would produce reliable, repeatable results. For this purpose, QC specimens were
prepared in the way described in Section 6.5.2. To achieve an even distribution of
water throughout the sample, the sand was mixed carefully with the water
specified and then covered. Specimen preparation followed the procedure outlined
by Anderson et al. (1997) for triaxial testing of unsaturated granular soils at low
confining pressure.

The usual procedure was to prepare 3 to 4 QC specimens at each degree of
saturation. “Target”, or ideal, water content, dry density, and degree of saturation
were identified before mixing the material. After the material was prepared and
mixed sufficiently, the QC specimens were compacted. Immediately after the
specimen was prepared, the dimensions, weight, and water content were
determined and compared to target values.

The second check was made by comparing initial and final average water
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contents of triaxial specimens to target values. Initial water content refers to the
average water content of mixed sand before testing. Final water content refers to
the average water content of a sheared specimen. The final water content was then
compared to the initial water content.

The final check was made to ensure the consistency of triaxial specimen
characteristics within a group of specimens compacted to the same target degree
of saturation. This was done by establishing the average initial degree of
saturation and dry density, using the final water content determined by the above
method. This average water content was then used along with the void ratio to
determine the average dry density of the specimen. Similarly, the average degree
of saturation was calculated using a specific gravity of 2.68, the average final
water content, and the voids ratio. Equation 6.1 summarizes the relations used in

determining these characteristics:

p:M, pd—% S _G PO (6.1)

= , w =
vV l+e e l+e

where, p = bulk density (g/cm’); M = mass of moist soil (g); V = volume of moist
soil (ml); e = voids ratio; n = porosity; and A = air content.

With practice, the technique was improved thereby resulting in more
uniform groups of specimens. At lower target water contents, it was more difficult
to achieve an even distribution of moisture throughout the sample. The main goal
in doing QC was to gain confidence in achieving “consistent” results, not

necessarily “perfect” results, which of course would have been most desirable. As
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long as the preparation techniques produced specimens with predictable
characteristics, the techniques were considered acceptable. Specimen preparation
was quite repeatable with good consistency being achieved for both water content
and dry density. This is important since strength and stiffness depend largely on
the water content and dry density of base/subbase material.

The second important check was made by comparing average initial and
final water contents of sheared specimens to the original target values. This
procedure was used to identify changes in moisture occurring during the time
period between compaction and the end of shearing. If large moisture losses
occurred, substantial changes in suction and strength would have been expected.
The difference in the average initial and final water contents ranged from 0.3% to
0.6%. In other words, the average moisture lost was 0.4% water content. This
relatively small amount was attributed to evaporation during the preparation
procedures (compaction, installing and removing the specimen) and not to the loss
of moisture, during shearing, through drainage or leakage.

The mass of the water and solid particles of the specimens should remain
constant from the beginning to the end of a test. Three samples were prepared
initially by applying suction and the results showed that water content changed on
an average from 10% to 7%. Since the initial suction of the sand made it
sufficiently stable, all the samples were prepared with no application of suction.

The final check was made on triaxial specimens compacted to the same

target moisture content. It should be noted that in almost all cases the compacted
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dry density was equal to the target value of 1.87 g/cm’. All specimens could
therefore be considered to have the same density and as a result, it was assumed

that any deviation in strength and stiffness would not be attributed to density.

6.8  Soil Water Characteristic Curve (SWCC)

A 1400/1405 Tempe Pressure Cell was used to test and determine the
relationship between degree of saturation and suction, which is referred to as the
“Soil Water Characteristic Curve”. A 1405 Tempe Cell, consists of 3 parts: top
and base cap assembly, the brass cylinder, and the porous ceramic plate. The
porous Ceramic Plate can vary in bar rating according to the user’s choice and the
type of application.

Initially, the soil sample and the porous ceramic plate were saturated with
water. Air pressure was then applied to the Tempe Pressure Cell to effect the
extraction of moisture from the soil sample under controlled conditions. For all
extraction work, a source of regulated air pressure was required. Compressed air
from a compressor was used for the test and pressure control was achieved using
the triaxial apparatus.

It was essential to fully saturate and de-aerate the porous plate before
placing the Tempe Cell in operation. This was accomplished by saturating the
plate in a vacuum desiccator with de-aerated distilled water. The saturated porous
plate was thereafter installed in the cell and once in place, water was poured into

the cell. The next step was to measure the volume of the cell. Based on the
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required dry density, the amount of sand needed was weighed and poured into a
beaker. Some de-aerated water was added to the sand such that it was completely
covered. This was then boiled and vacuumed in order to release any air that was
trapped within the pores of the sand. The sand was then poured into the cell,
which was filled with water. Finally, the top part of the Tempe Cell was
reattached and fastened in place. The Tempe Cell was connected to the pressure
supply source and the pressure in the cell was raised to the desired level.

This process was repeated at higher pressure values. By noting the
difference in weight, it was possible to find the change in weight from one soil
suction value to another. At the end of a run, the sample was dried at 105° C. The
changes in weight were interpreted in terms of water content by weight of soil.
Since the volume of the soil sample was well defined, the water content could
also be related to the volume of soil. By plotting the change in water content at
each equilibrium value, against the soil suction, it was possible to develop the
relationship of soil suction versus water content or degree of saturation for each

soil.
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Table 6.1: Grain Size Distribution

Sieve Designation % Passing by mass
2.5 mm 100
1.25 mm 80
315 um 44
75 pm 3
D,,=0.085 mm cC=7
u
D,=0.2 mm C=08=1
Cc
D(,= 0.6 mm

AASHTO System Classification: Fine Sand

Unified System Classification: SW
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Figure 6.1: Compaction Equipment
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Figure 6.2: Microscopic Picture of Material 1

Figure 6.3: Microscopic Picture of Material 2
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CHAPTER 7

Results and Discussion of Monotonic Triaxial Tests

7.1  Introduction

This chapter describes the results of a series of monotonic undrained
triaxial compression tests on unsaturated modified aggregate, and demonstrates
how the shear strength and secant modulus of elasticity of unsaturated base
responds to changes in water content, degree of saturation, and confining
pressure. Shear strength and the secant modulus are then related to the total
nominal initial suction. Due to the compressibility of the air phase, the tests could
not be considered “constant volume” tests. Results were obtained for specimens
with average degrees of saturation of 24% to 67%, confining pressure ranging

from 4 kPa to 64 kPa.

7.2  Monotonic Test Results
The results regarding the compaction curve, stress path, retention curve,
hyperbolic stress-strain relationship, and monotonic loading tests are presented in

this section.

7.2.1 Compaction Curve
Figures 7.1 and 7.2 show the relationship between dry density and

moisture content for Materials 1 and 2, respectively. The optimum water contents
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for these materials were found to be 8.6%, and 9.5%, respectively. As mentioned
in Chapter 6, the soil was compacted inside a 76 cm® mold by a rammer
consisting of a 190 g mass falling freely through 100 mm, in 4 equal layers
receiving 25 blows with the rammer. The total compaction energy is calculated
as:

E/V=m7gh (7.1)

where, E = compaction energy (J); V = volume of the soil (cm3); mg = weight of
the falling mass; and h = falling height.
After substituting in the appropriate value we have:

E/V=0'19X9'81X0'IX4X25=O.244 J/em® (7.2)

76

In the standard Proctor test, the volume of the mold is 1000 cm® and the soil is
compacted by a rammer consisting of a 2.5 kg mass falling freely through
300mm. The soil is compacted in three equal layers, each layer receiving 27
blows with the rammer; thus one has,

E/V=3XZ7XZ'SXQ'SIXO'3=0.6 Vem® (7.3)
1000

As can be observed here, the test compaction energy is 2.45 times less than that
corresponding to the standard Proctor. Figure 7.3 shows typical dry density-water
content curves for different compaction efforts. According to this graph, a higher
compactive effort results in a higher value of maximum dry density and a lower

value of optimum moisture content. However, the values of air content at
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maximum dry density are approximately equal and range from 5% to 10% (Craig,
1990). Using the maximum dry density, optimum water content, and the specific
gravity (G;) for Materials 1 and 2, the air content is 8% and 7%, respectively

which falls within the range reported by Craig (1990).

722 SWCC

Figure 7.4 shows the relationship between suction and S, for Material 1.
As expected, the suction decreases as S; increases. The bubbling pressure for this
material is estimated to be approximately 3.5 kPa, which is in accordance with the
characteristic retention curves for sandy material. The results achieved in this
study are consistent with the typical retention curves shown in Figures 4.1 and

4.3.

7.3  Effects of Saturation Level

Figure 7.5 shows the stress-strain relations for varying water content and
confining pressures of 4 kPa, 16 kPa, and 64 kPa. As expected, for all cases the
deviatoric stress at failure increases with increasing confining pressure, regardless
of the original water content. It should however be noted that the slope of the
curves (initial secant modulus) tends to become flatter as the water content is
increased. Consequently, the material becomes less stiff as the water content
increases.

Figure 7.6 indicates that at a given water content, normalized strength and
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ductility tend to decrease with increased cell pressure. At low confining pressures,
an abrupt change in stiffness occurs at about 0.25% to 0.5% strain. For higher
confining pressures, the shape of the normalized stress-strain curve shows
yielding but much greater ductility throughout shearing. It should be noted for a
saturated drained response or the response of dry cohesionless material one would
expect that q/p relation stays approximately constant; what we see here as a
curved/convex up yield surface.

Figure 7.7 shows the relationship between qf and o3 which seems to be
linear in nature. As o3 increases, the value of gr also increases. Furthermore, as S;
values increase, the value of qr decreases, which is consistent with strength
decreasing as water content goes up. Note that for increasing values of S;, the
slope of the resulting graphs decreases. When o3 is 4 kPa, the values of g¢ are too
close to distinguish from each other. In other words, at lower confining pressure,
the degree of saturation sensitivity appears to be decreasing. The convergence of
all curves to a point is interesting and should be investigated further.

Figure 7.8 shows the relationship between q¢/ps vs. confining pressure for
varying water content (degrees of saturation) for Materials 1 and 2. As can be
observed in this figure, when confining pressure increases, the values of q¢ps

decrease.

74  Effect of Confining Pressure

Figure 7.9 compares normalized stress-strain curves for water contents of
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4%, 7%, and 10% and cell pressures of 4 kPa, 16 kPa, 64 kPa. For the low
confining pressure (4 kPa), the effect of changing water content is minimal but for
higher confining pressures, however increasing water content normalized qr
decreases. This almost indicates a relation for failure and that the same failure
curve exists. It seems that the failure level is slightly dependent on the water
content.

Figure 7.10 shows the relation between, q~(0—03)/2, and
pr = (01+03)/2, which appears to be linear in nature although one might expect a
slight curvature due to the material being in an unsaturated condition. This is
clearer for samples with higher water content (7%, 10%). With increasing o3 the
slope becomes slightly flatter due to decreases in suction at the specimen. It
should be noted that the envelopes for 8.6% and 9.5% water content have higher
values of dry density that justify the higher shear strength. In the qgpr figure,
Material 2 has slightly higher values of qr than Material 1, which can be related to
larger amounts of angular aggregates resulting in a higher angle of shearing
resistance. Also in this figure, Material 2 shows less sensitivity to changing water
content than Material 1. Angular aggregates with good particle interlock may
reduce the lubrication effect of water content and reduce the effect of increasing
water content on reduction in shear strength.

Figure 7.11 shows the relationship between gr and initial suction, which
was estimated from the SWCC. By observing the graphs of o3 for 4, 16 and 64

kPa, one can see that there is a linear relationship between qr and initial suction.
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As o3 increases, the value of g¢ increases, as expected. Also, as o3 values decrease,
the slope of the resulting graphs also decreases. This shows that the effect of
confining pressure on qr is more important than that of water content for low

confining pressures (4 kPa, and 16 kPa).

7.5  Discussion of the Effect of Confining Pressure
Recall from Chapter 4 that the deviator stress at failure can be related to
the cohesion of the soil, and a contribution from both the net mean stress and the

matric suction:
T =c"+0, —u,), tand'+(u, —u,) [Sc(tand") ] (7.4)

If this equation is compared with the Mohr-Coulomb criteria, one observes that
the o, is replaced by [0, -u,+((ua-uw)%Sy)s ]. Heath et al. (2002) used this idea to
normalize the behavior of unsaturated granular pavement materials. In his studies,
he added the effective suction, ((us-uyw)*S)s, to the effective confining pressure,
thus giving:

qr = prxsing (7.5)
where, @ = @o-A¢ log(c3/pa), and, 63 = [(03)applied + ((Ua~Uw)*Sp)¢].

Therefore, depending on the effective suction, the values of o3 can increase or
remain unchanged. For example, for dry material even though suction is very high
the effective suction is negligible. As can be observed from Equation 7.5, when

suction increases so does o3 and @, sing, q¢/pr all decrease.
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This phenomenon can be explained in another way. According to Figure
4.4, the diameter of the Mohr circle increases with an increase in confining
pressure. The failure envelope defines a curved relationship between the shear
strength and total normal stress for unsaturated soils tested under undrained
conditions. Evidently, the value of q¢psr decreases with increasing confining
pressure. In undrained tests on unsaturated soils, the increase in shear strength
caused by a rising confining pressure is greater than the decrease of shear strength
associated with declining matric suction. Once the soil becomes saturated under
the application of confining pressure, a horizontal undrained failure envelope
develops with respect to the shear strength axis (i.e. q¢/ps = sind, = 0).

The stress-strain response of unsaturated granular material is affected by
the applied confining pressure as illustrated in Figure 7.5 and Figure 7.7. As can
be observed, when the confining pressure is increased, the gr observed at a given
degree of saturation increased. Undrained shear strength arises from both matric
suction and net mean stress acting in the soil. This applies whenever the air voids
in an unsaturated soil are highly interconnected. However, if the air voids are
occluded or become completely compressed, only small changes in shear strength
can be expected with further increases in cell pressure (net mean stress).

Increasing confining pressure causes an immediate decrease in the suction
experienced by unsaturated soils. The decrease in suction is a function of the
confining pressure applied and the initial suction (Tang 1996, Wan et al. 1995).

For saturation below 50%, where the air phase is dominant in the macropores
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(inter-connected pores), an increase in total stress causes compression of the void
spaces, flattening of the air-water interfaces and a decrease in matric suction,
which tends to reduce shear resistance. Furthermore, increased confining pressure
increases the total and effective stresses carried by the soil skeleton, thus
increasing the shear resistance. These two mechanisms (decrease in suction and
increase in effective stress) act against one another, but the net effect is to produce
strength increases which, are greater than or equal to zero.

When shearing at a sufficiently high confining pressure, compression and
solution of the air will result in the occlusion of pores. This occlusion causes a
reduction in the rate of effective stress increase, which continues until increases in
cell pressure no longer produce increases in either effective stress or shearing

resistance. As the cell pressure rises, there is a gradual transition {rom linearly

increasing shear strength (¢ > 0) to constant shear strength (¢ = 0, full saturation).

7.6  Effect of Confining Pressure on Normalized Shear Strength

Figure 7.6 shows the relationship between q¢ps vs. strain for different
confining pressures and at a constant water content. As can be observed, with
increasing confining pressure the value of normalized shear strength decreases
and the behavior becomes more ductile. Figure 7.8 also shows that q¢/pr decreases
with increasing confining pressure for constant water content, and this is evident

in all cases. This can be justified by using Equation 7.8 where, as confining

pressure increases the values of ¢ and q/p decrease.
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T Effect of Water Content on Normalized Shear Strength

Figure 7.9 compares normalized stress-strain curves for water contents of
4%, 7%, 8.6% and 10% and cell pressures of 4 kPa, 16 kPa, and 64 kPa. For low
confining pressure (4 kPa), the effect of changing water content is not very
significant but, with rising confining pressure it is evident that normalized qr

(a/p), decreases as the water content increases. As can be seen, with an increasing

degree of saturation the effective suction decreases therefore the effective
confining pressure decreases leading to higher ¢, and q/p values. As can be
interpreted from Equation 7.4, a change in suction is not as effective as a change
in effective stress when it comes to producing an increase in shearing resistance.
This would explain the reason why, at low confining pressure (4 kPa, and 16 kPa)
and increasing water content (decreasing suction), the changes in g¢ are not very

obvious.

7.8  Variation of Deviator Stress with Initial Suction

Figure 7.11 shows the strength envelope where the peak, qr is plotted
against initial suction, for different confining pressures. Separate envelopes were
drawn for each confining pressure. One observes that strengths became higher
with increasing 03, as expected. Since all specimens were compacted to the same
dry density, each average degree of saturation corresponded to some particular
water content, which controls the matric suction in the soil.

The initial suction was taken to roughly represent the suction during
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shearing. Figure 7.11 plots qr vs. total initial suctions that were obtained by
relating the initial water contents of the specimens to the SWCC. As confining
pressure increases so does the shear strength. Each envelope rises at
approximately the same slope for 63= 16 kPa and 64 kPa, whereas for 63= 4 kPa
increasing suction does not produce continuously increasing shear strength.
However, if suctions are localized then we may not see their effect on a
macroscale although their influence is more obvious at higher confining pressures
which may be due to changes in pore size.

Future research should attempt to incorporate suction changes from these

two mechanisms into the shear strength-suction relationship.

7.9 Variation of Secant Modulus
It is common to infer the material stiffness of soil specimens from
measurements of the secant modulus Eso which corresponds to the average

stiffness up to a deviatoric stress of q¢/ 2. Tables 7.1 and 7.2 show the values of
Eso for the UU tests conducted. Figure 7.12 shows Esg vs. 03, for various degrees
of saturation. In general, with increasing confining pressure the values of Esp
increase. As can be seen in Figure 7.13 the value of Eso decreases with increasing
degree of saturation. The changes in Esp tend to be small for 50% saturation.
Recall from Chapter 4 that the initial secant modulus can be expressed as:

E;=kpa(c"y/pa)" (7.6)

where, 6’3 = [(0"3)applied + ((Ua-Uw)*S;)¢ ] which means that with increasing
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confining pressure the values of the secant modulus should increase. For a
constant confining pressure, when water content increases the effective confining
pressure decreases thus causing the secant modulus to decrease. Yuan and
Nazarian (2003) performed some tests on subbase and subgrade material using
resonant column tests to investigate the changes of elastic modulus with varying
water content. The results are shown in Figure 7.14 where, for a fine-grained
material the relationship resembles that of a typical moisture-density curve. For
clean, coarse-grained material the modulus decreases with increasing water
content. In general, independent of the type of material, a decrease in modulus
with a progressive increase in the water content is inevitable. These results agree
with the findings of this research.

As can be observed in Figure 7.15, the normalized Esy increases with
increasing initial suction, and reaches maximum values at suctions around the air-
entry-value (3.5 kPa). The slope then decreases for suctions greater than the air-
entry-value, and Eso/G, no longer increases. Therefore, increasing suction does
not result in continuously increasing normalized modulus. Note that the decrease
in the slope is more pronounced for low cell pressure (4 kPa). Escario and Saez
(1986) and Fredlund et al. (1987) observed increases in normalized stiffness with
suction but the increase in normalized Eso with suction does not continue

indefinitely (Yasuda et al. 1997).
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7.10 Hyperbolic Stress-Strain Relationship

Figures 7.16 and 7.17 show the relationship between €/64 and € % when
the water content is 4%, 7%, and 10%, and o3 is 4, 16 and 64 kPa. The graphs are
not linear initially but approach linearity when € % is between 0.5% and 0.75%. It
is evident that by increasing G3, the slope of the linear section decreases. This is in
accordance with what is shown by Desai and Siriwardane (1984), as illustrated in
Figure 7.18. As described in Chapter 3, the hyperbolic stress-strain relationships

can be represented by an equation of the form:

£ 1 g
— =g +be
(0,-0y) E (0,-03)u (7.6)

where, (01—03)u is the asymptotic value of stress difference, which is related
closely to the strength of the soil. Therefore, the slope of the curves represents
1/q¢ and as described in previous sections, gr increases with increasing confining
pressure resulting in the slope of the curve becoming flatter with increasing

confining pressure.
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Table 7.1: Monotonic Test Results — Material 1

Test Test O3 Pd Oy Eso Om Initial
# Type (kPa) | S, (g/cm") %w | (kPa) (kPa) (kPa) | Esaom | Suction(kPa)
160 | Monotonic | 64 0.0 1.87 0 150.6 | 73709 | 1142 | 645 26.5
161 | Monotonic | 64 0.0 1.9 0 307.0 | 90925 | 166.3 | 54.7 26.5
162 | Monotonic | 64 0.0 1.87 0 240.4 | 10770.7 | 1441 74.7 26.5
8 Monotonic 4 25.6 1.89 4 69.5 | 3050.7 27.2 | 1123 7.1
9 Monotonic 4 26.6 1.91 4 67.4 | 5380.4 26.5 | 203.3 7.1
34 | Monotonic 16 | 26.1 1.90 4 132.6 | 15654 60.2 | 260.0 7.1
35 | Monotonic 16 26.1 1.90 4 169.6 | 7496.2 72.5 103.3 71
36 | Monotonic 16 | 26.6 1.91 4 158.8 | 14098.0 | 68.9 | 204.5 7.1
37 | Monotonic 64 | 26.1 1.90 4 344.8 | 17562.3 | 178.9 | 98.1 7.1
38 | Monotonic | 64 | 26.1 1.90 4 339.7 | 21927.7 | 177.2 | 67.2 71
11 | Monotonic 4 44.9 1.89 7 71.9 | 6627.6 28.0 | 237.0 4.7
16 | Monotonic 4 45.7 1.90 7 68.9 | 6623.2 27.0 | 2456 4.7
17 | Monotonic 4 44.9 1.89 7 64.8 | 6533.5 25.6 | 255.2 4.7
1 Monotonic 16 | 47.4 1.92 7 121.7 | 5157.8 56.6 91.2 4.7
10 | Monotonic 16 | 44.9 1.89 7 126.5 | 6963.2 58.2 | 119.7 4.7
12 | Monotonic 16 | 46.5 1.91 7 146.7 | 11801.3 | 649 | 181.8 4.7
21 | Monotonic 64 | 449 1.89 7 299.5 | 17536.0 | 163.8 | 107.0 4.7
22 | Monotonic 64 | 474 1.92 7 236.5 | 19320.9 | 142.8 | 135.3 4.7
26 | Monotonic 64 | 474 1.92 7 257.9 | 14803.4 | 150.0 | 98.7 4.7
4 Monotonic 4 67.8 | 2.00 8.6 | 139.8 | 9345.9 50.6 | 184.7 4.3
6 Monotonic 4 65.2 1.98 8.6 | 111.2 | 8405.6 411 204.7 4.3
13 | Monotonic 16 | 66.5 1.99 8.6 | 159.6 | 11702.2 | 69.2 | 169.1 4.3
18 | Monotonic 16 | 66.5 1.99 8.6 | 151.5 | 11986.0 | 66.5 | 180.2 4.3
23 | Monotonic 16 | 66.5 1.99 8.6 | 1549 | 10701.3 | 67.6 | 158.2 4.3
25 | Monotonic 64 | 66.5 1.99 8.6 | 389.2 | 11184.6 | 193.7 | 57.7 4.3
28 | Monotonic 64 | 678 | 2.00 8.6 | 353.2 | 13475.9 | 181.7 | 742 4.3
3 Monotonic 4 63.0 1.88 10 74.7 | 4824.6 28.9 | 166.9 4
7 Monotonic 16_ | 65.3 1.90 10 | 119.1 | 6829.5 55.7 | 122.6 4
15 | Monotonic 16 | 65.3 1.90 10 | 123.2 | 5630.4 57.1 98.7 4
19 | Monotonic 16 | 65.3 1.90 10 | 106.7 | 5414.0 51.6 | 105.0 4
20 | Monotonic 16 | 67.7 1.92 10 | 119.1 | 5291.2 55.7 95.0 4
24 | Monotonic 16 | 67.7 1.92 10 | 1155 | 12594.6 | 54.5 | 231.1 4
32 | Monotonic 16 | 64.1 1.89 10 | 1149 | 6855.8 54.3 | 126.3 4
27 | Monotonic | 64 | 66.5 1.91 10 | 260.6 | 14442.9 | 1509 | 95.7 4
29 | Monotonic | 64 | 67.7 1.92 10 | 220.9 | 9558.0 | 137.6 | 69.4 4
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Table 7.2: Monotonic Test Results — Material 2

Test Test O3 Pd Og Eso Om
# Type (kPa) | %Sr | (g/cm?) %w U, (kPa) (kPa) (kPa) Es0Om
156 Monotonic 64 0.0 1.90 0 N/A | 210.1 9505.0 134.0 70.92
157 | Monotonic 64 0.0 1.85 0 N/A | 168.4 9704.6 120.1 80.78
159 Monotonic 64 0.0 1.97 0 N/A 283.1 10503.1 158.4 66.32
57 Monotonic 4 23.3 1.84 4 N/A | 1023 | 113413 38.1 297.67
58 Monotonic 16 23.3 1.84 4 N/A | 1451 12540.9 64.4 194.84
59 Monotonic 16 22.9 1.83 4 N/A | 133.6 6802.8 60.5 112.38
65 Monotonic 16 22.9 1.83 4 N/A | 163.5 8000.9 70.5 113.49
66 Monotonic 16 22.9 1.83 4 N/A | 171.7 | 10744.0 73.2 146.71
67 Monotonic 64 23.7 1.85 4 N/A | 827.2 | 20721.0 | 173.1 119.73
68 Monotonic 64 23.3 1.84 4 N/A | 309.7 | 14346.7 | 167.2 85.79
63 Monotonic 4 40.1 1.83 7 N/A | 123.9 8451.6 45.3 186.57
64 Monotonic 4 40.8 1.84 7 N/A | 116.3 5797.7 42.8 135.57
83 Monotonic 4 40.8 1.84 7 N/A 58.8 3564.0 23.6 151.02
60 Monotonic 16 40.8 1.84 7 N/A | 150.4 6240.7 66.1 94.37
75 Monotonic 16 38.7 1.81 7 N/A | 1311 4092.0 59.7 | 68.54
88 Monotonic 16 40.1 1.83 7 N/A | 123.1 4669.8 57.0 81.88
61 Monotonic 64 41.5 1.85 7 N/A | 255.7 | 170475 | 149.2 | 114.23
62 Monotonic 64 41.5 1.85 7 N/A | 258.7 | 15580.1 150.2 | 103.71
69 Monotonic 4 56.0 1.91 85 | NA | 1105 6607.6 40.8 161.82
70 Monotonic 4 54.0 1.89 85 | NA | 104.7 6296.8 38.9 161.87
72 Monotonic 4 53.1 1.88 85 | N/A | 150.6 7760.0 54.2 143.17
71 Monotonic 16 54.0 1.89 85 | N/A | 162.6 | 10001.5 70.2 142.47
73 Monotonic 16 52.1 1.87 85 | NA | 181.8 7512.9 76.6 98.08
116 | Monotonic 16 54.0 1.89 85 | N/A | 1683 6981.4 72.1 96.83
117 _| Monotonic 55.0 1.90 85 | N/A | 1571 5549.1 68.4 81.17
100 | Monotonic 53.1 1.88 85 | N/A | 403.7 | 21523.2 | 198.6 | 108.39
107 | Monotonic 53.1 1.88 85 | NA | 268.2 | 12035.1 153.4 78.46
120 Monotonic 55.0 1.90 8.5 N/A | 355.9 18230.7 182.6 99.82
124 | Monotonic 52.1 1.87 85 | N/A | 340.1 19159.5 177.4 | 108.02
84 Monotonic 72.6 1.99 95 | NA | 109.1 6552.1 40.4 162.31
87 Monotonic 69.9 1.97 9.5 | NA | 120.0 6793.2 44.0 154.39
76 Monotonic 71.3 1.98 95 | N/A | 195.6 6412.2 81.2 78.97
85 Monotonic 71.3 1.98 95 | NA | 4101 15043.7 | 1200.7 74.96

31 Monotonic 65.6 1.88 10.5 | N/A 93.3 4124.6 35.1 117.51

77 Monotonic 67.9 1.90 105 | N/A 65.9 3246.3 26.0 125.02

78 Monotonic 67.9 1.90 10.5 | N/A | 103.4 4040.8 38.5 105.05

80 Monotonic 65.6 1.88 10.5 | N/A 77.5 3110.9 29.8 104.28

81 Monotonic 65.6 1.88 105 | N/A | 157.8 6717.9 68.6 97.93

86 Monotonic 64.4 1.87 10.5 | N/A | 153.6 5169.4 67.2 76.93

Rl **[REPFPPPRRIRIR |

82 Monotonic 65.6 1.88 10.5 | N/A | 323.9 13339.7 | 172.0 77.57
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Figure 7.1: Compaction Curve - Material 1
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Figure 7.2: Compaction Curve - Material 2
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Figure 7.4: SWCC-Drying Curve - Material 1
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Figure 7.5: Deviatoric Stress vs. Axial Strain
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Figure 7.5: Deviatoric Stress vs. Axial Strain (continued)
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Figure 7.6: Variation of q/p with Confining Pressure
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Figure 7.6: Variation of q/p with Confining Pressure (continued)
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Figure 7.6: Variation of q/p with Confining Pressure (continued)
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Figure 7.8: Variation of q¢/ps with o3 for Different Moisture Contents
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Figure 7.9: Variation of Normalized Shear Strength for Different Water Content
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Figure 7.11: Changes in Shear Strength with Initial Suction - Material 1
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Figure 7.13: Variation of Secant Modulus with Degree of Saturation
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CHAPTER 8

Results and Discussion of Cyclic Triaxial Tests

8.1 Introduction

A secondary objective of this thesis was to investigate the effects of cyclic
loading and freeze-thaw on the plastic strain development of unsaturated modified
material. First, this chapter presents a brief literature review. Next, the cyclic test

results for different water content and confining pressure are summarized.

8.2  Permanent Deformation of the Base Layer

Pavement rutting is usually correlated to the deformation of the
base/subbase and surface layers (Theyse 2000, Tseng and Lytton 1989). A
mechanistic-empirical (ME) design model for the design of base layers was
developed during the late 1970s (Maree, 1978). This model, however, was only

calibrated for mechanically crushed material and not base quality natural

aggregate.

8.3  Permanent Deformation Distress Mechanisms

Two permanent deformation mechanisms normally occur in pavement
base/subbase layers. The first mechanism of permanent deformation occurs when
the applied shear stress condition is well below the shear strength of the material.

In this case, the base layer gradually deforms under repeated loading. This
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mechanism of permanent deformation has an initial ‘bedding-in’ phase, during
which the rate of deformation is relatively high. This soon declines with increased
load repetitions until the rate of increase in permanent deformation enters a linear
or stable phase and becomes constant with increased load repetitions (Theyse,
2000). This stable condition may be maintained for a substantial period if the
conditioﬁs in the base layer. do not change. Figure 8.1 shows a typical result from
a cyclic test where this mechanism is active.

The second mechanism of permanent deformation occurs when the
applied shear stress approaches the shear strength of the material. In this case,
rapid permanent deformation of the base layer occurs under a relatively small
number of load applications. The pavement base layer enters an unstable
condition and the rate of permanent deformation increases (sometimes
exponentially) with increased load applications. When this happens base layer
material is shoved to the side of the wheeltrack. This mechanism of permanent
deformation may be initiated for a base layer in a stable condition of permanent
deformation when the shear strength of the material is suddenly reduced by the
ingress of water or, in the case of an old road, when the material is sufficiently
degraded by the mechanical action of the traffic loads to reduce the shear strength

of the material.

84  Factors Affecting Permanent Deformation

Several important factors influence the permanent strain behaviour of
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granular materials, which are discussed further in the following sections.

8.4.1 Stress Level

Research has shown that one of the most important factors affecting the
development of permanent deformations is the stress level. They have reported
that the permanent deformation is governed by some form of stress ratio
consisting of both deviatoric and confining stresses. Other researchers have
attempted to explain the permanent strain behaviour under repeated loading using
the ultimate shear strength of the material.

In this latter approach the static failure line is considered as a boundary for
permanent strain under repeated loading. This has been questioned by Lekarp and
Isacsson (1998) who argue that failure in granular materials under repeated

loading, is a gradual process and not a sudden collapse as in static failure tests.

8.4.2 Number of Load Applications

The number of load cycles is one of the most important factors to consider
in the analysis of the long term behaviour of granular materials. Some researchers
have reported continuously increasing permanent strain under repeated loading.
Others suggest that plastic behaviour of granular materials gradually stabilises,
making it possible to define a limit value for the accumulation of permanent
strain. Lekarp and Dawson (1997) argue that stabilization is only achieved when

the applied stresses are low. Application of high stress level results in a
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continuous increase of permanent strain and gradual deterioration.

8.4.3 Moisture Content

It has been found that the combination of a high degree of saturation and
low permeability, resulting in poor drainage, gives rise to pore pressure
development, low effective stress and consequently, low stiffness and low
deformation resistance. It has also been shown that a relatively small increase in
water content can trigger a dramatic increase in permanent strain rate and that
moisture sensitivity increases with an increase in fines content. The increase in
rutting potential of granular materials due to wetting has also been observed

during in-situ trials using the Heavy Vehicle Simulator (HVS).

8.4.4 Stress History

The permanent deformation behaviour of soils and granular materials at
any instant is directly related to the stress history (the order of application of
loads). It has been found that the permanent strain resulting from a successive
increase in the stress level is considerably smaller than the strain that occurs when
the highest stress level is applied first. Even though the effect of stress history on
permanent deformation behaviour has been recognised, limited research has been

done in this area.

103



Masters Thesis - Arash Katebi Zaki McMaster - Civil Engineering

8.4.5 Density

The effect of density, as described by degree of compaction, is regarded as
being very important for the long-term behaviour of granular materials.
Resistance to permanent deformation improves with a higher degree of
compaction. The reduction of plastic strain resulting from increased density is
particularly large for angular aggregates, that is provided that there is no
accompanying increase in transient pore pressure during repetitive loading. For
rounded aggregates, this decrease in strain with increasing density is considered to
be much less significant, as they are initially of higher relative density than

angular aggregates for the same density (Kim et al., 2001).

8.4.6 Grading and Aggregate Type

The differences in plastic strain for different aggregate types of the same
density show that angular materials (crushed stone) undergo smaller plastic
deformations compared to materials with rounded particles. This is said to be a
result of the higher angle of shearing resistance in angular materials that is related
to good particle interlock.

Some work has also been carried out in Linkdping, Sweden (Arm, 1998)
on determining the influence of material properties on the accumulation of
permanent deformation. The following conclusions were drawn:

e As long as the material grading is within the required specification, there is no

obvious change in permanent deformation properties. An open graded material
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however, results in rapid deformation.

e The percentage of crushed rock in the mixture affects performance, with greater
proportions of crushed material reducing the development of permanent
deformations.

e Materials with lower than optimum water content offer the highest. resistance to
permanent deformation.

o The higher the degree of compaction, the better the material performance.

e Aggregate shape has little influence on performance.

e The petrography of the material may influence the performance, with crushed
granite performing better than crushed limestone, which performs better than

granite gravel. However some of this may be the result of aggregate crushing.

8.5  Permanent Deformations

Some modelling of permanent deformation behaviour was carried out by
Van Niekerk et al. (1998). For each material tested, three triaxial tests were
performed at three different stress levels. The samples were loaded for either 10°
load repetitions (N) or until they accumulated more than 10% axial and/or radial
strain. The axial and radial deformations were measured at increasing N values
and from this, the axial and radial strains could be determined. The development
of permanent strain with N, was found to depend strongly on the failure stress
ratio (G,/Gy). It was observed that:

e Sands can be loaded to extreme ratios (61/0:s = 0.9 - 0.95) before considerable
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permanent strain develops,

e Mixed granulates develop considerable permanent strain at lower ratios
(o1/6.4= 0.3 -0.5).

The observed permanent deformation behaviour has been modelled by means of

the following equation for sand:

b
g, =al(R)“’|:l(J;(l)O] (8.1)

where: b = bl(R)bz , R = 01/0.f, & = permanent (axial or radial) strain, N = number
of load repetitions, R = stress ratio, and a,, ay, b, b, are material parameters found

from regression analysis, and 6, = maximum failure principal stress.

8.6  Selection of an Appropriate Stress Parameter

Several researchers have used the ratio between the applied shear stress
and shear strength of base materials (q/qs) as the stress parameter controlling the
permanent deformation of the material. Maree (1978) used the “safety factor” for
high quality crushed stone material and Huurman (1997) used a “stress ratio” for
base and subbase materials. The stress ratio (R), used in the study carried out by

Theyse (1999), was formulated in terms of deviator stress defined as:

or -0, _ g
e

O, —0, s

(8.2)

where, ¢ = principle stress (kPa); ;™ = maximum allowable major principle

stress (kPa) given c, ¢ and o3, 6,* = applied major principle stress (kPa); and
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03" = minor principle stress or confining pressure for the triaxial test (kPa). This

definition of stress ratio was adopted for this study.

8.7  Discussion of Cyclic Shear Tests

The cyclic test results are summarized in Tables 8.1 to 8.3.

8.7.1 Effect of Confining Pressure

Figure 8.2 and Figure 8.3 show the relationship between €,% and number
of cycles (N) at different levels of water content. For a stress ratio (R = q/qs) of
0.33, the tests entered a stable permanent deformation phase. The general trend
indicates an increase in &, when o3 increases. However, there are anomalies in
which this does not occur. The analysis of the data shows that at low confining
pressures the growth of plastic strain levels off and the material behavior
approaches an equilibrium state. At higher confining pressure (64 kPa), however,
the material exhibits continuing deformation rather than leveling off. This
phenomenon is more obvious as the water content/degree of saturation rises.
When examining the figures it is clear that there appears to be a threshold value of
water content, which when exceeded leads to large plastic strain development.

Figure 8.4 shows a linear relationship between plastic strain and confining
pressure. However, the slope of the line increases with increasing vsater content.
The stress dependency of plastic strain based on the static shear strength of the

material was outlined in previous sections. As discussed in Chapter 7, the values
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of q¢/pr decrease with increasing confining pressure. So there seems to be a
relationship between q¢/pr and plastic strain, i.e., as this value decreases (i.e. when
03 increases) the plastic strain increases. However, the results for low confining
pressures (i.e. 4 and 16 kPa) are very close to each other, which may be attributed
to some errors occurring from testing at such a low confining pressure. The
increase in plastic accumulated strain with increase in cell pressure should not be
surprising since the applied cyclic deviatoric stress also increases, as indicated
previously. What we observe is that plastic strain accumulation is not constant for
constant stress ratio relative to failure, which had been originally assumed. This

assumption implies that q/p, is constant, which we now know is not true.

8.7.2 Effect of Water Content

Figure 8.5 shows the relationship between €,% and number of cycles (N)
at varying water content and constant values of o3. For a constant value of o3,
whether it is 4 kPa, 16 kPa or 64 kPa, when the water content increases the values
of €, also rise. However, although water content is important it is concluded that
plastic strain development is more influenced by water content.

Figure 8.6 shows the relationship between accumulated plastic strain after
10 cycles of loading/unloading vs. water content, for different confining pressure.
As can be observed, the value of plastic strains increases with increasing water
content for all cases.

This value was higher for Material 2, although it should be pointed out that
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Material 2 had a higher q¢ applied to it.

The same argument can be used for the evaluation of the effect of water
content on plastic strain under a constant confining pressure. As was evident in
Chapter 7, when water content increases, the values of qg¢/pr decrease because of
changes in matric suction. Therefore, plastic strain increases with increasing water

content.

8.8  Freeze/Thaw
8.8.1 Effects of Saturation Level

Figure 8.7 shows the relationship between €, vs. number of cycles of
loading/unloading, for 63 = 4, 16 and 64 kPa. Between cycle five and six, which
corresponds to the freeze-thaw cycle, there is a sharp rise in the values of &, and a
leveling off thereafter. It is quite clear that with increasing water content the
amount of plastic strain increases. It is also clear that freeze-thaw action increases
plastic strain accumulation. When water content decreases from 10% to 4% the
plastic strain decreases by 17% for a confining pressure of 16 kPa, and by 30%
for a confining pressure of 64 kPa.

Figure 8.8 shows the relationship between €,% vs. water content for
different values of o3 after freezing and thawing. As can be seen, with increasing
water content the plastic strain increases and also, increased confining pressure
causes an increase in plastic strain, which is consistent with what was discussed

previously. Figure 8.9 shows the relationship between water content and Ag, for

109



Masters Thesis - Arash Katebi Zaki McMaster - Civil Engineering

different o3, where Ag, is the difference between ¢, after 10 cycles and ¢, after 5
cycles. A graph of Ag, vs. water content was drawn for cyclic loading and after
freezing/thawing and it appears to be linear in nature. As can be seen, after
freezing and thawing, the Ag, values are higher than those at cyclic loading at the
various levels of water content. The increase in percentage of the average plastic
strain ranges from 0.16% to 0.29% for o3 = 4, 16 and 64 kPa. The reason Ag, was
used, instead of accumulated plastic strain, is that it made the results more
comparable and also more accurate.

It was mentioned in Chapter 4 that freezing/thawing can change suction in
the specimen. In addition, as water freezes due to the vapor pressure of ice being
much lower than that of water, a high degree of suction is created. When thawing
takes place, the moisture inside the soil sample will not remain uniformly
distributed. This may lead to a change in suction and shear strength under cyclic
loading. Another important effect of freezing/thawing is that when water freezes
its volume increases by about 9%, thus the volume of the soil increases by about
2% to 6% (Lambe and Whitman, 1979) making the dry density decrease to 94%
of the original value. However, after freezing/thawing the suction probably could
be increased but the effect of decreased dry density is more governed by the
increasing plastic strain. From what was observed in this stage of the
experimental study, the freeze-thaw action likely contributes to a loss of material
memory with respect to strain hardening. Thus properties such as M; can be

changed by a freeze-thaw cycle.
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Table 8.1: Cyclic Test Results — Material 1

Test | Test o3 Pa N=0 N=1 N=5 | N=10
# | Type | (kPa) | %S, | (glem®) | %w (p/a) %ty | % % | %e
41 Cyclic 4 27.1 1.92 4 0.8145 0 0.29 0.36 0.36
55 Cyclic 4 26.6 1.91 4 0.8164 0 0.45 0.52 0.58
56 Cyclic 4 271 1.92 4 0.7778 0 0.29 0.36 0.36
122 | Cyclic 4 25.6 1.89 4 0.7715 0 0.30 0.38 0.37
39 Cyclic 16 25.6 1.89 4 0.6151 0 0.21 0.23 0.35
40 Cyclic 16 25.6 1.89 4 0.6094 0 0.21 0.23 0.32
123 | Cyclic 16 25.2 1.88 4 0.6068 0 0.43 0.50 0.56
42 Cyclic 64 26.1 1.90 4 0.4696 0 0.52 0.65 0.69
121 Cyclic 64 26.6 1.91 4 0.4623 0 0.47 0.52 0.55
43 Cyclic 4 44.9 1.89 7 0.7271 0 0.15 0.19 0.19
132 | Cyclic 4 44.9 1.89 7 0.6891 0 0.71 0.78 0.83
44 Cyclic 16 44.9 1.89 7 0.5869 0 0.78 1.05 1.20
53 Cyclic 16 47.4 1.92 7 0.5624 0 0.38 0.52 0.70
133 | Cyclic 16 46.5 1.91 7 0.5851 0 0.47 0.51 0.52
46 Cyclic 64 47.4 1.92 7 0.3893 0 0.29 0.36 0.38
54 Cyclic 64 45.7 1.90 7 0.3785 0 0.38 0.41 0.47
134 | Cyclic 64 45.7 1.90 7 0.3882 0 0.58 0.84 1.06
47 Cyclic 4 65.2 1.98 8.6 0.8434 0 0.65 0.87 1.14
137 | Cyclic 4 66.5 1.99 8.6 0.8271 0 0.54 0.63 0.7
48 Cyclic 16 65.2 1.98 8.6 0.6100 0 0.43 0.53 0.62
138 | Cyclic 16 65.2 1.98 8.6 0.6116 0 0.28 0.35 0.37
49 Cyclic 64 66.5 1.99 8.6 0.4755 0 0.31 0.43 0.53
139 | Cyclic 64 66.5 1.99 8.6 0.4794 0 0.6 1.21 1.88
50 Cyclic 4 65.3 1.90 10 0.7319 0 0.52 0.71 0.86
140 | Cyclic 4 64.1 1.89 10 0.7225 0 0.24 0.32 0.36
51 Cyclic 16 66.5 1.91 10 0.5330 0 0.29 0.46 0.64
141 | Cyclic 16 66.5 1.91 10 0.5144 0 0.65 0.89 0.96
52 Cyclic 64 65.3 1.90 10 0.4896 0 0.64 0.96 1.51
142 | Cyclic 64 65.3 1.90 10 0.3712 0 1.21 1.59 1.92

N: Number of cycles of loading

€p: Plastic strain at that certain cycle
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Table 8.2: Cyclic Test Results — Material 2

Test Test C3 Pa N=1 N=! N=10
# Type | (kPa) %S (o/cm®) %W (p/q) %okp %€p %€p
101 | Cyclic 4 65.6 1.88 10.5 0.7976 056 | 0.64 | 0.70
145 | Cyclic 4 65.6 1.88 10.5 0.7960 0.61 | 0.76 | 0.83
104 | Cyclic 16 64.4 1.87 10.5 0.6100 0.28 | 0.36 | 0.40
112 | Cyclic 16 64.4 1.87 10.5 0.7300 0.67 | 0.84 | 0.3
113 | Cyclic 16 64.4 1.87 10.5 0.4960 064 | 0.76 | 0.80
146 | Cyclic 16 64.4 1.87 10.5 0.6370 0.71 0.87 | 0.96
125 | Cyclic 64 66.7 1.89 10.5 0.4644 1.25 | 2.16 3.00
147 | Cyclic 64 67.9 1.90 10.5 0.4561 038 | 0.75 | 1.00
89 Cyclic 4 69.9 1.97 9.5 0.8180 070 | 0.82 0.90
150 | Cyclic 4 72.6 1.99 9.5 0.8090 047 | 065 0.66
90 Cyclic 16 71.3 1.98 9.5 0.6616 0.53 0.76 0.80
110 | Cyclic 16 69.9 1.97 9.5 0.5180 1.05 1.24 1.31
111_| Cyclic 16 69.9 1.97 9.5 0.7400 1.60 1.90 2.03
151 | Cyclic 16 71.3 1.98 9.5 0.6560 0.52 0.63 0.65
92 Cyclic 64 72.6 1.99 9.5 0.5090 0.41 0.55 0.60
152 | Cyclic 64 69.9 1.97 9.5 0.5100 0.59 0.72 0.90
93 Cyclic 4 54.0 1.89 8.5 0.7535 0.66 0.76 0.78
153 | Cyclic 4 53.1 1.88 8.5 0.7580 0.46 0.57 0.64
94 Cyclic 16 53.1 1.88 8.5 0.5920 0.70 0.93 1.10
154 | Cyclic 16 55.0 1.90 8.5 0.6050 0.39 0.57 0.68
96 Cyclic 64 54.0 1.89 8.5 0.4359 0.89 1.25 1.53
155 | Cyclic 64 52.1 1.87 8.5 0.4350 0.84 1.33 1.68
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Table 8.3: Cyclic Test Results — Material 1

(Freeze and Thaw)

Test Test o3 Pa N=1 N=5 N=6 | N=I10

# Type (kPa) %S (g/cm®) %W %€p %€p %€p %€p
113? Cyc.F/Th 4 24.7 1.87 4 0.14 0.18 0.28 | 0.29
111% Cyc.F/Th 16 25.6 1.89 4 0.18 0.20 028 | 0.33
11;% Cyc.F/Th 64 25.6 1.89 4 0.63 0.77 1.13 | 1.24
97-98 | Cyc.F/Th 4 48.3 1.93 7 0.63 0.72 0.96 | 1.00
112233 Cyc.F/Th 16 44.1 1.88 7 0.50 0.57 1.05 | 1.07
11%15; Cyc.F/Th 64 44.1 1.88 7 0.75 0.92 1.20 | 1.20
11%%- Cyc.F/Th 4 65.2 1.98 8.6 0.54 0.72 091 | 0.94
112% Cyc.F/Th 16 66.5 1.99 8.6 0.68 0.85 112 | 1.14
1111%- Cyc.F/Th 64 64.0 1.97 8.6 0.48 0.55 075 | 0.85
111;; Cyc.F/Th 4 65.3 1.90 10 0.61 0.79 1.10 | 1.20
{9&) Cyc.F/Th 16 66.5 1.91 10 0.29 0.32 064 | 0.73
11%%- Cyc.F/Th 64 64.1 1.89 10 0.55 0.74 1.08 | 1.13
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Figure 8.1: Plastic Strain — Number of Loads (Theyse, 2000)
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Figure 8.2: Plastic Strain vs. Number of Loads - Material 1
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Figure 8.2: Plastic Strain vs. Number of Loads - Material 1 (continued)
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Figure 8.3: Plastic Strain vs. Number of Loads - Material 2
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Figure 8.5: Plastic Strain vs. Number of Loads (continued)
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CHAPTER 9

Conclusions and Recommendations

9.1 Imntroduction

This study was designed to identify characteristics of the stress-strain
behavior of unsaturated modified granular material at different initial water
content, degrees of saturation and confining pressures. Throughout the study, the
tests focused on undrained, unsaturated behavior. The objectives of the study
were listed in Chapter 1 and the results presented in Chapters 7 and 8 indicate that
the objectives have generally been met. Therefore, the following conclusions are

made.

9.2  Observations and Conclusions
1. The stress-strain response of unsaturated modified granular material is
affected by the confining pressure applied. Results show that as cell pressure

was increased, the stiffness (E,) and shear strength (q,) observed at a given

degree of saturation increased, as expected.

2. The shear strength and stiffness decreased with increasing saturation. This
was true for the entire range of test conditions. Variations in strength and
stiffness are therefore direct consequences of the molding water content.

Increasing the degree of saturation from 25% to 66% causes a 30% reduction
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in g, and 50% reduction in Eso for 3= 16 and 64 kPa, and almost no changes

in q, and Eso for o3 =4 kPa.

3. Results show that the relation between q¢ and pr appears to be linear in nature,
although it has a slight curvature which can be attributed to its unsaturated
condition. This was clearer for samples at higher water content (7%, 10%).
The lines for 8.6% and 9.5% water content had higher values of dry density
that justify the higher shear strength. It can be interpreted that a change in
suction is not as effective as a change in confining pressure when it comes to

producing an increase in shearing resistance.

4. A comparison of the results for Material 1 and Material 2 suggests that
angular aggregates with good particle interlock may reduce the lubrication
effect of water content and minimize the effect of increasing water content on

the reduction in shear strength.

5. A comparison of the normalized stress-strain curves for varying water
contents at constant cell pressures shows that for low confining pressure (4
kPa), the effect of changing water content is minimal but with increasing

confining pressure, it is reasonably clear that q./p, decreases as the water

content increases.

6. A comparison of the normalized stress-strain curves, for varying confining
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pressures at constant water content, indicates that with increasing confining
pressure the value of normalized shear strength decreases and the behavior

becomes more ductile.

7. Initial suction was found to have little influence on shear strength at low

confining pressure (4 kPa).

8. The normalized modulus (E,/c ) was found to increase with increasing

initial suction, reaching maximum values at suctions at about the air-entry-
value (3.5 kPa) and then levelling off. Therefore, increasing suction does not
necessarily result in continuously increasing normalized modulus. Note that
the decrease in the slope was more pronounced for low cell pressure (4 kPa).
For confining pressures of 4 kPa and 64 kPa, and when moisture content

changes from 7% to 10%, Eso/ o decreases by 20%, and 10% respectively.

9. The test results show that the hyperbolic stress-strain relation is applicable to
unsaturated modified granular material at large strains (1% to 2%). Ductility

also increases with increasing confining pressure.

10. Based on results corresponding to cyclic load tests performed at a stress ratio
of 0.33, the materials entered a stable permanent deformation phase and the

general trend indicates an increase in €, when o3 increases. However, there
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11.

12.

13.

are anomalies in which this does not occur. In fact, plastic strain accumulation
is not constant for a constant stress ratio relative to failure, which had been

originally assumed.

Analysis of the data showed that at low confining pressures the growth of
plastic strain levels off after 5 cycles of loading/unloading and the material
behavior approached an equilibrium state. At higher confining pressure (64
kPa), however, the material exhibited continuing deformation rather than
stabilization. This phenomenon is more obvious as the water content/ degree

of saturation rises.

Analysis of the data showed that the plastic strain (g, %) increased as the
water content increased. However it is evident that with increasing confining
pressure this effect is more noticeable. For confining pressures of 16 and 64
kPa, when moisture content changes from 10% to 4%, the plastic strain

decreases by 17% and 30% respectively.

For material 1 at 4% and 7% moisture content, cyclic loading causes about a
33% decrease in plastic strain when the confining pressure decreases from 64
kPa to 4 kPa. However there is a decrease of about 64% in the plastic strain

for material 1 and material 2 at 10 % moisture content.
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14.

15.

16.

17.

18.

It is clear from the cyclic tests that plastic strain accumulation is not a simple
function of stress ratio, R, which had been originally assumed. The
accumulated plastic strain is a function of confining pressure, suction,
dilatancy, number of load cycles, and stress ratio. However, both suction and
dilatancy are significantly affected by confining pressure. Therefore it appears

that the effect of confining pressure on plastic strain is significant.

There is an approximate linear relation between plastic strain development
and confining pressure for different water content. It was observed that with
increasing confining pressure, the value of the plastic strain increases.

However, the slope of the line increases with increasing water content.

It was found that freeze-thaw cycles increase the accumulated plastic strains.
However, it appears that strain hardening memory may be lost due to freeze-

thaw loading.

Results show that there is an almost linear relation between plastic strain and

water content after freeze-thaw or cyclic tests.

The research also shows that there is an almost linear relation between Ag,

and moisture content after cyclic tests or freeze-thaw. For all cases, the Agj,is

higher after freeze-thaw.
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19. The computer analysis showed that the surface deflection is relatively

9.3

1.

insensitive to the properties of the base layer, which in turn implies that
deflection measurements are not a good indicator of changes in the properties

of the base/subbase due to possible changes in moisture.

Minor Observations and Conclusions
The compaction energy, used to compact the samples prepared for this study,
was 2.45 times less than that of the standard Proctor test. Based on
compaction theory, this is expected to cause an increase in the optimum water
content (Wopt) and a decrease in the maximum dry density (Pamax). It should be
mentioned that in spite of increasing the wop,: and decreasing the dry density,
the air content was found to be between 7% and 8%. This is the same air

content range of material tested in the standard Proctor test.

Three samples were prepared by applying suction during the preparation of
specimens for the triaxial test and the results show that water content

decreased on average from 10% to 7%.

The samples could not be prepared with water content 2% higher than wep,

because during compaction and preparation of the samples the excess water

would reach the top of the sample making it loose and unstable.
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4. A SWCC test was conducted on Material 1 (drying curve) and the results
show a bubbling pressure of about 3.5 kPa, which is in accordance with the

characteristic results for sandy material.

94  Recommendations for Future Research
1. Greater attention should be given to the measurement of volume and suction
changes that occur during shearing procedures (both quick undrained,
consolidated undrained, and drained procedures) to more precisely understand

the mechanisms responsible for shearing resistance.

2. Changes in suction should be measured during shear application. The
following questions should be examined: Does the change in suction behave
linearly with respect to changes in confining pressure and net mean stress?
Does the change in suction that occurs with changes in pressure depend on the

initial suction (water content) of the specimen before testing?

3. The changes in suction that occur specifically as a result of freeze-thaw of the

unsaturated granular material should be examined.

4. The relation between normalized shear strengths and plastic strain of the

granular material should be identified.
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5. The adjustment to the normalized shear strengths-plastic strain relationship

due to freeze-thaw phenomena should be investigated further.
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