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ABSTRACT

The long term performance of a pavement structure is strongly dependent on the subgrade
soil conditions. This is particularly true in areas experiencing seasonal freezing and
fluctuations in moisture and temperature existing within and around the pavement
structure. To account for the adverse effects of such factors on the structural adequacy of
pavements, it is necessary to have available realistic and reliable strength measures for the
layer component materials. With the resilient modulus as a key parameter in such an
evaluation, the current study is aimed at investigating the seasonal variation effects of
moisture and temperature on pavement bearing capacity as assessed by non-destructive

and other appropriate laboratery test procedures.

The present study consists of two phases: a field investigation phase and a laboratory
testing program. Within the scope of the field testing program, a pavement section
representative of the primary highway system within the Province of Alberta, was selected
and instrumented with thermal conductivity suction sensors. FWD deflection tests were
conducted at regular time intervals over a period of two years, and at various locations
within the instrumented section. Output from these tests coupled with temperature znd
suction measurements were used in various forms to establish a procedure for measuring

seasonal variations in the structural strength of the subgrade soil.

The laboratory investigation involved extensive repeated load testing cn remolded samples

of the subgrade material taken from the instrumented site. Representative resilient



modulus values, under different loading, temperature and moisture conditions, obtained

from these test were used to develop predictive modul relationships.

Both field and laboratory phases produced unique and practical approaches for quantifying
the influence of seasonal variations on subgrade strength. Although traffic induced
stresses were found to be significant in effecting subgrade strength, the soil matric suction

was found to be more influential.

In addition to the benefits gained from this current research project, a new and relatively
inexpensive resilient modulus test system has been developed and is now operational. This
system can be utilized in the future for developing mechanistic-empirical procedures for

the design and rehabilitation of flexible pavements.
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CHAPTER ONE

INTRODUCTION

1.1 Research Problem Statement

The impact of the environment or pavement response and performance has been
an important issue of concern to many highway engineers and researchers. Among the
many environmental factors, moisture and temperature conditions within and around
pavement structures represent the most significant parameters that influence pavement

response to traffic loads.

The effects of ooth temperature and moisture variations on pavements can be
viewed through their influences on the properties of the constituent materials. Such
seasonal variations tend to change the strength of the pavement materials so that their

resistance to traffic induced stresses are altered.

It then follows that quantitative evaluation of the influences of both temperature
and moisture variations on pavement response is essential to properly design and
rehabilitate new and existing pavements. This necessitates establishing a procedure for

measuring seasonal variations.

In the present research a methodology was developed for quantifying seasonal
variations in subgrade strength as assessed by non-destructive and other appropriate

laboratory test procedures.
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1.2 Research Objectives

The main theme of the current research concentrates on developing suitable

resilient modulus relationships for a typical subgrade soil material that is frequently

encountered within the Province of Alberta. These models incorporate the effects of both

temperature and moisture influences on pavement structures situated in cold regions.

The primary objective of the investigation was to establish seasonal variation-

moduli relationships for the purpose of future implementation of mechanistic-empirical

pavement design procedures.

Specific objectives of the study are to:

Establish temperature and soil matric suction distribution trends within a typical

subgrade soil material in Alberta.

Assess the effects of seasonal variations in temperature and soil matric suction on
flexible pavement structural capacity to withstand traffic loadings particularly
d.ring the thaw-weakening period in the spring time. This will be accomplished
through the use of non-destructive deflection testing and modulus back-calculation

techniques.

Describe currently available laboratory procedures for determining pavement layer

moduli.

Develop an improved, relatively inexpensive laboratory resilient modulus testing
system. This also includes establishing a procedure, or a set of procedures, for

efficient analysis of obtained test results. The purpose behind the development of



such a system is to provide a means for future implementation of mechanistic-

empirical pavement design procedures in the Province of Alberta.

s. Dcvelop a testing protocol to be used for repeated load tests on cobesive subgrade
soils.
6. Develop laboratory predictive resilient moduli models for typical Alberta subgrade

soils in terms of pertinent soil properties and conditions. This will be achieved

through the utilization of the developed dynamic repeated load testing syztem.

7. Correlate laboratory-determined resilient moduli relationships with field-obtained
moduli.
8. Provide guide .-3s for future implementation of mechanistic-empirical pavement

design methodologies.

1.3 Study Approach
To achieve the research objectives, a two-phase investigation was conceived. The
first phase was a field testing program and the second phase was a laboratory testing

program.

The proposed field testing program consisted of instrumenting a pavement section
that is representative of the primary highway system within Alberta, with thermal
conductivity suction sensors. Falling Weight Deflectometer (FWD) deflection tests (Bush,
1980; Hoffman and Thompson, 1982; Coetzee and Hicks, 1989, and AASHTO, 1993)
were conducted at various locations within the instrumented section. This was done at
difterent time intervals throughout the seasons with particular emphasis on the spring time.
Output from these tests were used to back-calculate the resilient moduli of the various

component layers of the psvement structure. The back-calculated moduli in conjunction



with temperature and soil suction measurements were linked together to describe the

changes in subgrade resilient characteristics under varying environmental conditions.

Within the scope of the laboratory testing phase, extensive repeated load testing on
remolded samples of the subgrade material taken from the instrumented site were
conducted to obtain representative resilient moduli values under different loading,
temperature and moisture conditions. Predictive moduli relationships linking the resilient

modulus of the subgrade material to the stress state variables were postulated.

The final stage in the research plan linked in situ obtained moduli with laboratory
determined modv  This provides guidelines for implementing mechanistic-empirical
methodologies for -..signing and rehabilitating flexible pavements in Alberta. Moreover,
better understanding of thaw-weaking behaviour of subgrade soils within the Province is
expected to provide more sound and rational design mechanisms to cater for the adverse

effects of such phenomenon.

1.4 Scope and Limitations

The scope of this study is limited to conventional asphalt concrete pavements.
Furthermore, only one type of subgrade soil has been investigated in this study. The soil
chosen represents a typical subgrade material that is frequently encountered in Alberta. It
is a medium to low plasticity silty clay material that classifies as a CL-CI type soil
according to the Unified Soil Classification System. This soil aiso classifies as a soil Type
2 according to the AASHTO T 294-92 Resilient Modulus Test Procedure (AASHTO,
1992).



inability to continuously monitor soil matric suction under repeated loading test
conditions necessitated the estimation of this parameter from water content-matric suction
relations known as moisture retention curves. Because of the anticipated significant effect
of matric suction on the resilient moduius, great care was exercised in estimating this
parameter from the moisture retention curves. Continuous measurement of the other

parameters during the repeated loading test did not present any problem.

The results obtained from repeated load tests are accurate within the error range of
the devices used. This includes loading cells, pressure transducer, LVDT's, and

temperature-measuring thermocouples.

Back-calculation of layer moduli was performed using only the MODULUS
computer program (Uzan et al., 1988 and MODULUS, 1990). This implies that the
results and research findings obtained from this study are interpretable only within the

limits of accuracy associated with this program.

1.5 Organization of the Thesis
This thesis is divided into eight chapters and five appendices. Chapter one
contains the problem background, the research objectives, the study plan and the scope

and limitations of the research work.

Chapter two is a state-of-the-art review of current techniques used in the structural
evaluation of flexible pavements. This encompasses methods of pavement design,
pavement performance  criteria, non-destructive  deflection testing, materials
characterization and seasonal effects of environmental factors on pavements. Particular

emphasis is placed on methods used in obtaining pavement materials’ resilient moduli both



in situ and under controlled laboratory conditions. The phenomenon of seasonal
variations in pavement strength pertaining to pavement structures that are situated in areas

experiencing cyclic freezing and thawing was also discussed in detail.

Chapter three is an in-depth summary of methods and devices used for measuring
soil suction. The theoretical concepts underlying the mechanical behaviour of frozen and
non frozen unsaturated soils and their relation to soil suction are briefly reviewed. This is
then followed by a description of the various devices used for measuring the different

components of soil suction.

Chapter four describes the general outline of the field testing program. This
involves the description of the pavement test site selected for instrumentation together
with the selection criteria used. Instrumentation details and the procedure used for
collecting and monitoring temperature and matric suction data are also included in this

chapter.

Chapter five overviews the general framework of the laboratory testing phase of
the research study. This chapter consists of three main sections. The first section is
devoted to the description of the resilient modulus test system developed for the
laboratory investigation. The second section deals with the identification, grouping and
preparation of the soil samples tested. The third section documents the test protocol used

and also the testing plan carried out.

Chapters six and seven present and discuss the research findings from the

laboratory and the field testing phases, respectively.



Chapter eight contains a summary of the whole research study together with the
final conclusions and recommendations for future research. Practical implications of the

research findings are also included in this chapter.

Appendix A includes the calibration curves of the twelve AGWA-II thermal
conductivity sensors used in this study together with a table displaying the limits of

accuracy associated with these sensors.

Appendix B contains the water retention characteristic curves for the different soil

groups tested.

Appendix C contains the collected temperature and soil matric suction data

presented in a graphical form.

Appendix D contains typical printouts of FWD deflection data collected using two
different versions of the Dynatest FWD Field Program. Listing of the BOWL computer
program developed and used for the analysis of the deflection data is also included in this

appendix.

Appendix E provides detailed information on the laboratory resilient modulus

testing system that was developed and used in the current study.
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CHAPTER TWO

FLEXIBLE PAVEMENT STRUCTURAL EVALUATION

2.1 Introduction

In this chapter, an extensive review of current knowledge of flexible pavement
design is given, including flexible pavement design procedures, pavement performance and
its linkage to pavement response, miaterials characterization and the phenomenon of
seasonal variations in pavement strength. The emphasis in this chapter is on available

techniques for the structural evaluation of flexible pavements.

2.2  Methods of Pavement Design

Although flexible pavements have been in use since the late 1800's, subjectivity still
plays an important role within the pavement design process. Prior to the early 1920,
thickness design of pavements was based solely on experience. As experience was gained
throughout the years, various methods were developed by various agencies and highway
departments for determining the required pavement thickness. In the following sections, an

overview of some of these methods will be presented.

2.2.1 Design Types
As it stands today, procedures for flexible pavement design can be categorized into

five groups (Huang, 1993).

1. Empirical methods with or without a soil strength test: These methods were

among the first to be developed for the purpose of determining the thicknesses of fiexible
pavements. An example is the Group Index method developed by the Highway Research
Board (HRB, 1945). This procedure uses a modified version of the Public Roads Soil

Classification System, developed by Hogentogler and Terzaghi in 1929, to estimate the
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subbase and pavernent thickness without a strength test. Another example of a method
that uses a soil strength test is the CBR method developed, for airfield pavements, by the
California Highway Department in 1929 (Porter, 1950) and modified by the Corps of
Engineers to include flexible pavements (Middlebrooks 2ad Bertram, 1950). This method

received much attention and became very popular after the Second World War.

2. Limiting shear failure methods: The limiting shear failure methods utilize the
shear strength parameters (cohesion and angle of internal friction) of pavement component
materials to prevent shear failures (Barber, 1945 and McLeod, 1953). Such procedures
were virtually discontinued because of the frct that pavements should be designed for

riding comfort rather than for merely preventing shear failures.

3. Limiting deflection methods: The deflection method uses the principle of the
vertical deflection at the top of the subgrade layer as a limiting criterion for thickness
design. Pavement thicknesses are determined in such a way that the vertical deflection will
not exceed a specified maximum value. Examples of these methods are the Kansas State

Highway Commission procedure (1947) and the U.S. Navy procedure (1953).

4. Regression methods based on pavement performance or road tests: These

methods link the performance of in-service pavements and/or full scale road tests with the
factors that influence such performance. Examples are the two AASHTO (1972 and 1986)
procedures that were based on results from the AASHO Road Test. Other examples that
utilize in-service pavements rather than road tests are the Canadian studies in the late
1950°s and early 1960’s (CGRA, 1962), COPES (Darter et al., 1985) and EXPEAR (Hall
et al., 1989) procedures.
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5. Mechanistic-Empirical methods: Since the emphasis in this thesis is on the
utilization of mechanistic-empirical (M-E) methodologies for the purposes of pavement
design and evaluation, the details pertaining to these procedures will be reviewed more

thoroughly in the next section.

2.2.2 Mechanistic-Empirical Design Procedures

Pavement structures are considered extremely complicated physical systems that
involve the interaction of a large number of complex and interrelated factors. As a result, a
systematic and logica! approach must be followed in developing rational and generally

applicable method(s) for pavement thickness design.

Historically, many thickness design procedures have been developed by various
highway departments and transportation research institutes. Unfortunately, most, if not all,
lack the rationale for making them universal in terms of application. Realizing the problem,
several researchers, during the past four decades, have put a great deal of effort into
developing a mechanistic basis for designing and evaluating pavement structures. As a
result, many theoretically-based design procedures evolved. However, all these procedures
include an empirical element as well, and are therefore usually referred to as mechanistic-

empirical or analytical-empirical procedures (AASHTO, 1993 and Ullidtz, 1987).

A mechanistic-empirical (M-E) method is a design approach whereby the
performance of a pavement system is postulated to be closely related to the mechanistic
responses of stress, strain and displacement induced in the pavement under traffic loading
and/or environmental influences. Within this context, the thickness design process involves
selecting a pavement structure in which an appropriate combination of materials and layer
thicknesses is chosen to counter the adverse effects of the various forms of distress

induced in the pavement from traffic and environmentally-related factors. Thus, several
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design inputs are needed for mechanistic design. These include traffic, materials and

environmental factors.

Examples of M-E design methods are the Asphalt Institute (Al, 1982) and the
Shell (Shell, 1973) procedures. In both methodologies, the horizontal tensile strain at the
bottom of asphalt bound layer(s) and the vertical compressive strain at the top of the
subgrade constitute the design parameters used to control both fatigue cracking and
permanent deformatiors within these layers, respectively. These failure criteria were first

suggested by Saal and Pell (1960) and Kerkhoven and Dormon (1953).

The merits of adopting a mechanistic-empirical design approach over other
procedures described in section 2.2.1 can be viewed as follows:

()] An M-E procedure permits the effective and expeditious use of existing materials
and the incorporation of new materials into the design process { this is in contrast
to the purely empirical and regression methods in which embedded empiricism
prevents such versatility in application).

(II)  Relating pavement prime responses under load to the distress design criteria in a
rational and applicable manner improves the reliability of the overall pavement
design process.

(III) M-E methods provide for the ability to extrapolate the design equations for other

sets of loading and/or environmental conditions.

2.2.3 Pavement Model

Utilizing the M-E design concepts, pavement systems have been modeled as multi-
layered systems that can be analyzed using the principles of continuum mechanics. During
the forties and fifties, Burmister (1943 and 1958) developed and verified a multi-layered

elastic theory for a two-layer pavement system. Other researchers followed (Warren and
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Dieckmann, 1963; De Jong et al., 1973; Hwang and Witczak, 1979; and Kopperman et al,,
1986) and extended Burmister's solution to more generalized pavement conditions in
terms of the number of layers within the pavemeat structure, axle load configurations and

conditions of friction at pavement layer interface surfaces.

A major disadvantage of the elastic layered-theory seems to be the incorrect
assumption that each layer within the pavement is considered homogeneous with the
elastic properties being the same throughout the layer. This assumption ignores the fuct
that most pavement materials, especially granular bases and fine-grained subgrades, have
nonlinear load-deformation characteristics. This in turn necessitates complete mapping of
the stress-strain characteristics within each pavement layer for proper assignment of an
elastic modulus that will be representative of the whole layer. Taking this into account,
some investigators have employed finite element techniques to the solution of layered

systems (Duncan et al., 1968, Raad and Figuerao, 1980; and Harichandran et al., 1989).

Due to the temperature-dependency of asphalt-stabilized materials, some
researchers have used the viscoelastic analysis approach to model the behaviour of these

materials (Monismith and Secor, 1962 and Barksdale and Leonards, 1967).

As a result of the aforementioned studies, several multi-layered elastic solutions for
modeling flexible pavement structures are available today in the form of either graphical
solutions or computer programs, including the well known CHEV program developed by
Chevron Research Company (Warren and Dieckmann, 1963), the DAMA program of the
Asphalt Institute (Hwang and Witczak, 1979), the BISAR program of Shell International
Inc. (De Jong et al., 1973) and the ELSYMS program developed at the University of
California (Kopperman et al., 1986). Other programs that are based on linear viscoelastic

theory are also available. Examples of these are the ILLI-PAVE program (Raad and
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Figuerao, 1980), the MICH-PAVE (Harichandran et al., 1989) and the Federal Highway
Administration VESYS-II program (FHWA, 1978).

The selection of a specific mathematical model to represent the pavement structure
should depend on whether there are any benefits gained in using a more sophisticated
approach. Over the years, however, the elastic layered approach has proven to have
worked adequately, from a practical stand point, in estimating actual pavement response

te load and in predicting field performance.

2.2.4 Design Parameters
The pertinent design variables that are needed as inputs in an M-E design
procedure can be listed under four categories: traffic, environment, materials

characterization and failure critena.

Traffic and environmental factors are those that impose a load on the pavement
structure, whereas materials variabies are those that characterize pavement response to
load. On the other hand, failure criteria constitute the design equations that govern the
relationship between pavement response and pavement performance. Another important
concept is that of variability. All aspects of pavement design involve inherent variations
that can not be measured adequately or predicted in the deterministic sense. Therefore,
neither the exact determination of traffic to be carried by the pavement structure at any
point in time during its service life nor the precise prediction of the prevailing
environmental conditions at any particular site are possible. As a result, any pavement
design procedure must have a reliability component that includes such varia...ns in the

design inputs and the model or r:iodel coefficients selected for the design purposes
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Traffic variables include all those related to the vehicle loads applied to the
pavement. Such variables include total vehicle load, whee: 10ad, tire pressure, axle load
configuration, lateral distribution of wheel loads, number of wheel load applications, lane
and directional wheel load distribution, sequence of load application of various types and
variability of traffic. Historically, two trends have been followed in estimating traffic
loading for pavement design purposes:

4)) The direct analysis of the actual mixed traffic loads encountered.

(I) The introduction of the equivalent single axle load concept (ESAL), which
involves converting all mixed traffic into equivalent load applications of a standard
single axle load (usually taken as 80 kN single axle load).

An extensive review of the merits and drawbacks of both techniques can be found

elsewhere (Monismith et al., 1986 and Khogali, 1988).

The details pertaining to the other variables including materials and environmental

influences will be presented in sections 2.4 and 2.5 of this chapter.

2.3  Pavement Performance

The condition of a highway network is of extreme importance to the economy of
any country. In connection with the recent Strategic Highway Research Program (SHRP)
in the U.S, it has been estimated that replacing and rehabilitating existing pavements will
cost about 400 billion dollars over the next 15 years (Ullidtz, 1987). This example and
many others serve to illustrate the point that highway authorities and other decision
makers must carefully evaluate the best and most cost effective ways of maintaining such
facilities. The importance of such planning has beeri made evident, in recent years, by
many research initiatives within the field. The largest of “ese is the aforementioned

Strategic Highway Research Program. A major portion of this program, named the Long
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Term Pavement Performance (LTPP) study (SHRP, 1986; Hudson and Elkins, 1989; and

Teng, 1993), is aimed at developing better models for predicting pavement performance.

In countries such as France, Australia, Switzerland, the United Kingdom and
South Affica, efforts have taken the form of building full-scale testing facilities and

initiating accelerated pavement test research.

The two above-mentioned types of research efforts will serve to complement each

other and provide for a better understanding of pavement behaviour in the future.

2.3.1 Functional and Structural Evaluation

The importance of evaluating pavement performance stems from the fact that
pavements must withstand structural failure due to traffic loading, and the design process
should include a means of measuring pavement condition deterioration over time. This is
because pavements, unlike other structures, tend to deteriorate gradually with time as a
result of material quality, traffic loading and environmental conditions. Also, observed
pavement performance under actual field conditions is the final criterion to judge the
adequacy of any design procedure. Thus, measuring performance and relating this to

pavement response serve to validate the design approach.

During the process of pavement evaluation, one should be able to distinguish
between pavement response and pavement performance. Pavement response refers to the
mechanistic responses of stress, strain and deflection induced in the pavement structure by
traffic loading and/or climatic factors. On the other hand, performance is the term used to
describe the condition of the pavement structure at any time as measured or observed
through manifested pavement distress such as surface cracking and/or permanent

deformation.
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Current concepts of pavement performance should include functional, structural
and safety evaluations (AASHTO, 1986 and 1993). For the purposes of this research
study, only functional and structural evaluations will be reviewed with specific attention
being given to the latter. Details on safety considerations can be found elsewhere (Yoder

and Witczak, 1975; Leu and Henry, 1978, FHWA, 1980; and Huang, 1993).

Functional performance relates to how well a pavement serves the user. In this
context, riding comfort, or ride quality, constitutes the major parameter of interest. To
quantify this factor, various highway departments have adopted two approaches. Both
approaches use the "serviceability-performance" concept developed by the / ASHO Road
Test staffin 1957. In the first approach, serviceability is measured in terms of the Present
Serviceability Index (PSI). This index is expressed in terms of pavement roughness and
distress conditions such as rutting, cracking and patching. In the second approach, the
serviceability is measured in terms of the International Roughness Index (IRI), which is

based on roughness only (Sayers et al., 1986a and 1986b).

Structural performance deals with the pavements’ physical conditions, i.e.
occurrence of cracking, raveling and other conditions that adversely affect the road-
carrying capability of the pavement structure. Such ability is usually referred to as the
"bearing capacity” of the pavement structure. Bearing capacity is the main issue of
concern in the current research investigation, and, therefore, the remaining parts of this
chapter will be devoted solely to the discussion of all the aspects pertaining to this

parameter.

One further point of concern is that functional and structural performance should

not be combined into one index since these are two incommensurable quantities. Rather,
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each evaluati<n should be conducted independently, and the adequacy of the pavement

design procedure should then be checked against each of these evaluations separately.

2.3.2 Bearing Capacity

The evaluation of the pavement bearing capacity has long been the focus of
attention of many highway engineers and researchers. Plate-bearing tests and CBR tests
were among the first to be used for determining the in situ structural strength of individual
component layers of pavements. Traditionally, the plate-bearing test was used to obtain
the supporting capacity of subgrades, bases, and in some cases, completed pavements by
utilizing relatively large diameter plates. The evaluation took the form of obtaining a
modulus of elasticity in the case of flexible pavements and a modulus of subgrade reaction
in the case of rigid pavements. On the other hand, the CBR test has also been in use for
determining the subgrade CBR value both in the laboratory and in situ. A major
disadvantage of the plate-bearing and the CBR tests is that both are destructive tests

which involve both expensive and time consuming efforts.

The development of the Benkelman Beam device in the early 1950's marked the
first use of nondestructive evaluations of in service pavements. This device, developed by
A.C. Benkelman, was used during the WASHO Road Test (1955) to measure pavement
surface deflection and relate that to the pavement load-carrying capacity. The device

proved to be adequate and had great potential for such purposes.

Extensive use of the Benkelman Beam for assessing the structural strength of
pavement was also conducted by the Canadian Good Road Association in the late 1950's
and early 1960's (CGRA, 1962). In these studies, the CGRA revised and standardized the

WASHO test procedure to achieve more reproducible results. The modified test
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procedure, known as the CGRA Rebound Method, is described in detail elsewhere

(CGRA, 1959).

During the 1950’s and 1960’s a number of other non-destructive methods were
developed to determine the geometric and elastic parameters of pavement structures.
These methods were based on the theory of surface wave propagation in an elastic

medium. Details on these procedures will be given in section 2.4.5.1.

In addition to in situ evaluation of pavement bearing capacity, various laboratory
tests of different kinds have also been in use. Some of these involve determining basic
material properties such as the gradation of base courses, moisture-density relationships
for subgrade soils and mix characteristics of asphalt concrete materials. Other tests are of
special types in which one or more of the fundamental elastic properties of pavement
materials are determined. Examples include the indirect tensile test for asphait-stabilized
materials and the triaxial resilient modulus test for granular base courses and subgrade

soils.

2.3.3 Non Destructive Deflection Testing

The use of non destructive (NDT) deflection testing has been an integral part of
pavement structural evaluation for many decades. Since its inception in the early 1550's
(WASHO, 1955), it has become apparent that surface deflection constitutes an excellent
tool for determining pavement load-carrying capacity for the purposes of checking
pavement structural integrity and providing remedial measures where needed. Several
agencies started developing failure criteria based on maximum deflection as represented by
the number of allowable load repetitions. As experience grew with the Benkelman Beam
testing procedure, only the "rebound", "recoverable”, or "elastic" portion of the deflection

was used as an indicator of pavement strength. The CGRA rebound procedure (CGRA,
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1965) and the Asphalt Institute overlay design method (Al, 1969) are two examples of

procedures that utilized this parameter.

Recent technical advances indicate that the use of the deflection rebound value as a
sole indicator of strength is inadequate and needs to be supplemented by other strength
measures. This fact, as has been referred to in the 1986 AASHTO Guide, stems from two
fundamental principles of deflection testing:

(1)  multiple structural distress types (such as deformation and fracture) must be
separately accounted for in the interpretation of deflection test results; and

(2) pavement material type and layer thickness are also important factors to be
considered in the structural evaluation of pavements.

As a result, many transportation agencies have refined their deflection design criteria to

include a measure of pavement flexural strength. An example is the design procedure

developed at the Laboratoire Central des Ponts et Chaussees (LCPC) (Guillemin and

Gramsammer, 1971). The LCPC method makes extensive use of empirical relations based

or the product of deflection and pavement radius of curvature to evaluate structural

conditions of in-service roads.

In summary, accurate assessment of pavement structural performance cannot be
achieved through the use of maximum rebound deflection alone; an indicator of the
pavement radius of curvature under load must also be included in the design criteria.
Implementation of these concepts in the design and rehabilitation of fiexible pavements
will be further elaborated on in the following sections.

2.3.3.1 Types of NDT Deflection Devices

Many devices for performing NDT testing on pavements are available today. The

most widely used ones are those that measure pavement surface deflection (Bush, 1980,

Smith and Lytton, 1984; Epps and Monismith, 1986; Hudson et al., 1987; and Coetzee
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and Hicks, 1989). Other NDT approaches include spectral analysis of surface waves
(SASW) (Heisey et al., 1982 and Nazarian and Stokoe, 1983) and laser and/or ground-
penetrating radar measurement of deflection under moving loads (Elton and Harr, 1988
and Briggs et al., 1992). These latter devices are still in the developmental stage and need

further study before they can be used on a routine basis for pavement evaluation.

The currently used NDT deflection measuring equipment can be classified into
three groups according to the type of load application to the pavement surface (Coetzee
and Hicks, 1989):

(1)  Static or slowly moving load systems
(2)  Steady-state vibratory load systems
(3)  Transient dynamic impulse load systems

Following is a brief description of these NDT devices.

(1) Static or slowly moving load systems: Equipment in this category includes the static
plate-loading test, the Benkelman Beam, automated deflection beams such as the

California Traveling Deflectometer, the La Croix Deflectograph, the Transport and Road
Research laboratory Pavement Deflection Data Logging (PDDL) machine and the CEBTP
Curviameter. Specific details on these devices can be found eisewhere (Bush, 1980; Smith
and Lytton, 1984; Epps and Monismith, 1986; and Hudson et al., 1987). Use of this type
of equipment requires an application of a realistic load magnitude, usually an 80 kN single
axle load at the pavement surface. Deflections are then measured by means of a long beam
placed between the dual wheels of the truck applying the load. This procedure can be
performed manually or can be automated as in the case of the California Traveling
Deflectometer measuring system (California Division of Highways, 1972). Major
disadvantages associated with static or slowly moving load deflection testing are the

following:
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0] Load duration is typically not representative of actual traffic load duration. This in
tum produces unrealistic deflection measurements as compared to those expected
under dynamic traffic loads because most flexible pavement materials tend to
exhibit nonlinear lcad-deformation behaviour.

(i) A fixed reference point is needed for this type of measurement. This is usually
provided by the beam supports Erroneous measurements result if the support
points fall within the deflection basin created by the wheel load (CGRA, 1962,
Epps and Monismith, 1986; and Hudson et al., 1987).

(i) Measurements of a deflection basin rather than a single central deflection are

difficult and time consuming.

(2) Steady-state vibratory load systems: Equipment falling under this category includes
the commercially produced Dynaflect and Road Rater, the custom built Waterways
Experiment Station (WES) 16 kip Heavy Vibrator and the FHWA Cox Vibrator. These
devices impose a sinusoidal steady-state vibration on the pavement surface. This sinusoidal
force is superimposed on a static preload placed on the pavement surface (Coetzee and
Hicks, 1989). The peak to peak dynamic force must be less than twice the static force
magnitude in order to prevent the loading plate from lifting off the pavement surface
during the loading period. The equipment available has variable frequencies and dynamic
force ranges. Typical values are 40 kN maximum force and a frequency range of 5 to 80
Hertz (Hudson et al., 1987). Advantages of this type of equipment (Coetzee and Hicks,
1989) are that:

@) Deflection basins can be measured.

(i)  No fixed reference is needed since velocity transducers are used.

(iii)  Data collection is relatively quick.

(iv)  The units are relatively inexpensive.

On the other hand, disadvantages include the following:
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(i) Load characteristics are unrealistic compared to those induced by actual traffic. A
moving vehicle typically appiies discrete dynamic load pulses separated by rest
periods. This is different from vibratory steady-state loading. Consequently,
deflections measured under the latter mode of loading are not representative of
actual deflections under traffic.

(i) The static preload is of a similar order of magnitude as the dynamic sinusoidal
force. This fact will have a significant effect on the stress state induced within the
pavement structure, which will in turn produce erroneous estimates of elastic

properties of pavement materials.

(3) Transient impulse load systcms: Measuring systems in this category include the well-
known Falling Weight Deflectometers (FWD's). The principle of operation of the FWD
equipment consists of applying a dynamic impulse force to the pavement surface and
measuring the resulting deflections at various radial distances from the centre of the load
application. The provision of the transient impulse load is achieved by dropping a mass of
known magnitude from some specified height onto the pavement, with the load being
transferred through a buffer system to the loading plate. The output is a haversine load
pulse. The width of the loading pulse is controlled by the buffer characteristics to simulate
actual moving wheel loads. Typically these loads are in the order of 25 to 35 milliseconds.
Variable load intensities can be obtained by varying both the weight of the masses being
used and the dropping distances. Four commercial types of FWD's are available on the

market today: the Dynatest, KUAB, Phoenix and the JILS systems.

A major advantage of the FWD testing device is that all data collection and
equipment functions are automated through the use of microcompuiers. Other advantages
include:

) Deflection basins can be measured using up to 9 sensors.
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(ii) No fixed reference is necessary since typically velocity transducers are used.

(i)  Excellent simulations of traffic loads are possible in terms of magnitude, duration
and repetition.

(iv)  No preload is required (as with steady-state vibratory devices).

wv) A wide rage of loading is available.

The disadvantages in the use of FWD systems are as follows:

@ Measuring systems have high initial cost.

(i)  Measuring systems are complex systems that involve significant maintenance and
operaticnal costs.

(iii) Needs rigorous calibration to validate manufacturers' measurement accuracy
criteria (procedures to accomplish this have recently been developed by SHRP and
are currently available).

2.3.3.2  Recent Trends and Development Pertaining to NDT Deflection
Equipment
The major trend in deflection measurement in recent years appears to be the
increasing use of the FWD equipment. In the United States, for example, as of 1989, there

were about 25 states and one territory using the machine (Coetzee and Hicks, 1989).

Also, within the framework of the LTPP study of the Strategic Highway Research

Program, FWD's represent the equipment of choice for collecting surface deflection of in

service pavements.

The increased popularity of the FWD equipment is also noticeable in Canada and
in other countries worldwide. In Alberta, for instance, Alberta Transportation and Utilities
(a department of highways) purchased one Dynatest 8000 FWD machine in 1989 to
replace the Benkelman Beam testing device. In 1992 the number of operational FWD's
increased to four. The reasons behind this trend seem to be related to the productivity of

the equipment and its ability to measure deflection basins comparable to those produced
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by actual traffic loads. These features are important considerations in terms of applying

mechanistic-empirical design principles for pavement analysis and rehabilitation.

Despite the aforementioned trend, there are some concemns regarding the use of
FWD systems for routine deflection measurement. Most important among these are the
accuracy of the deflection measurements and the repeatability of test results. To some
extent, however, these issues have recently been addressed by the independent calibration
verification techniques developed by SHRP ( SHRP Product Designations 5003-5008,
1992 and Irwin, 1994).

2.3.3.3  Comparison of the Different NDT Deflection Methods

Although versatility and efficiency of any NDT device for obtaining deflection
basin measurements are important considerations, conformity of su.h measurements with
pavement response under realistic traffic loads is the final criterioa to judge the selection
of the equipment to be used. With due regard to this issue, various studies using different
approaches and criteria (Bush, 1980; Heisey et al., 1982; Nazarian and Stokoe, 1983;
Smith and Lytton, 1984; and Hudson et al., 1987) were conducted to evaluate and
compare the various types of the currently available NDT deflection devices. Hoffman
and Thompson (1982) compared results obtained from the Benkelman Beam, Road Rater,
and Dynatest FWD and actual deflections under a moving wheel load and concluded that
the FWD is the best NDT device to simulate pavement response under moving loads. Thi:
conclusion was further supported by findings from other investigations (Bush, 1980; Smith
and Lytton, 1984; Hudson et al., 1987; and Ullidtz, 1987). Smith and Lytton (1984) and
Hudson et al. (1987) aiso reported that extrapolated deflections from measurements by a
light load vibratory device were very different from the actual deflections measured at
higher load levels by the FWD. These observations, coupled with the fact that the FWD

load pulse is the one that most closely simulates actual load pulses under moving traffic



26

load, tend to support the argument that impulse dynamic loading devices are the ones that
are best suited for use in pavement structural evaluation.
2.3.3.4  Factors Influencing Deflection Measurement
The amount a pavement will deflect under load is dependent upon many factors,
including loading, environment and pavement conditions. For deflection measurements to
be adequately interpreted in the context of pavement performance, the eftects of these
factors must be properly quantified. This usually involves test standardization and

deflection measurement adjustment to reference conditions.

Loading factors are concerned with magnitude, duration and frequency of load
application. An NDT device that is capable of applying a load to the pavement similar to
actual traffic load should be used (AASHTO, 1986) because most pavement materials
either have a time-dependent deformation component or exhibit stress-sensitive (or
nonlinear) elastic behaviour. Furthermore, an NDT device that is capable of measuring
deflection basins rather than single maximum deflection at one point should be used to
provide for the direct utilization of measured deflections in mechanistic-empirical design
procedures. As has been alluded to in previous sections, the FWD machine is the

equipment of choice to achieve the above-mentioned objectives.

Temperature and moisture distributions within and around pavement structures
represent the two most influential climatic factors that affect pavement deflections. Since
the emphasis in the current research study is on evaluating the adverse effects of these
factors on pavement load-carrying capacity, a thorough discussion of these factors will be
given later in this chapter in the section dealing with the phenomenon of seasonal

variations.
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Pavement condition is the third factor that significantly affects measured
deflections. Deflections obtained in areas with cracking and rutting are normally higher
than those taken in areas free of distress. Also, deflections taken over or near a culvert
may be high, and pavements in cut or fill sections may show significantly different
deflection measurements. As a result, proper selection of sections for deflection testing is
extremely important to provide a representative picture of the structural capacity of the
roadway under consideration.

2.3.3.5 Interpretation of Deflection Data

Sound interpretation of deflection is directly dependent on the accuracy of the
deflection measurements obtained, the test procedure used and the representation of the
roadway section under consideration. As has been discussed before, this interpretation
usually takes the form of measuring deflection basins under different levels of load
application. The resulting data from these measurements are then analyzed using one of
the following two approaches (AASHTO, 1986):

@) Direct deflection analysis

(ii)  Back calculation of layer moduli

The first approach was criticized by many researchers based on justified scientific
evidence. Ullidtz, for example, discusses the problem of the incompatibility of the
deflection criterion as compared to the strain criterion to be used as a basis for pavement
structural evaluation (Ullidtz, 1987). He also points out that it is the critical stresses and
strains, and not the deflections, that are of prime concern in any analytically-based design
procedure. Deflection measurements cannot be applied directly as input in any of the
currently available mechanistic-empirical design methods. These and other similar
observations made by many pavement engineers lead to the conclusion that the second
approach, i.e. back-calculation of layer moduli, is more appropriate for use in pavement

structural evaluation.
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In addition to accurate deflection measurements, proper planning, organization and
implementation of NDT deflection testing programs constitute other essential
considerations toward proper interpretation and utilization of deflection test results. These
issues have been discussed in detail by Pumphrey et al. (1989). The Pumphrey et al. study
involved developing an overlay thickness d~sign procedure for the Indiana Department of
Highways (IDOH) that is based on NDT deflection tests. Many of the basic concepts

pertaining to the planning and conducting of such tests were investigated and reported.

Adjustment of deflection data to reflect the influence of loading, environmental and
roadway condition variables is also of paramount importance for adequate interpretation

of this data.

It is important to mention that although NDT deflection basin methodologies
represent the current state-of-the-art of pavement structural analysis and rehabilitation,
these methods may be modified as technology and use advances. This is very important
since, apart from NDT equipment limitations, available analytical techniques in use today
also have their own limitations and drawbacks. This point will be discussed further in the

section dealing with back-calculation of pavement materials moduli.

2.4  Materials Characterization

An important element of the development of a mechanistic-empirical design
procedure for flexible pavements is the adequate characterization of the constituent
materials in the context of the part they play in the pavement structure. This fact and its
consequences have been emphasized in both the 1986 and the 1993 versions of the
AASHTO Guide for the Design of Pavement Structures and also in the recent SHRP
Long-Term Pavement Performance study (SHRP, 1991).
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Even though a great deal of research effort has gone into describing the response
of pavement materials to load, there are still many difficulties associated with such
characterizations. These difficulties stem from the variety of materials involved, the types
of pavement structures, the influence of environmental conditions and the modeling of the
material behaviour under load. A list of pertinent variables affecting material response to

load is given by Deacon (1971).

Many tests and types of test equipment have been devised for measuring the
characteristics of pavement materials. They can be divided into three groups (Deacon,
1971 and Yoder and Witczak, 1975):

(i) conventional or routine tests
(i)  specialized tests for characterizing the deformability of materials
(iii)  test procedures used to determine fundamental material distress conditions (such

as fatigue cracking of asphalt-stabilized materials and permanent deformation).

In the context of dynamic behaviour, materials characterization usually takes the
form of determining the resilient (or stiffness) modulus of the various layers comprising
the pavement system. The acceptability of these mechanical responses may then be
assessed in terms of the anticipated life of ihe pavement structure as controlied by the

various failure criteria such as fatigue and/or permanent deformation.

2.4.1 Resilient Modulus
The resilient modulus, My, is a measure of the elastic property of soil, recognizing
certain nonlinear characteristics. In repeated triaxial load tests, My is defined as the ratio

of the peak repetitive deviator stress to the recoverable measured axial straini.e.:

M =4 2.1)
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Figure 2.1 shows the straining of a soil specimen under repeated load test.

Due to the nonlinear behaviour of pavement materials, the type and duration of
loading used in the repeated load test must simulate that occurring in the field. When a
wheel load is at a large distance from a given point in the pavement, the stress at that point
is zero. As the wheel load starts moving toward the point, the stress starts increasing until
it reaches a maximum when the load is exactly above the point. Such loading had
traditionally being simulated in the laboratory by either a haversine or triangular load pulse

as shown in Figure 2.2

Barksdale (1971), Brown (1973) and Mclean (1974) investigated the vertical stress
pulse for sinusoidal, triangular and square wave forms and derived the loading times for a
bituminous layer as a function of vehicle speed and layer thickness. Based on these and
other studies (Al, 1973; AASHTO, 1982; and SHRP, 1989). researchers recommended
using a haversine load pulse with a duration of 0.1 second and a rest period of 0.9 second
in repetitive triaxial load testing for determining the resilient characteristics of unbound
soil materials (both granular and fine-grained soils). Although repeated triaxial load tests
can also be used for other pavement materials, it is the indirect tensile test that is

recommended for use with asphalt-stabilized materials.

Advantages of using the resilient modulus as a key parameter for pavement
materials characterization as stated in the 1986 AASHTO Guide are:
(1) M, is a basic material property that can be used directly in mechanistic-empirical
pavement design procedures.

(2)  Methods for obtaining M; are well established and standardized.
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(3) M, is recognized internationally as a method for pavement materials
characterization.

(4)  Techniques for estimating M, from nondestructive testing are also available.

Currently, there are three approaches available for obtaining representative moduli
values for the different materials within the pavement system:
1. Laboratory Testing: As has been mentioned before, laboratory testing is usually done
through some type of a dynamic testing procedure. The most widely accepted testing
procedure for granular and fine-grained soils is the repeated load triaxial test (AASHTO,
1982; Cole et al., 1986; SHRP, 1989; Claros et al., 1990; and AASHTO, 1992). Tests are
usually performed either on samples of the representative material prepared in the
laboratory under controlled conditions or on undisturbed samples that are obtained from

the field.

& ‘'n=S: 1 Modulus Determination: This is normally accomplished by using any NDT
deflection procedure and a suitable mathematical model for the pavement structure to
back-calculate the resilient moduli of the constituent materials from surface deflection
measurements. Short wave propagation techniques and Falling Weight Deflectometers
(FWD) are among the most widely used methodologies for obtaining such moduli. More

details on these methods are provided in section 2.4.5.

3. Empirical Correlations: Certain empirical correlations have been developed that relate
the resilient modulus of untreated granular and cohesive materials to more easily measured
parameters like the CBR and the R-value of such materials (Al, 1982). Although these
correlations provide for preliminary estimate of the modulus value, caution should be

exercised when using such relationships in actual design or rehabilitation analysis of
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flexible pavements due to the fact that large scatter in the original data used to derive such

relations does exist.

2.4.2 Fine-grained Subgrade Soils

Since the Seed and McNeill (1957) study of the resilient characteristics of unbound

materials in the late 1950's, very many experiments and studies have been conducted by

other investigators on the subject. Dehlen and Monismith (1970) studied the behaviour of

clay under load and stated that:

" a clay subjected to stress shows immediat= and time-dependent recoverable and
permanent strains, the immediate strain being predominant under short-duration
loads, and the permanent strain per cycle decreasing to an insignificant amount
after many cycles of stress. Stress history may have a significant effect on the

response. The response is markedly nonlinear."

Other studies (Seed et al, 1962 and 1967, and McLeod, 1971 ) also confirmed the

following obser-ations:

1.

Resilient modulus determined under relatively small number of stress applications
seem to give a misleading picture of actual resilience characteristics of cohesive
soils due to the stress conditioning effect. This effect can be eliminated by
obtaining moduli values after a large number of load applications.

Changing the stress level was found to significantly affect the modulus value. This
is a further indication that fine-gra.ne* sou :raterials are highly nonlinear.
Compaction methods that produce dispersci soil structures tend to produce lower
moduli values.

Changes in water content and density after compaction tend to alter significantly

the moduli values obtained. Increased water content produces adverse effects on
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the modulus whereas increased density tend to produce beneficial influences on the

other hand.

5. Cohesive soils possess cross isotropic properties with the horizontal moduli
exceeding the vertical moduli.

6. Poisson's ratio for cohesive materials remain more or less constant during repeated

load tests. Typical values are in the range 0.35 to 0.50.

Different constitutive relations have been developed to describe the resilient
modulus of cohesive materials. The most famous is the resilient modulus-deviator stress

equation defined as follows:

M, = Ao, ]P 22)

where, M, = resilient modulus of cohesive soil,
6,4 = deviator stress (= 6, - 03 in the case of the triaxial test),
A & B = experimentally determined constants.
Seed et al. (1967) showed that the magnitude of the deviator stress has a
significant effect on the resilient modulus for plastic soils. They suggested a bilinear

relation such as the one shown in Figure 2.3 in which:

M, =K1 + K3 (K2 -0y) when 64 <Kl (2.3a)
& M, =K1 - K4 (064 - K2) when o4 > K1 (2.3b)

where K1, K2, K3 and K4 are material constants.
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Thompson and Elliot (1985) indicated that the value of M; at the breakpoint in the
bilinear curve, as indicated by K1 in Figure 2.3, is a good indication of resilient behaviour,
while other constants K2, K3 and K4 display less variability and affect the modulus
parameter to a smaller degree than K1. Thompson and Elliot classified fine-grained soils
into four groups: very soft, soft, medium and stiff with different values of K1, K2, K3 and
K4 assigned to each group. They further defined a maximum resilient modulus as the one
governed by a deviator stress of 13.8 kPa (or 2 psi), and a minimum resilient modulus that
is limited by the material unconfined compression strength, shown in Figure 2.3.

Fredlund et al. (1975) indicated that the resilient modulus of fine-grained soils can
be described in terms of three independent stress state variables, namely, the deviatcs

stress (O - G3), the confining pressure (03 - u,) and soil matric suction (u, - uy) i.€.:

Mr = f{ (0’1 - 03)1 (03 - ua)’ (ua - uw) } (24)

where, M; = resilient modulus,

o) = major principal stress,

©3 = minor principal stress,

u, = air pressure, and

u,, = pore water pressure.
Using these concepts, Fredlund et al. (1977) were successful in adequately describing the
resilient properties of some glacial till and clay soils in Saskatchewan. The general form of

the postulated equation is as follows:

Log M, = ¢jq - my4 (G - 03) (2.5)

where, c;; and m,; are the intercept and slope of the linearized M;-G, relationship shown

in figure 2.4, respectively. These two parameters are dependent on matric suction. In this
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way, the resilient modulus is related to both the deviator stress and matric suction. It was
also suggested that the influence of the confining pressure could either be igrored, since it

is often insignificant for cohesive soils, or corrected for by using an equation of the form,

AM,=m . A (03 -uy) (2.6)
where, AM, = change in resilient modulus due to change in confining
pressure,

m, = slope of the plot of (53-u,) versus M,, see Figure 2.5, and
A (o3 - u,) = change in confining pressure from that used to define the

plot for resilient modulus versus deviator stress.

Although the use of equation 2.5 and 2.6 seems appealing, one difficulty does exist which
is associated with laboratory soil suction measurement. Presently, there is no existing
device that is capable of measuring soil matric suction under dynamic loading conditions.
This is duc to the slow response of available measuring devices. This problem can,
however, be partially solved by measuring soil suction either before or after the resilient
modulus test is performed, and assume that it is the same during testing. Alternatively, the
M_-suction relationship can be obtained by cross-plotting from M,-water content and

suction-water content relationships.

In an attempt to avoid the cost and technical complexities usually involved in
dynamic-type testing, some agencies developed equations that relate the resilient modulus
to more easily measured soil indices such as the CBR and the R-value. The Shell method
of pavement design (Shell, 1978), for example, uses the following relation to estimate the

resilient modulus from CBR measurements:



36

M, = 10.3 CBR (MPa) (2.7

It is important, however, to note that the ccefficient in e.;uation 2.7 can vary from 5.15 io
20.6 CBR. Another exam' relating the resilient modulus to the R-value is the equation

used by the Asphalt In - Al, 1982). This relationistip is of the form:

M;=796+383R (MPa) (2.8)

The aforementioned empirical relations do not substitute the need for actual
resilient modulus testing. However, they can be used temporarily until such ability become
available. Moreover, extreme caution should be exercised in applying any of these
relationships to actual pavement design since the scatter in the data from which these

equations were originally developed is great.

2.4.3 Granular Materials

Cohesionless soils include both sand and granular materials. The behaviour of
these materials under load is both instantaneous and time dependent (Dehlen and
Monismith, 1970). Large permanent strains may occur during the first few cycles of stress,
but the behaviour becomes almost elastic after several cycles. Stress history has a
profound effect, initially, on these materials but is generally less marked than in the case of

cohesive materials.

Many investigators (Ko and Scott, 1967a, 1967b, and 1967c; Seed et al, 1967,
Dehlen and Monismith, 1970; and Pell and Brown, 1972) have shown that the behaviour
of untreated granular materials, usually used as bases and subbases in pavement structures,
is highly nonlinear and stress dependent. Of particular influence is the degree of

confinement. To study such an effect, several tests were used to characterize these
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materials. In these test several techniques for applying the confining pressure were used.

Basicalty, this can be divided into three categories (Seed et al., 1967):

1.
2.
3.

Triaxial repeated load tests with either constant or varying cell pressures.
Repeated load tests performed in the Hveem Resiliometer.
Tests wherein specimens are compacted and tested in hollow rigid cylinders in the

absence of any confining pressure.

Several expressions have been proposed by many researchers to describe the

nonlinear behaviour of granular materials. This can be listed as follows:

1.

Resilient modulus as a function of the first stress invariant, J;, (Seed et al., 1967):

M, = K3, " @9)

where M, = resilient modulus of granular material,
Jy =0, +0,+ 03 (=0; +20; in the case of the triaxial test),and

k & n = material constants.
Resilient modulus as a function of the confining pressure (McLeod, 1971):

Mr =k][0'3]nl (210)

where o3 = confining pressure, and

k;, n; = experimentally determined constants.

Resilient modulus as a function of the mean normal stress, p, and deviator stress,

oq (Brown, 1974):
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Mr=f(p’ c,d) (2”)

where p = %[a‘l +20'3] , and

G4 = deviator stress = G - G3.

Ar alternative, although relatively crude, procedure for estimating the resilient
modulus of granular matesals is through the use of the stiffnesses and thicknesses of other
supporting pavement layers. Two such relationships were proposed and used by Shell and
the Asphalt Institute design procedures (Shell, 1978 and Al, 1982). The equations,

respectively, are:

M,=KE, (2.12)

where M, = granular base layer modulus,
E,= subgrade layer modulus, and
K = 0.2 (h,)945 where h, is the granular layer thickness in mm,

and K is applicable in the renge 2 <K <4
and, Ey =M, =g, ()81 (h;) 82 (E)) 83 ()B4 (K)Bs (2.13)

where  g,,..8~ regression constants,
Esg = subgrade modulus, psi,
E, = modulus of asphalt layer, psi,
h, = asphalt layer total thickness, in.,

hy = granular layer thickness, in., and
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K' = a factor with range between 8000 and 12000.

Examples of more recent studies that aimed at improved characterization of
cohesionless materials are ihe two studies conducted by Pappin and Brown (1961) and the
U.S. Army Corp:s of Engineers Cold Region Research and Engineering Laboratory,
CRREL, (Cole et al., 1986). In the first investigation, Pappin and Brown studied the
effect on the resilient modulus of cyclic confining pressure and used that capability to
investigate the effect of the stress path on crushed rock specimens. On the other hand, the
CRREL study concentrated on evaluating the effect of soil suction and temperature

fluctuations on the resilient modulus of granular materials.

In the CRREL study, the behaviour of cohesionless soils under load was modeled

using a resilient modulus equation of the form:
M, =K, [ flo) K2 (2.14)

where K, and K, are constant for a given soil state and f{o) is a stress parameter
normalized to a reference stress G, of 1.0 kPa.. Furthermore, elaboration on the basic
model, of equation 2.14, to include the effects of soil matric suction, dry density and
temperature fluctuations were made. This is accomplished by considering K, as a function
of soil suction and, in some cases, dry density. Also more liberty was exercised in the form
of the stress function f{c) by developing models based not only on the bulk stress (i.e. first
stress invariant) but also on a ratio of the second stress invariant to the octahedral shear

stress. The final general form for equation 2.14 thus become:

M, =K, [ () IF2 2.15)
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where K =C,[fw)IC1  or=Cy[fw) 1C1 (0)C2
and fly)=[(101.38- \y)/wo] and v is the soil suction, y, is a
reference suction of 1.0 kPa, y, is the soil dry density and y is
a reference dry density of 1.0 Mg/m3.
and  £(0) = fy(6) = (Jyfop) or £(0) = £(0) = [(}y/T Yoo}
and  J;=(0; +03+03), J;=(010; + 0,03 +030))
Tot, = [ (01 =02 + (05 - 532 + (03 - )2 1'°
and o is a reference stress * - O
Co, C, C,, K, = constants de.ermined experimentally
Using the general form of equation 2.15 and repeated load tests, the CRREL study
involved developing approximately 33 different moduli relationships for six types of

granular soils obtained from test sites in Winchendon, M.assachusetts.

As far as the Poisson's ratio, 4, of granular material is concerned, investigations
have shown that this ratio is highly dependent on the principal stress ratio , 6)/03, (Hicks,
1970 and Cole et al., 1986). An equation for estimating 4 was suggested by Hicks (1970)

which is of the following form:
K= AO + A] (0'1/0'3) + Az (01/0'3)2 + A3 (01/03)3 (2. 16)

From othcy #uicses, it was also found that u for granular materials usually fall within a

range of 0.23 to 0.42. Typical value used in pavement analysis is 0.35 (Al, 1982).

2.4.4 Asphalt Bound Materials
The response of asphalt stabilized materials under load is extremely complex. This

is believed to be due to the following:
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Asphalt concrete materials under load exhibit immediate and time-dependent
responses, both of which may be partly recoverable and partly permanent. The
time-dependent response may be either viscous or non viscous (Dehlen and
Monismith, 1970).

Range of linearity of these materials is extremely small. Momomith et al. (1774)
found that these materials behave reasonably line>r as long 1 the strains are less
than 0.1 percent. Sayegh (1967) reported that the domain of linearity for a
particular mix is limited to deformations of less than 4 x 10-5. Korkosky and
others (1963) observed nonlinear viscoelastic behaviour for most part of the
response of asphalt mixes.

Asphalt mixture in situ appears to be anisotropic due to layering and particle
orientation inherent in the constiuction process. Monismith and Dehien (1970)
found that the behaviour of asphalt mixes seems to be cross-isotropic with the
horizontal stiffness exceeding the vertical stiffness. They also concluded that there
is a significant degree of stress-induced cross-isotropy. Further, studies by
Coffiman et al., Deacon (1965) and Gradowczyk (1969) also revealed that asphalt
concrete mixes have compression moduli that are different from tension moduli.
However, Coffman et al. concluded that, for practical purposes, asphalt bound
materials can be considered isotropic in compression at the phenomenological
level.

Observed moduli of asphalt mixes appear to be sensitive to the testing procedure
used. According to Kallas and Riley (1967) there are significant differences
between moduli determined by repeated load flexure and dynamic complex
modulus test procedures. Such differences may be attributed, in part, to the fact
that the deformational responses are different due to different loading modes
(repeated flexural loading versus steady state sinusoidal loading in the case of the

dynamic complex test procedure).
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In summary, the behaviour of asphalt bound materials is highly nonlinear. T!-'* nonlinearity
would appear to depend upon the properties of the mix and the environmental and loading
conditions to which such materials would be subjected to in service (Pell and Taylor,

1969).

Observations such as the ones listed above led investigators to search for
procedures that enable the prediction of the dynamic modulus of asphalt paving mixtures
based on routine test parameters. Van der Poel (1954a and 1954b) was perhaps the first to
provide a simple basis for the determination of such characteristics. Based on extensive
static and dynamic testing, Van der Poel developed a nomographic procedure for

predicting the stiffness of pure bitumen, Sy;,, such that:

Spit = f (frequency of loading, temperature, penetration of bitumes., ring-

and-ball softening point of bitumen)

where f is some function (Ullidtz, 1987). A second nomograph was also developed by Van
der Poel to enable the estimation of the mix stiffness, Sp,;,, from a knowledge of Sy; and

the volume concentration of mineral aggregates, C,.

Heukelom and Klomp (1964) slightly modified the Van der Poel's nomograph for
Spit and suggested that S, could be obtained as follows:

S (1+25Cu)n

2.17
Sbil n—nCv ( )

where, Spix = mix stiffness in kg/cm3



43

Sy = bitumen stiffness in kg/cm?

C, = volume concentration of aggregates in :1ix and is equal
[VA/(V4 + Vp)] where V, is the volume of aggregates
and Vp is the volume of bitumen in the mix,

n = 0.83 log,, (4 x 10%/S;p)

Heukelom and Klomp method was applicable to mixtures having air voids content
of less than or equal to 3 percent. Van Draat and Sommer (1965) suggested that the
applicability of equation 2.16 can be extended to mixtures having air voids content of
more than 3 percent by applying a correction to the volume of aggregate concentration,

C,, as follow:

Cvl = Cv
1+ AH

(2.18)

where, AH = the difference betw-:en the actual air voids content and 3

percent, expressed as a decimal fraction.

Bazin and Saunier (1967) also presented a nomograph s.ailar to Van der Poel's
that is applicable for linear deformations in bending and that uses binder properties
determined before mixing. Independent parameters considered in the construction of this

nomograph included time of loading, temperature, binder type and mixture void content.

More recently, the rescarch and development branch of the Shell company
produced computer simulations, of a number of Bituraen and Asphalt Nomographs that
were used previously in the Shell design procedure for designing flexible pavements. This

compterized version, known as the BANDS Program (BANDS-PC, 1990), was intended
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to be used for obtaining bitumen and asphalt mix stiffnesses based on bitumen properties

and aggregate content in the asphalt mix.

Other studies have suggested using more direct methods for determining the
influence ¢ temperawre and rate of loading on resilient characteristics of asphalt concrete
mixes through tension, compression and flexural testing. Secor and Monismith (1965) and
Secor et al. (1605Y nerformed creep and relaxation tests on asphalt concrete mixes and
suggested that -~ aaterials can be modeled as linear viscoelatic materials whose
stiffness can be determined from creep compliance and/or relaxation modulus as a function

of both temperature and time of loading.

Papazian (1962) and Pagen (1965) used a complex modulus to describe the time of

loading and temperature dependency of asphalt concrete.

Pell and Cooper (1975) used results from fatigue testing to obtain asphalt concrete

moduli.

The Asphait Institute (1982) developed a regression equation relating the asphalt
dynamic stiffness to rate of Inading, temperature and mixture properties. The mix
characteristics incorporated in this equation are perrent air voids, percent aggregate finer
than 76 um ( number 200 sieve), absolute viscosity of asphalt liquid at 21° C (70° F) and
percent asphait content by weight of mix. The validity of this stiffness equation was
checked for 41 different mix types at three levels of temperature (4.4, 21.2 and 37.8° C)
and at three rates of loading. {1, 4, 16 Hz).



45

From the aforementioned discussion and today's state-of-knowledge pertzining to
asphalt concrete materials characterization, it seems that there are two general approaches
that can be used for estimating asphalt concrete stiffness (or dynamic moduli):

1. Direct measurement of the modulus using any of the available strength tests (e.g.
bending, compression, tension, indirect tensile test etc.).

2. Use of empirical relationships that correlate asphalt moduli with other routinely
measured mix parameters (this include any or all of the mix properties as well as
other environmental and loading variables such as temperature and rate of

loading).

Moreover, studies that aimed at investigating asphalt concrete modulus sensitivity
to level of applied stress revealed that this parameter has an insignificant effect on the

modulus compared to the other variables noted above and as such it can safely be ignored.

Limited information is available pertaining to Poisson's ratio of asphalt bound
materials. Nevertheless, it was found (Dehlen and Monismith, 1970) that this parameter
remains constant or increases very slightly with increasing applied compressive stress and
is independent of transverse stress. Also the ratio was found to be insensitive to mixture
type (Heukelom and Kiomp, 1964). From various studies the range for Poisson's ratio for
asphalt concrete materials was set t¢ be lctween 0.1 and 0.5 with 0.35 as the value

typically used in many design procedurcs (Shell, 1978; Al 1982, and AASHTO, 1986).

2.4.5 In Situ Moduli Determination

In situ modulus determination is another attractive alternative for characterizing
pavement materials. The advantage of this approach is its ability to estimate pavement
material moduli under actual field conditions that may be difficult to reproduce in

laboratory testing.
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Over the years, a number of different techniques were developed for in situ moduli
determinations. The two most famous are the deflection bow! (or basin) method and the
wave propagation procedure. Detailed description of each of these two techniques are
given below. "

2.4.5.1 Surface Waves Propagation Procedures

For more than four decades, elastic waves have extensively been used to evaluate,

both destructively and non destructively, the elastic properties of the media in which these

waves propagate.

An elastic wave is defined as one that has a small amplitude and that does not
permanently deform the medium in which it travels. Elastic waves are commonly classified
on basis of either the conditions under which they exist or their frequency content (Addo,
1992). Based on their frequency content, elastic waves can be (Winkler, 1986):

@) Seismic (10 - 100 Hz),

(ii)  Sonic (100 - 1000 Hz), or

(iii)  Ultrasonic (100,000 - 1,000,000 Hz).

On the other hand, based on the condition under which they exist, elastic waves can be

classified as follows (Addo, 1992):

4y} Body waves: These consist of compressional (primary or P-) and shear (secondary
or S-) waves. Under anisotropic conditions, body waves are difficult to discern
into separate compressional and shear waves. However, for relatively small
anisotropy and inhomogenity conditions such as those found in most soils and

other pavement materials, the assumption for the existence of distinct P- and S-

waves is justified (Sheriff and Geldart, 1982). Both P- and S- waves have high rate

of damping from the source of disturbance (proportional to 1/r2 where r is the

distance from the generating source of disturbance (Timoshenko and Goodier,
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1943). Also S-waves are difficult to detect and measure in the presence of P-
waves.

(I1)  Surface waves: These waves, usually referred to as R- or Rayleigh waves, were
discovered by Rayleigh in 1885 (Rayleigh, 1885). Based on Rayleigh's work and
other researchers (Timoshenko and Goodier, 1943), R-waves were found to
possess the following characteristics:

(a) have larger amplitude than either P- or S-waves,

(b)  attenuate less rapidly with distance from the energy source than both P-
and S-waves, and

() are easy to generate, detect and measure at several waveiengths from the

source.

Miller and Pursey (1955) discovered that under conditions where both body and
surface waves coexist, 67 % of the input energy propagated as Rayleigh waves, 26 % as
shear waves and 7 % as compressional waves. Based on this and other characteristics of
R-waves, it is thus more convenient to measure surface ( or R-waves) wave velocities and
then infer the desired P- and/or S-wave velocities on the basis of elastodynamic

relationships between body and surface waves.

Methods for determining body wave velocities involve either intrusive (i.e.
destructive) or non-intrusive test procedures. Addo (1992), in a recent study, gave an
excellent overview of these techniques. He further pointed out that for both geotechnical
and pavement engineering purposes, the steady state vibration and Spectral Analysis of
Surface Waves (SASW) procedures qualify as some of the best available methods for such
applications. The SASW procedure is an improvement of the steady state vibration
technique. Beside sharing all the advantages of the latter, SASW procedure provide for a

much quicker and more accurate estimation of field dispersion curves.
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The use of the SASW, or any of the other wave propagation techniques, for
evaluating materials properties involves the following steps:
Q) Generate and measure R-wave velocities at different but known wavelengths using

the relationship:

v, =fL (2.19)

where, vp = Rayleigh wave velocity at frequency f,
f = applied excitation frequency,
L = measured wavelength.
(2) Compute shear wave velocities from R-wave velocities using elastodynamic
relationships. An example equation used in the steady state vibration method
(Addo, 1992) is:

v, =k,.v (2.20)

s Kv:Vp
where,  vg, vp = shear and Rayleigh wave velocities,
ky = ratio of Rayleigh wave to body wave velocities and k, car be
determined from the relationship:
k.5 - 8k,4 + 8(3-202)k,2 - 16(1-L2) = 0 (2.21)
where (2 =vg2/v,2=(0.5 - u)/(1-p)
vy, =P-wave velocity
p = Poisson's ratio.
Thus knowing the Poisson's ratio, equation 2.21 can be solved for the valid root of

k,. Alternatively, approximate solutions can be obtained for k, within the normal
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range of Poisson's ratio (0 <p <0.5). Filipczynski et al. (1966) gave a simpler but

approximate solution of equation 2.20 as :

1k, = (0.87 + 1.12u)/(1 + ) (2.22)

3) The data obtained from the computation in step 2 is then used to construct a
dispersion curve, i.e. variation of shear wave velocity with wavelength, like the one
shown in Figure 2.6.

(4)  The desired elastic constants pertaining to each layer are then estimated using the
dispersion curve obtained in step 3 and the following relationships (Timoshenko

and Goodier, 1943):

E = 2pv.2(1+p) (2.23a)
G=pv2 (2.23b)
K = p(v;2-0 7. v;2) (2.23¢)
=1 (v, - 0.5 (vgvpl - 1] (2.23d)

where E = Young's, or elastic, modulus
G = shear modulus
K = Bulk, or volume, modulus, and
p = material bulk density.
(5)  Average layer thickness is determined using the following relationship (Das, 1983
and Addo, 1992):

N
i

k,L (2.24)

where  Z = thickness of layer in question
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L = R-wave wavelength
, = a constant relating depth and wavelength (typical values used are in the

range of 0.3 to 0.5).

Several researchers used the aforementioned techniques in pavement evaluation
studies (Heukelom and Klomp, 1962; Dormon and Ewing, 1962; Jones et al., 1967,
Christison and Shields, 1974; and Nazarian, 1984). However, the main difficulty or
disadvantage in using wave propagation methods for estimating pavement matenals
properties is that most of these materials are highly nonlinear elastic. The stresses induced
during either the steady-state vibration or SASW tests are very small, and are thus in no
way comparable to those induced by heavy traffic loads. This results in over estimation of
the materials' moduli and hence provide for a non conservative basis for the analysis and
design of pavement structures. This observation was noted by Christison and Shields
(1974) and others (Ullidtz, 1987 and Lytton, 1589).

2.4.5.2  Deflection Bowl Method

The deflection bowl method invelves measuring the surface deflection basin for the
particular pavement under corsideration and then infers the in situ material moduli using
the measured basin and a suitable analytical model. Deflection basin procedures are often
termed near field impulse methods whereas wave propagation techniques are referred to as
far field impulse methods (Lytton, 1989). The terrr s "near field" and "far field" refer to the
behaviour of the surface of the pavement where the measurements are made. The "near
field" is within the deflection basin around the applied load whereas "far field” is outside
the deflection basin area. A clear distinction should be drawn between the two methods
since the behaviour of the material beneath the load is different from that in the far field.
This consideration is of paramount significance in the case of many pavement materials
whose behavicur are proved to be, beyond any doubt, stress dependent i.e. have nonlinear

rather than linear load-deformation characteristics. This leads to the conclusion that "near
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field" responses are more suitable to use in the analysis, design and rehabilitation of

pavement structures than "far field" measurements.

The significance of using NDT deflection data fu. estimating pavement layer
properties has been stressed in the 1993 AASHTO Guide for pavement design. As a
matter of fact, specific guidelines have been proposed for estimating and using back-
calculated moduli for both rehabilitating in service pavements and designing new ones. In

Canada and worldwide, the same trend is also eviclent.

The pursuit for obtaining pavement material elastic properties from nondestructive
deflection testing dates back to the early 1960's when Shields and Hutchinson (1961)
conducted a study for evaluating cement treated bases in Alberta. In this study, surface
deflection bowls using the Benkelman Beam device were obtained for both soil cement
and conventional pavements. These deflection bowls were then analyzed using elastic layer
theory. Based on rieflection coefficients for a two-layer system (Mehta and Veletsos,
1959), the modular ratio, and subsequently pavement and subgrade moduli, was obtained

from the measured deflection bowls.

In 1973, Scrivner et al. (1973) developed the first closed-form solution for back
calculating material moduli for two-layered systems. The equation took the form:

(101/h)
[-‘!%;G‘E]E1 =1+ [(v-DI (x)dx (2.25)
0

where,
o = surface deflection at a radial distance 7, from the applied load p,

E,| = the elastic moduius of the surface layer,
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h = thickness of the surface layer,
Jo(x) = Bessel function of first kind and Oth order,
x = mr/h, and m is a continuous variable of integration,
v =(1 + 4Ne2m - Ne“m)/[1 - 2N(1 + 2m)e2™ + N2e-4m], and
N =(E, - E)/(E, + Ey).

Scrivner found that the ratio @,r/w,r, was useful in analyzing Dynaflect
deflection basins and consequently a graphical solution for equation 2.24 was developed.

Swift (1973) developed another graphical procedure for obtaining moduli of a
two-'ayer pavement system. He also suggested an empirical equation with great ability for

fitting measured and calculated defiection basins for two-layer pavement systems (Swift,

1972).

Other solutions for multi-layered systems were also developed by several
researchers. During the process, three different approaches were utilized for modeling the
pavement structure, namely, the elastic layer theory (Yiu Hou, 1977), the equivalent
thickness procedure (Ullidtz, 1987 and Lytton and Michalak, 1979) and the finite eiement
techniques (Chua, 1989). Among these, the multi-layered elastic approach gained wide
popularity and as a consequence several microcomputer program solutions were
developed that back-calculate layer moduli for pavements with three or more layers.
Figure 2.7 illustrates the mechanism of modulus back-calculation from surface deflection
measurements for a three layer system. Here, five deflection sensors are situated at radial
distances ), r;, r3, ..,rs from the point of load application. The applied load is arbitrarily
assumed to diztribute itself through the various layers according to the broken lines shown
in the upper part of Figure 2.7. Since sensors 4 and 5 are outside the stress zone of the
asphalt concrete (ACP) and granular base (GB) layers, then it is justified to assume that

the deflections at sensors 4 and 5 are only influenced by the subgrade modulus and are
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independent of the asphalt concrete and granular base moduli. Therefore, in applying
layer system analysis, any reasonable moduli can be assumed for the ACP and GB
materials, and the subgrade modulus can be varied until a satisfactory match between
computed and measured deflections at sensors 4 and 5 is achieved. After obtaining the
subgrade modulus in this fashion, the base modulus can be varied until a satisfactory
match between the computed and measured deflections at sensor 3 is achieved. The
procedure is repeated again to obtain the asphalt concrete layer modulus from the

deflections of sensors 1 and 2.

The procedure outlined above for obtaining the in situ moduii is over simplified.
Other considerations like the suitability of the analytical model selected, inherent material
dependency on stress level and other factors should be investigated and catered for.
Nevertheless, several computer codes i.e. p* ./ s, have been developed for obtaining
moduli based on the aforementioned procedure. The features which all of these programs
have in common have been discussed by Lytton (1989) and are illustrated in Figure 2.8.
The flow chart shown in Figure 2.8 can briefly be explained as follows(Lytton, 1989):
Measured Deflections: These are the deflections measured by any NDT device and their
respective distances from the applied load.
Layer Tkickness and Load: These describe the pavement that is tested, the load level and
the area over which it is applied.
Seed Moduli: These are the assumed initial values of the layer moduli. In some methods,
these values are either generated from the measured deflections, through regression
equations, or they are presumed values. Assumed values of Poisson's ratios are used in all
methods.
Deflection Calculation: A number of elastic computer programs are used here. Examples
of such programs are BISAR, CHEVRON, ELSYMS. The programs utilize the layer

thicknesses, load, the latest set of layer moduli, and radii to the deflection sensors and
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calculates the surface deflections at each. In methods where adjustments are made for
nonlinearity, stresses and strains at selected locations are also calculated.

Error Check: Several types of error checks are used to evaluate the adequacy of the
calculated moduli. Some of these are the sum of the squared differences between the
measured and calculated deflections, the sum of absolute differences and the sum of the
squared relative errors, in which the difference is divided by the measured deflection
before the ratio is squared and summed. If the error check indicates convergence within
acceptable levels of tolerance, the results are printed out. Otherwise, a new iteration is
started.

Results: These usually include an array of outputs such as the measured and calculated
deflections, the differences and percent differences, the final set of layer moduli and the
€error sums.

Constitutive Relations: These are the relationships used to describe the load-deformation
characteristics of the different layer materials. Types of relations used by different methods
vary considerably from linear elastic theory with no correction for nonlinearity to various
forms of assumed relations between the stress and strain beneath the load to the modulus
of the layer.

Stress and Strain_Level Corrections: These make use of the constitutive equations for
each layer and any calculated stresses or stains to estimate new layer moduli to try in the
next iteration.

Search for New Moduli: This is one of the major distinguishing features of all the
microcomputer methods. The error criterion (mentioned above) when plotted against the
layer moduli in multi-dimensional space will form an "error surface” which may have a
local minimum and several global minima, depending upon the radii where deflections are
measured, th.: number of layers, the error criterion and the degree of nonlinearity
introduced by the constitutive relations and corrections. The search methods then attempt,

by using efficient multi-dimensional search techniques, to find a global minimum which
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represent the least error, the best fit of the measured basin and the best set of layer moduli.
During the process of converging to such a minimum, one or more viable solutions can be
obtained.

Control of the Range of Moduli: In order to guide the iterative search toward an
acceptable set of layer moduli, numerous controls are programmed to direct the search
away from unwanted or unreasonable values of the moduli. In most cases this takes the
form of asserting upper and lower limits on the moduli of the different layers. This, of
course, requires some prior knowledge and experience with the type of the pavement
structure being analyzed. Stabilized layers or thin soft layers are difficult to assess and

therefore may cause difficulty in convergence or in the final results.

Examples of computer codes utilizing the steps described above and shown in
Figure 2.8 are the MODCOMP programs originally developed by Irwin (1983), the "_
DEF" series of programs developed by Bush (1980) at the U.S. Army Corps of Engineers
Waterways Experiment Station and the MODULUS Program developed by Uzan et al.
(1988) at Texas A & M University. Two versions of the MODCOMP program (Irwin,
1983 and Irwin and Szebenyi, 1991) and four different *_ DEF" programs (CHEVDEF,
BISDEF, ELSDEF and WESDEF) are available today (Bush, 1980; Jordahl, 1985; and
Van Gauwelaert et al., 1989). Also three versions of the NCHRP MODULUS program
exist (version 2, 1988; version 4, 1990; and version 5, 1994). Differences among these
computer programs involve mainly the selection of the analytical model and/or the
convergence criterion used to perform the following tasks:

@) Deflection calculations
(i)  Error checks
(iii)  Constitutive relations used for the various material types

(iv)  New moduli search techniques
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Several limitations and problem areas have been identified by the researchers and
engineers using the modulus back-calcuiation methodologies. The sources of errors in the
“ack-calculated moduli, shown in Figure 2.9, can be classified into:
i1) Systematic errors
(. Random errors
Sysiernatic errors are introduced by the deflection calculation model and its presumed
constituiive relationships. These errors can not be reduced or eliminated by repeated
measurements or calculations. On the other hand, random errors can be reduced or even
completely eliminated. The sources of random errors are in the measurements that are
made, i.e. in force, deflections and pavement layer thickness determinations. Irwin et al.
(1989) showed how random errors produced by inaccurate deflection and layer thickness
measurements can significantly affect material moduli especially those pertaining to upper
layers such as ACP and GB layers. However such variability in the back-calculated moduli
iad only a minimal effect on the estimated overlay thickness requirements. Stolle and Hein
(1989) investigated the uniqueness of the solution of the back-calculated moduli of a
pavement structure subjected to axisymmetric loading. They concluded that back-
calculation is an ill-conditioned problem since a small change in measured deflections can
result in large changes in moduli predictions. Consequently, if an iterative solver was to be
used to obtain a solution, convergence would be slow and, unless the tolerance for

convergence is very stringent, the procedure may not converge to a proper solution.

The above mentioned studies and many others (Irwin, 1992; Thompson, 1992,
Smith, 1992; Rada et al., 1992; Rauhut and Jordahl, 1992; Siddharthan et al., 1992; and
Zaniewski and Hossain, 1992) appear to support the conclusion that reducing and/or
eliminating random errors, improving analytical tools and material constitutive
relationships is the only way of achieving the strategic objective of making NDT testing

the primary method for measuring pavement material properties.
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2.5  Effects of Environmental Factors on Pavements

The impact of the environment on pavement response and performance has been
an important issue of concern to many highway engineers and researchers. Among the
many environmental factors, moisture and temperature conditions within and around
pavement structures represent the most significant parameters that influence pavement
response to loads.

The effects of both temperature and moisture variations on pavements can be
viewed through their influences on the properties of the constituent materials. Such
seasonal variations tend to change the strength of the pavement materials so that their
resistance to traffic induced stresses are altered (AI, 1982 and AASHTO, 1986).
Furthermore, there is much evidence from previous research that pavements are
deteriorated by climatic factors even in the absence of traffic variables. This stems from
the fact that temperatur and moisture variations, among other environmental factors, can
produce internal stress s in the pavement materials which may become excessive and

ultimately lead to struc . ral failure.

It follows that qu- ‘titative evaluation of the effects of both temperature and
moisture variations on pavement response is essential to properly rehabilitate existing
pavements and design new ones. This fact necessitates establishing a way for measuring

seasonal variations.

2.5.1 Temperature effects
Of all environmental factors, temperature is the easiest to estimate and use in a

mechanistic-empirical design procedure.

Temperature conditions affect pavement structures in one or more of three ways:
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1) Internal stresses: Daily and seasonal fluctuations in temperature induce intemal
stresses within the pavement structure due to thermal expansion and contraction. Diurnal
variations usually produce bending stresses whereas seasonal fluctuations manifest itself in
térms of either tensile or compressive stresses. The effects of these stresses in producing
temperature associated cracks were studied by many investigators. Worth mentioning
among these, is the work reported by Secor et al. (1965b) and Haas and Topper (1969) on
the phenomenon of low temperature cracking.

(2) Changing material properties: It is well known that all asphalt-stabilized
materials are viscous materials and as such their properties are highly dependent on
temperature. Therefore, changes in temperature will in turn alter the ability of these
materials t: withstand traffic loads. Low temperatures, for example, have beneficial effects
in terms of increasing the stiffness of the asphalt concrete layer whereas high temperatures

tend to soften these materials and thus increase its susceptibility to traffic-induced damage.

(3)  Combined temperature and_moisture_effects: In seasonal frost areas the

interaction between subzero surface temperature conditions and moisture present within
the pavement structure leads to significant reduction in the pavement system ability to
withstand traffic loading during the spring time due to reduced subgrade strength under

thawing conditions.

Due to the above discussed temperature influences on pavement thickness design
requirements, various approaches were tried for predicting appropriate temperature inputs
to be included in the design and rehabilitation of pavement structures. Hudson (1973)
summarized the approaches adopted by the different investigators as follows:

1. Applying regional or environmental factors to adjust the design (or overlay)
thickness. An example of this is the 1961 AASHO Interim Guide procedure

(1961).
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Developing design procedures that will relate to a general climatic area where an
annual cycle of temperature, freezing and so on will be about the same from year
to year. This is similar to the procedure developed by Haas and Topper (1969) for
investigating low temperature cracking.

Developing temperature prediction models whereby temperature profile and
history of a particular pavement can be predicted from available weather data
(Secor et al., 1965b; Christison, 1972; Shahin and McCullough, 1973; and
Robinson, 1986).

Recently, Pufahl et al. (1990) developed an integrated computer model to estimate

both moisture and temperature effects beneath pavement structures. Extensive

meteorological data, as well as other data, represent the inputs needed by the program to

produce the temperature- and moisture-time profiles.

2.5.2 Moisture variation effects

The presence of moisture and its seasonal variations within the pavement

structures can produce one or more of the following effects:

i.

Combination of moisture and sunlight can lead to the oxidation of the asphalt
concrete layer and thus change the layer resistance to traffic loads.

Development of excessive pore-water pressure in pavement embankmerts can lead
to base and slope stability failures.

Undesirable volume changes may occur in certain soils that are more susceptible to
changes in moisture. Examples of these soils are expansive clays and frost
susceptible soils.

Prevailing subzero surface temperature conditions in conjunction with moisture

present in the subgrade layer leads to freezing and subsequent thawing of these
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materials. Such conditions tend to reduce the subgrade soil bearing capacity during
the spring time, and thus enhance the damage induced by traffic during this period.
5. Seasonal fluctuations in moisture also induce internal stresses within the pavement

structure which may become excessive and eventually produce structural failure.

Since moisture cycling is seasonal and not a daily change, moisture variations do
not impose the large number of repeated stresses that temperature variations do.
Therefore, the major concern with moisture influences on pavements is only to cater for its
effect in changing material properties. This is particularly emphasized in areas experiencing

seasonal freezing and thawing of the subgrade soil material.

2.5.3 Quantifying seasonal variations

Efforts for measuring the loss in pavement load carrying capacity due to

reduce” sub+ - supporting capacity during the frost-melt period in the spring time dates
back to the 41 .- ‘s when Motl (1948) developed his familiar curve that relates loss in
bearing .~ -~ :s measured by plate-loading tests, with seasons. Further investigations

by the U.S. Army Corps of Engineers (Sayman, 1955) substantiated the Motl work.
Although these studies brought into attention the importance of seasonal adverse effects
on pavement strength, however, it was only a very broad generalization of what actually
happens in a specific pavement section. This fact called for more definitive methods for
measuring pavement structural response to load end quantification of the effects of

seasonal variations on such measure(s).

With the emergence of the Benkelman Beam surface deflection as an acceptable
index of the pavement ability to carry load (WASHO, 1955), it became evident that the
seasonal effects of temperature and moisture on pavements must be incorporated in this

measure. This conclusion was arrived at after extensive deflection testing at the WASHO
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Road Test. The following observations are among the important findings from the Road

Test (WASHO, 1955):

(1) The effect of the condition of the separate components of the pavement on the
ability of the structure to support load should further be studied. Of prime
importance is the moisture content at the surface of the subgrade soil.

(i) A strong relationship between the Benkelman Beam deflection and asphalt
concrete surface temperature is evident. However, further research 1s needed to
substantiate and quantify this effect.

Similar findings had also been reported by the Canadian Good Roads Association (CGRA)

during their evaluation of Canadian roads in the late 1950's and the early 1960's (CGRA,

1959 and 1962). From stage two of the CGRA study, attempts had been made to relate

characte tics of the seasonal deflection curve such as peak spring deflection and mean

fall deflection to various pavement and environmental parameters such as soil type,
pavement thickness, traffic, spring axle load restrictions, freezing index and average annual
precipitation. Regression analyses of these parameters versus vk spring and/or mean fall

aeflection proved inadeguate for fully characterizing seasonal behaviour.

Further attempts that used the surface deflection as a means of assessing pavement
strength followed. In Alberta, Shields and Dacyszyn (1965) used this procedure to detect
seasonal variation influences in the strength of flexible pavements within the Province. In
their study, the ratio of the spring 1cbound deflection, defined as the maximum value, to
the fall rebound, defined as the average value during the 62 day period prior to the
inception of freezing, was used as an indicator of the effe:t of the season on the pavement
load-carrying capacity. Findings indicated that there was a substantial loss in the strength
of pavements during the spring period. Practical implementation of the research findings
took the form of imposing spring load restrictions on major highways within the Province

for more than twenty years. More recently, Christison and Leung (1988) employed the



62

same technique used by Shields and Dacyszyn to a larger database and obtained similar

results to those reported earlier.

With the advent of new nondestructive deflection measuring devices, such as the
Dynaflect and the FWD, that more closely simulate in situ traffic loading conditions,
extensive use and adjustment of measured surface deflections to cater for seasonal
variations continued. Parker (1991) and Germann and Lytton (1989) used different
temperature correction procedures to adjust measured FWD deflection data to a standard
temperature of 210 C (700 F). In both studies, the correction factors were applied to layer
moduli back-calculated from deflection: data rather than the measured deflections, per se.
In Alberta, ¥urlanda (1993) used temperature-adjusted FWD central deflections to
evaluat~ flexible pavement bearing capacity. The aim behind that was to identify those

pavements in need for structural rehabilitation at the network ievel.

Newcomb et al. (1989) also investigated the phenomenon of seasonal variations in
the states of Nevada and Washinigton. Ratios of the subgrade mocuii during the spring
time, or wet season, to those under no thaw, or dry, conditions were computed fromm FWD
deflection measurements and related to environmental and soil parameters such as the
freezing index, thawing index, permeability and percent soil passing the 0.076 mm sieve
(#200 sieve). The major finding from this study was that there is no arpreciable change in

subgra-e moduli from season to season.

Janoo and Berg (1990 and 1992) investigated thaw-weakening behaviour of
flexible pavements in seasonal frost areas. In these studies, four test sections were built in
the Frost Effects Research Facility (FERF) at the U.S. Army Cold Region Research and
Engineering Laboratory (CRREL). These sections were instrumented with thermccouples

and electrical resistivity gauges for recording the temperature distribution within the
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asphalt concrete, base, subbase and subgrade layers. The combined use of thermocouples
and resistivity gauges was meant to provide a better estimate of freezing and thaw depths.
The test sections were subjected to several freezing and thawing cycles. FWD deflection
measurements were conducted prior to and during the thaw cycles. The data collected
from these tests were then analyzed to identify and interpret seasonal behaviour. Two
types of analyses were performed. In the first analysis, explicit utilization of the deflection
data was made. This took the form of determining seasonal variation effects through the
interpretation of some deflection parameters like the centre deflection, the fourth sensor
deflection and the deflection basin area. In the second analysis, the informaticn gathered
from the first stage was used to back-calculate the layer moluli during one full freeze-
thaw cycie. These moduli were then used to estimate changes in pavement load carrying

capacity with the seasons.

To summarize, detection of seasonal vanation trends and their influences on
pavement bearing capacity can be achieved through the following steps:
) Adjust the measured surface deflections (or back-calcuiated moduli) to a standard
temper xture, usually taken as 210 C.
(ii) Use different correcied deflections and/or modulus ratios to quantify the effects of
moisture changes.
With the ever-growing trend of usir3 mechanistic-empirical methods for pavement design
and evaluation, the resilient modulus represents the most adequate and popular measure to
be used for quantifying seasonal variations. Apart from the fact that the resilient modulus
represents a basic material property, it is an essential primary input that is required by all
available mechanistic-empirical procedures. Furthermore, today's technology and state-of-
the-art knowledge of pavement design and analysis, lend itself quite easily to the
determination of the resilient moduli of all pavement materials within a reasonable degree

of accuracy both in situ and under controlled laboratory conditions.
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2.6 Summary
This chapter is intended to present the cuirent state-of-the-krowledge

pertaining to flexible pavement structural evaluation procedures.

In the first part of the chapter, a review of available pavement design
methodologies is given. The need for rationalizing the process of pavement thickness
design and rehabilitation through the use of mechanistic-empirical procedures is
emphasized. Pavement performance and its linkage to pavement response, materials
characterization and the phenomenon of seasonal variations in pavement strength are

among the crucial issues that need to be further studied.

In the second part of the chapter *“ :wastion of measuring the pavement bearing
capacity through nondestructive te 3 tecr.,.es was discussed. Nondestructive
deflection testing and surface wave propagation procedures are the two most popular
approaches currently available for evaluating pavement load-carrying capabiiity. Both
techniques involve back calculating fundamental material properties from some measured
pavement response(s). These properties are then uscd in designing new pavements ard/or
rehabilitating in-service ones. The merits and disadvantages of both evaluation techniques

are presented and discussed.

Laboratory testing is another way of characterizing pavement materials. Although
such c.aracterization is of a destructive nzture, however, its potential use for designing
new pavemerts should not be ignored. Furthermore, laboratory materials testing
supplemeints and substantiate tne information collected by nondestructive testing

procedures.
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Environmental considerations and their influence on pavement bearing capacity are
discussed in the last part of this chapter. In particular, temperature and moisture
fluctuations and their adverse effects on pavement conditions are addressed here. As a
matter of fact, the need for better quantification of the effects of such factors on pavement

structural performance is the reason behind the pursuit of the current research project.
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CHAPTER THREE

MEASUREMENT OF SOIL MATRIC SUCTION

3.1 Introduction

The construction of highway embankments and preparation of subgrade soils
usually involves dealing with compacted soils that are unsaturated.  Furthermore,
microclimatic conditions in the vicinity of a pavement tend to produce a surface flux
boundary condition which produces flow through the upper portion of the soil profile. 1f
the net upward flux, due to evaporation, is greater than the net downward fli.x, due to
rainfall and other forms of precipitation, the pore-water pressure within the soil will be
negative, otherwise a saturated soil condition with positive pore-water pressure will
prevail. The existence of such negative pore-water pressure in the soil has been advocated
by many (Fredlund and Morgenstern, 1977, Fredlund, Bergan and Sauer, 1975; Edil and
Motan, 1984; and Fredlund and Rahardjo, 1993) researchers to have beneficial eftecis on
the soil structural strength. Based on this, a quantitative evaluation of the influence of
negative pore-water pressures (i.e. soil suction) on soil bearing capacity is considered an
essential part towards proper understanding of the mechanical behavior of unsaturated

soils and its relation to pavement design and rehabilitation.

In this chapter, the underlying principles of unsaturated soil mechanics together
with the v ious techniques used for measuring soil suction are presented and discussed.

A separate section on the behaviour of frozen soils is also included in this review.

3.2  Role of Soil Suction in Affecting Unsaturated Soil Behaviour
An unsaturated soil is a mixture of four distinct phases: i) solid particles, i) water,

iii) air and iv) air-water interface. Fredlund and Morgenstern (1977) justified the use of



88

the air-water interface as a separate phase based on the fact that it has different properties
from the contiguous materials and has definite bounding surfaces. These two attributes
qualify any portion of the material within a mixture to be identified as an independent
phase (Sisler et al., 1953; Davies and Rideal, 1963;). A unique property of the air-water
interface, or contractile skin as it is often called, is its ability to exert a tensile pull on the
soil solid particles. This allows the contractile skin to behave as "an elastic membrane
interwoven throughout the soil structure” (Fredlund and Rahardjo, 1993). The contractile
skin has a thickness ir. the order of only a few molecular layers. This fact makes the
physical subdivision of the contractile skin unnecessary when establishing volume-mass
relationships for unsaturated soils. However, when considering the stress state equilibrium
analysis of the multiphase continuum, it is necessary to realize that the contractile skin

behaves as an independent phase.

To illustrate how the contractile skin influences the mechanical behaviour of
unsaturated soils, let us consider the case of a thin glass tube that is inserted into water
under atmospheric conditions (Figure 3.1). According to the capillary law, water starts
rising up in the tube as a result of its tendency to wet the surface of the glass. As this
happens, water molecules at the water-air interface start experiencing an unbalanced force
towards the interior of the water due to the pressure exerted by the column of water of
height .. In order for the contractile skin to be in equilibrium, a tensile pull is generated
along the circumference of the contractile skin. This force is called surface tension, T,
and is usually measured as force per unit length of the contractile skin. The surface
tension acts at an angle, a, from the vertical. This angle is known as the contact angle and
its magnitude depends on the adhesion between the molecules of contractile skin and the

material comprising the tube.
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Let us now consider the equilibrium of forces in the vertical direction in the
capillary water in the tube in Figure 3.1. The vertical component of surface tension (i ¢

2rTs cos(a) ) is responsible for holding the water column of height A (i.e. r2hP,g)

Then,
2nrTs cos(a) = mr2hePyg 3g.n
where, Pw = density of water
Ts = surface tension
g = gravitational acceleration
r = radius of the capillary tube
o = contact angle

but, from the condition of hydrostatic equilibrium at point C, we have

uy = -hcPug (3.2)
where, U, = water pressure at C
also at Point C, tlie nore-air pressure is atmospheric, i.e.

ua = 0 (3.3)

combining equations (3.2) and (3.3), we have

(ua-uw) = hcPug (3.4)
substituting equation (3.4) in equation (3.1), we get:
2Ts
(ua-uw) = Y (3.5)
where,
(ua -uw) = soil matric suction
& Rg = radius of curvature of the meniscus

r/cos(a)
Equation 3.5 is called the “matric suction —- surface tension™ relationship. Note that in
the case of soils, Rs can be substituted for by the pore radius, r, assuming a zero contact

angle. As a result, the smaller the pore radius of a soil, the higher will be the matric
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suction (in other words, soils composed of fine particles such as clay and silty soils

experience high suction).

Referring to Figure 3.2, the surface tension associated with the contractile skin
results in a compressive reaction force on the wall of the capillary tube. The vertical
component Sf this reaction produces compressive stresses on the wall of the tube. In
other words, the weight of the water column is transferred to the tube through the
contractile skin. In the case of unsaturated soils, the compressive stresses resulting from
surface tensior in the contractile skin produce an increase in the compression of the soil
structure. As a result, the presence of matric suction in an unsaturated soil increases its

shear strength (Fredlund and Rahradjo, 1993).

3.3  Historical Development of Basic Concepts of Unsaturated Soil Mechanics
The principle of effective stress introduced by Terzaghi in 1936 laid the foundation
for understanding the behavior of classical saturated soil mechanics. The principle states

that :

The stresses in any point of a section through a mass of soil can be
computed from the total principal stresses oy, o2, o3 which act at
this point. If the voids of the soil are filled with water under a
stress, Uy, the total principal stresses consist of two parts. One
part, u,, acts in the water and in the soil in every direction with
equal intensity. It is called the neutral (or the pore-water)
pressure). The balance o1 = 07— uw, 02 = 02—uy, and 03 =
03— My, TEpresents an excess over the neutral stress, u#,y, and it has
its seat exclusively in the solid phase of the soil. All the measurable
effects of a change in stress, such as compressicn, distortion and a
change in shearing resistance are exclusively due to changes in the
effective stress. (Terzaghi, 1936)
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The validity of the effective stress as a stress state variable that can be used in

describing the mechanical behavior of saturated soils has been well accepted and

experimentally verified (Rendulic, 1936; Bishop and Eldin, 1950, and Skempton, 1961).

Moreover, evidence has shown that only a suwte-valued effective stress relation is

required to completely describe the mechanical behavior of saturated soils.

Following the successful evaluation and implementation of the principle of

effective stress for saturated soils, many attempts had been made to develop a similar

c~-cept of effective stress for unsaturated soils. Fredlund and Rahardjo (1993) gave an

extensive review of these efforts. In summary, they stated the following:

i)

i)

Numerous equations had been proposed by several researchers (Croney et al.,
1958; Bishop, 1959; Bishop and Donald, 1961; Jennings, 1961; Coleman, 1962,
and Richards, 1966).

All proposed relations incorporated a soil property to form a single-valued
effective stress expression. However, these equations proved unsuccessful in
explaining fully the soil behaviour and further suggested a dependency of
behaviour on stress path followed.

The incorporation of a soil property into the description of the stress state for
unsaturated soils lead to difficulties. First, experiments have demonstrated that
the effective stress equation is not single-valued (Jennings and Burland, 1962).
Second, and more importantly, the incorporation of a material property in the
description of the stress state within that material is in violation of the basic
concepts of continuum mechanics (Fung, 1969). This is because such relations
are in essence constitutive relations and not stress state equations.

Re-examination of the proposed effective stress equations had led many

researchers to suggest the use of independent stress state variables, e.g.. (6~ ugy)
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and (ug — uyw), 1o describe the mechanical behavior of unsaturated soils (Bishop

and Blight, 1963; Burland, 1965; Aitchison, 1967; Brackley, 1971).

In the late 1970’s, Fredlund and Morgenstern (1977) presented a theoretical stress
analysis of an unsaturated soil on the basis of multiphase continuum mechanics. The
analysis revealed that any two of three possible normal stress variables can be used to fully
describe the stress state of an unsaturated soil. These stress state variables are:

i) {(o-ua) and (uz - uw);
i) (o -uy) and (uz —uyw);

iil) (o -uy) and (o - uy).

where,
o = total vertical stress,
Uy = pore-air pressure,
uw = pore-water pressure.

It is worth noting that the stress state variables are expressed in terms of readily
measurable physical quantities (i.e. normal stress, pore-air stress, and pore-water
pressures). This makes the utilization of the proposed stress state variables in solving
engineering problems an easy job once the in situ measurements of the physical quantities

become available.

Although any two of the three possible combinations of the stress state variables
can be used, however, the (o~ ug) and (ug ~ uy) combination appears to be the best
choice for two reasons (Fredlund and Rahardjo, 1993):

i)  The effects of a change in total stress, o, can be separated from the effects caused

by a change in pore-water pressure, #yy,
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it) Pore-air pressure is atmospheric (i.e. u, = 0 gauge pressure) for most practical

engineering problems and as such serves as an excellent reference for both the
total stress and pore-water pressure.

The aforementioned stress state variables for unsaturated soils have been

experimentally tested and verified (Fredlund, 1973).

3.4  Theory and Components of Soil Suction

The significance of soil suction in explaining the mechanical behavior of
unsaturated soils relative to engineering problems was first recognized by a group of
researchers at the Road Rescarch Laboratory in London in the early 1950's (Croney and
Coleman, 1948; and Croney, Coleman and Lewis, 1950). This is followed, in 1965, by the
adoption of the review panel for the soil mechanics symposium, “Moisture Equilibrium
and Moisture Changes in Soils”, of the quantitative definitions of soil suction and its

components (Aitchison, 1965).

From a thermodynamic standpoint, soi! suction is defined as the free energy state
of soil water (Edlefsen and Anderson, 1943). Tiwe free energy of the soil water can be
measured in terms of the partial vapor pressure of the soil water (Richards, 1966). The
equation that governs the relationship between soil suction and the partial pressure of the
pore-water vapor is known as the Kelvin's equation and is expressed as follows (Fredlund

and Rahardjo, 1993):

(3.6)

where,

<
"

T soil or total suction (kPa),

=
i

universal gas constant (=8.3143231 mol K),
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T = absolute temperature in "Kelvin (T = (t + 273) °K),
t = temperature in °C,
vwo = specific volume of water or the inverse cf the water density
(e. %)) (m3/kg),
P, = water density (kg/m3),
w, = molecular mass of water vapor (=18.016 kg/Kmol),
U, = partial pressure of pore-water vapor (kPa),
Uo = saturation pressure of pure water vapor over a flat surface of pure
water at the: me temperature as that of the pore-water vapor (kPa).

The term (.ﬂ) is called the relative humidity, RH%. By combining all constant terms in
Wvo

equation 3.6 into one constant, say C, this equation can be re-written as follows:

v, = C In(= (3.7)
Uvo

w —
The relation between suction, ¥, and relative humidity, (—.—), is depicted in Figure 3.3.
Uvo

From Figure 3.3 and equztion 3.7 above, it is clear that at RH% of 100% ¥,=0. At

RH% less that 100%, suction will be present in the soil. Also, extremely high suction
values are experienced for RH% > 90% and < 100%. For example, at a reference
temperature of 20 °C, the constants in equation 3.6 give a suction range of 1350 kPa -
13500 kPa for RH% of 90.5% to 99%, respectively. This is the range of soil suction
usually encountered in compacted cohesive subgrade soil that is used as a foundation layer

in roadway construction

The soil suction expressed by equation (3.6) above is called the total suction.
Total suction has two components usually referred to as matric and osmotic suctions. The
definitions of total, matric and osmotic suctions as quoted by the International Society of

Soil Science are as follows (Aitchison, 1965):
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Total suction or free energy of the soil water — In suction
terms, it is the equivalent suction derived from the measurement of

the partial pressure of the pore-water vapor in equilibrium with free
pure water.

Matric or capillary component of free energy of the soil
water — In suction terms, is the equivalent suction derived from
the measurement of the partial pressure of the water vapor in
equilibrium with the soil water, relative to the partial pressure of the
water vapor in equilibrium with a solution identical in composition
with the soil water.

Osmotic (or solute) component of free energy of the soil
water — In suction terms, it is the equivalent suction derived from
the measurement of the partial pressure of the water vapor in
equilibrium with a solution identical in composition with the soil
water, relative to the partial pressure of water vapor in equilibrium
with free pure water.

From the above definitions, it is clear that total suction is the free energy of soil

water while matric and osmotic suctions are the components of the free energy i.e.

Vr = Vg + ¥, (3.8)

where,

<
=
]

matric suction (i.e. Vi, = u, - uy), and

<
AN
i

osmotic suction (sometimes referred to as x)
Therefore, equation (3.8) can be written as:

V1 = (Ua-uw)+m (3.9)
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The assertion that total suction equals the sum of matric and osmotic suctions has
been experimentally verified (Fredlund and Krahn, 1972; and Edil and Motan, 1984).
Also, researchers found that a unique relationship exists between matric suction and soi}
water content irrespective of the soil dry density (Croney and Coleman, 1960, and
Fredlund and Krahn, 1972). Box and Taylor (1961) used null-point tensiometer and
showed that at corstant water contents, higher densities resulted in a decrease of matric
suction. However, the variations appear to be small that from an engineering point of
view they could be neglected. The work of Olson and Langfelder (1965) further
substantiated the findings of Croney and Coleman (1960) and Fredlund and Krahn (1972).

3.5 Therma! Properties of Frozen and Unfrozen Ground

It is a fact that the engineering properties of unsaturated soils are affected by the
amount of moisture present in these materials. Also, the phase composition of water in
frozen soils, i.e. ratio of unfrozen water to ice, plays an important role in defining the

engineering properties of such soils.

n unfrozen soils, the main forces acting on the soil water are those due to
capillarity and adsorption (Hoekstra, 1969). Capillary forces are surface tension forces
created at the water-air interfaces due to difference in pressure between the two phases.
On the other hand, adsorption forces are those emanating from negatively charged soil
particles. The latter forces tend to attract and keep in close contact to the soil particles a
thin film of water. This type of adsorbed water is strongly bound to the surfaces of the
soil particles and have distinctively different characteristics than those of the remaining soil
water. In the unfrozen state, the effect of temperature on both surface tension forces and
adsorption forces is either small or difficult to quantify. Consequently, the effect of
temperature on the value of engineering properties of unfrozen soils is usually neglected in

practice.
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The behavior of frozen soils, on the other hand, is highly temperature-dependent
because temperature teads to change the interaction of water with soil, and also the ratio

of the remaining unfrozen water to ice.

In this section, some considerations pertaining to ground freezing and definitions
of some essential thermal properties of soils and other materials (usually used for

constructing soil suction measuring devices) will be given.

3.5.1 Theory of Soil Freezing

In fine-grained soils, freezing of the soil water does not occur at a single freezing
temperature but rather over a wide range of negative temperatures below 0°C (Lovell,
1957, Williams, 1964a; Hoekstra, 1969). As the soil freezes, the soil water occupying the
larger soil pores starts turning into ice. This is then followed by the gradual freezing of
the adsorbed water adjacent to soil particles as the temperature drops further below 0°C.
This results in a decrease in the thickness of the unfrozen film. Hoekstra (1969) reported
that the unfrozen adsorbed water can coexist in equilibrium with the ice formed over a
wide temperature range below freezing. In other words, the ice phase at each freezing
temperature is in equilibrium with the unfrozen water layer whose properties are

constantly changing as the temperature is lowered.

Nersesova and Tsytovich (1966) found that three types of water exist in frozen
ground: ice, strongly-bound water, and water, depending on temperature, that may be

either frozen or unfrozen.

As freezing progresses and ice starts forming, it becomes more difficult to freeze
the remaining water due to increased adsorptive forces on the thinning unfrozen water
film. This is further augmented by the increase in salt concentration of the remaining

unfrozen water (this is because when ice is formed, it does not contain within its
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crystalline structure any salt constituents which means that the concentration of salts in the
remaining unfrozen water will increase). The result of the observed phenomenon will be a

depression in the freezing point of the remaining unfrozen water (Schofield, 1935).

Several factors were reported in the literature (Hoekstra, 1969) that influence the
amount of unfrozen water content. Most important among these are:
(a) temperature,
(b) surface area of clay minerals,
(c) sait content,
(d) mineralogical composition of soil,
(e) soil structure, and

(f) external pressure.

Edlefsen and Anderson (1943) suggested that very little, if any, of the soil water, in
frozen soil, is under reduced pressure, or suction. Rather, most of the soil water is under
the influence of adsorption forces acting normally to the particles surfaces and resulting in
raised pressure, i.e. positive pore pressure, in the adjacent water. Ice present in the frozen
soil under these conditions will also be subjected to these pressures with the result being
that of a depressed freezing point. They also believed that such adsorptive forces could be

responsible for the suction in the soil.

Schefield (1935), on the other hand, believed that much of the soil water in a
frozen soil is actually under a reduced pressure, or tension, but that the ice first formed
would be under atmospheric pressure (i.e. zero gauge pressure). If such is the case then
the result will again be that the freezing point of the remaining unfrozen water will be

depressed because of the pressure difference between the ice and the liquid water content.
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Williams (1964b) proved experimentally that Schefield's proposed explana:-on of
what happens during soil freezing is the correct explanation. He further added that even
when large quantities of ice are present for temperatures down to at least ~1°C, the
pressure on ice is still different from that on the remaining unfrozen water. Therefore, the
development of this cryogenic suction is the real reason behind the observed phenomenon

of freezing point depressions.

The presence of unfrozen water in frozen soils down to negative temperatures as
low as “40°C (Farouki, 1985), is an important issue of concern in terms of the associated
engineering properties of these soils. This importance motivated several researchers to
find relationship(s) between the amount of the unfrozen water content and other soil
strength indices. Williams (1964b) used calorimetric experiments and the soil water
retent'on curve, soil suction-moisture content relationship, to relate the negative
temperature at which a given unfrozen moisture content occurs and the suction
corresponding to a similar moisture content at room temperature. He also found that the
equilibrium freezing temperature associated with a particular amount of unfrozen water

content is not significantly affected by the amount of ice already present.

Anderson and Tice (1972) showed that the amount of unfrozen water content is a
function of the equilibrium freezing temperature. Anderson and Morgenstern (1973)
postulated a power model for the relation between the freezing temperature and the
amount of unfrozen water content. This relation is of the following form:

Wu = mo" (3.10)

where,
Wu = unfrozen water content

6

equilibrium freezing temperature
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m, n = characteristic soil parameters that can be determined
experimentally.
Another relation, using regression analysis on phase composition data for a group of soils
having widely varying properties and characteristics, was also reported by Anerson et al.

(1973). This relation is of the form:

LnWu = a+bLnS+cSLno (3.11)
where,
Wu & 6 = are as defined before

S

specific surface area of the soil

abcd = experimental constants of regression.

Black (1991) &i. Aerived an expression, for saturated frozen soils, relating the
amount of the unfrozen water to the difference in pressure between the ice and the liquid

phases as follows:

b
Wu = a(diw) (3.12)
where,
diw = Ui—Uw
yj = ice pressure
uw = water pressure
a&b = regression constants that can be determined from

experimental data

Another issue of concern pertaining to frozen soil strength characteristics is the
development of the cryogenic suction, mentioned previously, as a result of freezing point
depression phenomenon. Using traditional thermodynamic concepts ard the phase
diagram of water, a thecretical expression for determining this cryogenic suction can be

derived.
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A wat-r phase diagram, shown in Figure 3.4, is a diagram that shows the three
phases of water under different conditions of temperature and pressure. Three curves in
this diagram are of special importance, namely: the fusion curve, the sublimation curve
and the evaporation curve. The fusion curve is the one that is associated with the freezing
and thawing processes. At a specified temperature, water and ice can co-exist under a
given pressure as determined by the fusion curve. Using the concepts of thermodynamics,
the slope of the fusion curve is given by the Clausius-Clapeyron equation (Miller, 1972,

Law et al,, 1968a & b):

P L
— = e 3.13
3 6V ¢ )
where,
8P = change in pressure
+ = change in temperature
L = latent heat of fusion (= 333 kl'kg) liberated when water

turns to ice or heat absorbed when ice turns to water.

9 = temperature in degrees Kelvin

Vw {/Py, (Where Py, is the mass density of water)

For a freezing soil, suction wili develop as a consequence of the difference in
pressure between the ice and the unfrozen wate: phases i.e. 6P = a (u; - u.), where u;
and u,, are as defined before. The development of this suction will be accompanied by a
depression in the freezing point of the remaining unfrozen wateri.e. 96 = (0—06) = & o,

where 80 o is the freezing point depression. Thus equation (3.13) can be written as:

Aw-w) L (3.14)
d6o 0oVw
where,
8o = normal freezing temperature in Kelvin (i.e. 273.15
°K or 0°C).

According to Schefield (1935), u; is atmospheric or near atmospheric pressure (i.e. #; = 0

gauge pressure). Substituting this in equation (3.14) then:



102

I(~uw) = - e(j/w o 0 (3.15)

The term &(-uw) refers *o the increase in soil suction as the freezing temperature 6o 1
lowered by @ o from 0°C. It can thus be concluded that soil freezing is a dehydration
process that is analogous to the drying process that occurs in soils above 0°C. The
unfrozen water content in frozen soils is comparable to the “adsorbed water” contained in
air-dry soils at temperature above freezing (Tyutyunov, 1963). The ice crystals formed in
frozen soils are analogous to the air pockets in air-dry unfrozen soil. And the cycles of
freezing/thawing are like cycles of drying/wetting (Koopmans and Miller, 1966).

From the above discussion it is very evident that the engineering properties of
frozen soils are strongly dependent on temperature. And since these properties are also
linked to the amount of unfrozen water, then one could expect that the strength properties
of frozen soils to change drastically over a relatively small temperature interval (zero to

-10 °C) (Hoekstra, 1969).

3.5.2 Thermal Properties Relevant to Soil Suction Measurement

Many soil scientists and agricultural engineers advocated the use of thermal
characteristics of soils as indices of soil moisture and/or soil suction. In this section,
definitions of some of the basic thermal properties pertaining to the theory of heat

dissipation in a porous medium will be given.

One criticism pertaining to any method of measuring soil moisture based on
applied heat - the fact that moisture will move away from the heat source. Shaw and
Baver (1939), and Bloodworth and Page (1957), stated that the amount of movement
depends upon both the temperature of the heat source and the length of time the heat is
applied. These researchers further demonstrated that if both the amount of heat applied

and the time interval during which that happens were chosen to be as small as possible,
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then the corresponding moisture movement from the point where the heat is applied would

be negligible.

In frozen and unfrozen soils, heat is transferred mainly by conduction ie. the
transfer of thermal energy on a molecular level. To this end, quantitative description of
heat transfer by conduction can be performed using two independent thermal properties of
the mediumi.e.:

(1) thermal conductivity, k, and

(ii) heat capacity per unit weight, c.

The ratio (k/c) often appears in heat flow equations and is called thermal diffusivity.
following are definitions of these parameters and some considerations associated with their

use for soil suction (and/or moisture content) measurement.

Heat Capacity and Apparent Specific Heat of Soils

The heat capacity is defined as the amcunt of heat that is needed to raise the

temperature of a unit mass of the material by 1°C. It is measured in kJ/kg °C.

The specific heat capacity is the ratio of the heat capacity of the material relative to
that of water. For many substances, specific heat capacities are tabulated. These can also
be expressed in terms of temperature as simple polynomial relationships (Anderson and

Morgenstern, 1973).

For mixtures, the specific heat capacity of the mixture is the sum of the products of
the specific heat capacities of the individual constituents and their respective weight
fractions. For example, for unfrozen soils with x;, xv, and x, as the respective weight
proportions of soil particles, pore-water and pore-air, the specific heat capacity of the soil

is:
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<a = CgXs T CwXw T CaXa (3.16)

where,

are the specific heat capacities of soil solids,
pore-water and pore-air, respectively.

cSch)ca

For mixtures containing constituents that undergo phase changes, additional terms
containing the appropriate latent heats of phase change multiplied by the respective mass
fractions of these constituents suffice to describe the situation. For these materials, the
term “apparent” specific heat capacity is usually used to emphasize that heat is not
transferred in soils through conduction only. However, for practical purposes, other

modes of heat transfer can be neglected (Frivik, 1950).

In a freezing soil, the amount of heat required to change the temperature of one

gram of frozen soil over a temperature interval AT is given by (A..ucrson, 1966):

T+AT Ay
Q = (csxs*oxi+ox) AT+ [L(—=)edl (3.17)
r oI
where,
cs,.Ci.cu =  are the specific heat capacities of soil solids, ice and
unfrozen water, respectively.
Xs,Xi,Xu =  are the respective mass proportions of solids, ice and
unfrozen water.
L = latent heat of phase change of unfrozen water in Cal./gm

The last term in equation (3.17) is a term that takes into account the contribution
of the latent heat involved when the phase composition changes with temperature. Now if

the total amount of moisture in the soil prior to freezing is given by:

Xw = X + Xu (318)

then substituting equation (3.18) in equation (3.17) and dividing by AT yields:
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Q 1 7T+AT Ay

—_ = + Ci(Xw— Xy) + + —- Ol
AT CsXs t Ci(Xw — Xy) + CuXy AT £L( a1) e/
or,
] T+DT &u
c = + ¢i(Xw - Xy) + + — (L oI (3.19
a CsXs T Ci(Xw - Xu) + CyXu A7 £ ( ﬂ,) (3.19)

Equation (3.19) is an expression of the apparent specific heat capacity of frozen soils that
undergo phase transformation. As it can be seen from this equation, apparent specific
heats of frozen soils are significantly influenced by the latent heat of phase change. This
conclusion was verified #xperimentally by Williams (1962 and 1964a). He also found that
different values of the apparent specific heat are obtained depending on whether the soil is

freezing or thawing.

Thermal Conductivity

Thermal conductivity, , is dzfined as the amount of heat transferred in a unit time
through a unit length of the material with a unit cross-sectional area under a unit
temperature gradient (Fredlund and Rahardjo, 1991). It is a property that is used in
classical heat transfer problems to describe heat flow in frozen ground (Anderson and
Morgenstern, 1973). The units of measurement of k are Watts/metre °Kelvin (W/mK).
typical values for & for soil solids, water, air (at 20°C and 1 atmosphere) and ice are: 2.9,
0.6, 0.026 and 2.24 W/mK, respectively (Fredlund and Rahardjo, 1991; Frivik, 1980).
From these values it is clear that the conductivity of ice is about four times that of
unfrozen water. Since the apparent thermal conductivity of the soil equals the sum of the
products of the conductivities and volume fractions of the soil constituents i.e. solids, ice

and water, then it is expected that as the soil freezes, the overall k of the soil increases.

Frivik (1980) stated that for a coarse material the conductivity changes almost

instantaneously near 0°C, but for fine-grained materials with much unfrozen water content
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below 0°C, the change in conductivity usually takes place over an interval. Johansen and

Frivik (1980) proposed that the conductivity within the interval can be estimated from:

k = ke+ (ko —kom (3.20)

where,
k = conductivity in the interval
kf = frozen-state conductivity
ky = unfrozen-state conductivity
n = ratio of the unfrozen water to total water content.

Kersten (1949) also found that the initial degree of saturation of the soil affects the
ratio of the thermal conductivity below freezing to that above freezing. For high degrees
of saturation, the thermal conductivity of the unfrozen soil, k,, is expected to be lower
than that when the soil is frozen , Ky, due to the fact that kic. is four times that of unfrozen
water. However, for low degrees of saturation, Kersten found that ks is actually lower
than k,. This may be explained in view of the fact that at low moisture contents some of
the effective bridge water between the soil particles is removed to form ice in the pores.
the consequence of this is that the efficiency of heat conduction at the particle contact

point decreases making Arless than k,, (Farouki, 1985).

Thermal Diffusivity

The thermal diffusivity, a, is defined as the ratio of the thermal conductivity of the
material to its volumetric specific heat capacity i.e.:

k

a = — (3.21)
pc
where,
k,c = are as defined before
p = mass density of the material (kg/m3)

Thermal diffusivity of the material is the property that controls the rate at which a

temperature change spreads through a mass. The thermal diffusivity of ice is eight times
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that of water (because kice = 4 ky & cice = 0.5 ¢,). Therefore, heat conduction and

dissipation in frozen soils occurs at a faster rate than that in unfrozen soils.

Hoekstra (1969) reported that both the thermal conductivity and specific heat
capacity are temperature-dependent. This makes the diffus’vity dependent on temperature

as well,

Latent Heat

The latent heat is the heat or energy needed in a phase change. For water, it is
called the latent heat of fusion when heat is liberated upon the formation of ice or when
heat is absorbed upon the conversion of ice into water. The latent heat of fusion of water

is 333 kJ/kg.

The latent heat of fusion plays an important role during the freezing and thawing of
cohesive soils. Johansen (1977) reported that as water in fine-grained soils starts freezing
gradually, its latent heat is released in stages. The result of this heat release will be a
sudden change in the specific heat capacity immediately below the temperature at which
freezing begins (see Figure 3.5 - Low et al., 1968a). This change in the specific heat

capacity will b2 accompanied by a corresponding change in diffusivity (Hoekstra, 1969).

3.6  Measurement of Soil Suction

The successful application of the basic principles of unsaturated soil mechanics to
highway engineering necessitates the accurate determination of the magnitudes of the
stress state variables discussed in section 3.3 above. This involves measuring both the net

normal stress, (o) resulting from traffic loading, and soil matric suction, (ug—it,).
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In the following sections of this chapter, a revision of available techniques for
measuring soil suction both in the laboratory and in the field will be given. Although
matric suction is the main parameter of concern in the current study, the review will
include, for the purpose of completeness, techniques used for all types of suction
measurements. For each category of suction measurements, the review will include i) the
devices used, ii) the underlying working principle of each device and iii) the experience

of the various researchers with these devices.

3.6.1 Measurement of Total Suction

Microclimatic changes in the vicinity of pavement structures produce changes in the
water content of the fou;ldation soil (i.e. the subgrade layer). As stated previously, initial
water content of compacted soils appears to have direct relationships with the soil matric
suction. On the other hand, the osmotic suction appears to be insensitive to changes in the
soil water content (Frediund and Krahn, 1972). As a result, a change in total suction can
be representative of a change in the matric suction. Therefore, measurements of total
suction are important particularly in the high suction range where matric suction

measurements are difficult to obtain.

In this section, different techniques for performing total suction measurements will

be reviewed. This includes both direct and indirect procedures.

3.6.1.1 Direct Measurement of Total Suction
Direct measurements of total suction involve the use of thermocouple
psychrometers. When properly used, the psychrometer provides good estimates of the

total suction present in the soil.

Thermocouple psychrometers are used to measure total soil suction up io a

maximum suction of 8,000 kPa. Two basic types of thermocouple psychrometers exist.
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These are the Peitier psychrometer and the wet-loop type psychrometer. Both types of
psychrometers operate on the basis of temperature measurements between a non
evaporaiing surface and an evaporating surface. The difference in temperature between
these surfaces is then related to the relative humidity of the surrounding which in tumn is

related to total suction by means of equation (3.6) above.

The difference between the Peltier type and the wet-loop type psychrometers is in
the manner by which the evaporating junction is wetted to induce evaporation. Further

details on this subject can be found elsewhere (Fredlund and Rahardjo, 1993).

The Peltier psychrometer is the one that is most frequently used in engineering
applications. Figure 3.6 shows a typical singie-junction Peltier psychrometer. The
principle of operation of Peltier psychrometers is based on the Seebeck and Peltier effects.
Seebeck effect states that an electromotive force will be generated in a closed circuit of
two dissimilar metals when the two junctions of the circuit have different temperatures
(i.e. T and (T + AT)). A microvoltmeter installed in the circuit will measure the Seebeck

electromotive force as a function of the temperature difference between the two junctions.

The Peltier effect states that a current passed through a circuit of two dissimilar
metals will cause one junction to become warmer while the other become cooler. Passing
the current in the opposite direction will produce a reverse thermal condition at the two
junctions. This phenomenon makes it possible to use the thermocouple for measuring

relative humidity.

The application of the Seebeck and Peltier effects to measure soil total suction can

be illustrated by Figure 3.5 with the following explanation (Fredlund and Rahardjo, 1993):



iti)

The psychrometer suspended in a closed chamber containing
the soil specimen is allowed to achieve isothermal equilibrium
with the surrounding atmosphere. This is indicated by a zero
voltage reading being registered in the microvoltmeter.

A small electrical current (i.e. SmA) is passed through the
psychrometer from the constantan wire (+ve) to the chromel
wire(-ve) for a period of 15 seconds. The passage of the
electric current in this direction causes the measuring junction
to cool due to the Peltier effect. As the temperature at the
measuring junction drops below the dew point corresponding
to the surrounding atmosphere, water vapor starts condensing
on the measuring junction. during the condensation process
the temperature at the measuring junction remains at the
corresponding dew point temperature.

At the end of the 15 second period of cooling, the Peltier
current is terminated.

As soon as the cooling process is stopped, the condensed
water on the measuring junction starts to evaporate back to the
surrounding atmosphere. The temperature at the measuring
junction starts to drop below the dew point temperature as
evaporation begins. As a result, the microvoltmeter records
the electromotive force on a strip chart recorder. According to
the Seebeck effect, the generated electromotive force is a
function of the temperature difference between the measuring
junction and the reference junction. The microvolt reading
increases rapidly to a maximum value which is a function of the

relative humidity in the surrounding atmosphere. The drier the

110
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atmosphere, the higher will he the microvolt output during the
evaporation process.

v) Having reached the maximum output corresponding to the
maximum evaporative cooling, the microvolt output decreases
rapidly to approach a zero reading. The decreasing outputs
indicate that the temperature at the measuring junction is
increasing back towards the ambient or the reference junction
temperature.

vi) The microvoltmeter reads a zero reading when the temperature
at the measuring junction becomes equal to that of the

reference junction.

Since thermocouple psychrometers produce measurements in terms of microvolt
outputs, calibration curves relating these outputs to corresponding total suction are
needed. The calibration procedure is normally conducted by suspending the psychrometer
over a salt solution with a known osmotic suction and measuring the corresponding
microvolt maximum reading. Repeating this procedure with different concentrations of
the salt solute produces the needed calibration curve. It should be mentioned, however,
that temperature constitutes an important consideration during psychrometer calibration.
As a consequence of this, the calibration process results in a set of calibration curves
corresponding to various temperatures, shown in Figure 3.8. The obtained calibration

curves can then be used to estimate the total suction in soil specimens.

Psychrometers have been used successfully by several researchers (Frediund and
Krahn, 1972; Edil and Motan, 1984; Van der Raadt and Clifton, 1985) to measure total
suction. The following constitutes the advantages of using thermocouple psychrometers:

i)  Capable of measuring high suctions in soils (range of 100 kPa to 8,000 kPa).
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ii) Highly accurate.

iii) Relatively easy to calibrate and use.

iv) Insensitive to changes in bulk density.

There are also disadvantages to using psychrometers, such as the following:

i)  Easily corroded by acidic soils (this makes the interpretation of the psychrometer
response difficult and unreliable).

ii) Relatively long response time (hours), particularly at low suction range.

iii) A controlled temperature environment (+ 0.001 °C) is needed for the
measurements (this renders the utilization of psychrometers for in situ
measurements useless due to significant temperature fluctuations generally

occurring in the field).

3.6.1.2 Indirect Measurement of Total Suction

The technique known as the filter paper method can be used indirectly to measure
the soil suction. The technique has been extensively used by several soil scientists and
agronomists (Gardner, 1937; Fawcett et al., 1967, McQueen and M:ller, 1968; and Al-
Khafaf and Hanks, 1974), and to some degree by other researchers in the geotechnical
engineering discipline (Ho, 1979; Ching and Frediund, 1984; Gillen, 1985; and Van der
Raadt and Clifton, 1985).

The filter paper method can be used to measure either the soil total suction (non-
contact method) or the soil matric suction (contact method). The non-contact method
involves suspending a dry filter paper above a soil specimen, vapor flow of water will then
occur from the soil to the paper until equilibrium in the water content between the filter
paper and the surrounding is achieved. After equilibrium is estat*shed, the water content
in the filter paper is measured and total suction is inferred from this measurement. On the
cther hand, the contact method involves placing the filter paper in direct contact with the

soil and measure water content of the filter paper after equilibrium is achieved. Soil
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suction inferred from such measurement gives the matric suction of the soil specimen.

Figure 3.9 illustrates both the contact and non-contact filter paper methods for measuring

soil suction.

The measurement and calibration technique of the filter paper method is done in

accordance with a tentative ASTM Standard procedure (ASTM Committee D18 on Soil

and Rock). The steps of measurements of this procedure can be summarized as follows

(Fredlund and Rahardjo, 1993):

i)

ii)

i)

vii)

The filter papers are oven dried and then cooled and stored in a desiccant
container.

A soil specimen is placed in a large container with most of the container space
being filled with the soil to reduce time needed for equilibrium.

Two dry filter papers are piaced on top of a perforated brass disc that is seated on
the top of the soil specimen (non-contact method), alternatively, three stacked
filter papers are placed in contact with the soil. Two of these papers are used to
avoid contamination of the middle filter pzper with the soil which will later be
used in obtaining suction measurements (contact method).

The large container, containing the soil material and the filter papers, is sealed
with plastic electrical tape. The whole assembly is then stored inside an insulated
box.

Suction is allowed to equilibrate for a minimum of seven days.

At the end of the equilibration time, the filter papers are taken out from the large
container using a pair of tweezers and the water content of the papers are
determined in a manner similar to the determination of the gravimetric water
content of soil specimens.

Suction is then determined from the water content measurements using the filter

paper calibration curve (A water content versus suction relationship).



114

It is worth mentioning that the calibration curve for the filter paper method is
obtained using the same measurement steps described above and a salt solution of known
osmotic suction values at different concentrations (a procedure similar to psychrometer
calibration). Figure 3.10 shows a typical filter paper calibration curve (McQueen and
Miller, 1968). In contrast to psychrometer calibration curves, the filter paper calibration

curves always exhibit bilinearity as depicted in Figure 3.10.

i esearchers' experience with the filter paper method proved satisfactory.
However, the technique is highly user dependent and extreme caution should be exercised
when measuring the water content of the filter paper. The latter consideration stems from
the fact that filter papers have very small masses (each dry filter paper has a mass of about
0.52 grams) and with a water content of, for example, Z0%, the mass of water is about
0.16 grams. As it can be seeii, measurement of quantities of this nature should be done
very precisely or otherwise unreliable estimates of soil suction will result.

The following are some advantages of the filter paper technique:

i)  The procedure is simple.

ii) It is inexpensive since only filter papers are used as sensors for measurement.

iii) Can measure either total or matric suction.

iv) Can be used with a wide range of suction measurements (from a few kPa to
several hundred thousands kPa).

v) Can be used for both laboratory and field measurements.

The disadvantages of the method include:

i) Non-contact method is the only procedure that can be assured for measuring total
suction. However, under in situ conditions it is difficult to assure non-contact.

it) The procedure is extremely sensitive and user dependent.
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3.6.2 Measurement of Osmotic Suction

As mentioned previously, osmotic suction results from the presence of salts and
other impurities in soil pore-water. It also appears that osmotic suction is relatively
constant at various water contents (Fredlund and Krahn, 1972; and Edil and Motan,
1984). Therefore, this type of soil suction is of little significance in highway engineering
applications. Nonetheless, measurement techniques used for osmotic suction
determinations will briefly be reviewed in this section for the purpose of completeness.
Further, it is also possible to use osmotic suction measurements once they become
available to infer matric suction values by subtracting the former measurements from total

suction measurements.

Several procedures are available to obtain osmotic suction measurements. One
procedure, known as the saturation extract procedure, consists of adding distilled water to
a soil until the soil is in a near fluid condition. Some effluent is then drained off and its
electrical conductivity is measured. Osmotic suction is then inferred from the conductivity
measurement through the use of a calibration curve. This procedure is simple but it does

not yield accurate measurement of the osmotic suction (Fredlund and Krahn, 1972).

A second procedure for determining osmotic suction rneasurements invelves the
use of the psychrometer. A psychrometer is placed over the fluid extract to measure its

osmotic suction. This procedure alsc gives poor results (Fredlund and Krahn, 1972).

The use of the pore-fluid squeezing technique constitutes the third method that can
be utilized to measure osmotic suction. This procedure proved superior to both the above-
mentioned methods in producing reasonable measurements of osmotic suction. The steps

involved in using this technique can be summarized as follows:
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i) The pore-water in the soil is extracted using a pore-fluid squeezer device which
consists of a heavy-walled cylinder and piston squeezer. This device was first
used by Manheim (1966).
i) The electrical conductivity of the extracted pore-wa... .s then measured,
iii) The osmotic suction is then infeired from the measured electrical conductivity
using a calibration curve like the one displayed in Figure 3.11.
The squeezing technique appears to produce good results; however, the results seem to be
affected to some degree by the magnitude of the extraction pressure applied(Fredlund and

Krahn, 1972).

3.6.3 Measurement of Matric Suctien

Measurement of the unsaturated soil negative nore-water pressure, Or matric
suction is central to the application of unsaturated soil mechanics to highway engineering.
This is particularly true in areas experiencing large fluctuations in matric suction as a result
of significant environmental changes (excessive wetting and drying and/or seasonal

freezing and thawing).

In this section a comprehensive review of currently available techniques for

measuring matric suction will be presented.

Matric suction can be measured either directly or indirectly. Direct measurements
involve the use of high air entry discs for measuring the negative pore-water pressure.
Examples of direct measurements are the tensiometer and the use of the axis-translation
technique. On the other hand, the indirect method involves the use of several porous
sensors for performing the measurements . Among the devices used for this type of

measurements , are electrical resistivity and thermal conductivity sensors.

Measurement techniques that are going to be reviewed in this section include:
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i) Tensiometers.
ii) Axis-translation technique.
iti) Thermal conductivity sensors.
Electrical resistivity gauges and other types of indirect measurement devices can be

referred to elsewhere (Berg, 1989; Nieber and Baker, 1989; and Nieber et al., 1991).

3.6.3.1 Direct Measurement of Matric Suction

Direct measurements of matric suction involve measuring the negative pore-water
pressure within the soil mass using high air entry discs. A high air entry disc is a porous
disc that has many small pores of relatively uniform size. The disc acts as a membrane
between air and water , see Figure 3.12. High air entry discs are commonly made from

ceramic material that consists of compressed and sintered kaolin.

The principle of operation of the high air entry disc was explained by Fredlund and
Rahardjo (1993). This can be illustrated by reference to Figure 3.12 with the following
explanation:

i)  As the high air entry disc becomes saturated with water, air cannot pass through
the disc due to the ability of the contractile skin (i.e. air-water interface) to resist
the flow of air.

ii) The ability of the disc to resist the inflow of air through the contractile skin results
from the surface tension, Ty, developed by the contractile skin. This contractile
skin acts as a thin membrane joining the small pores of radius, Rs, on the surface
of the ceramic disc.

iii) The diffcrence between the air pressure above the contractile skin and the water
pressure below the contractile skin is defined as matric suction.

iv) The maximum matric suction that can be maintained across the surface of the disc

is called its air entry value, (g — Uy 4, and is given by Kelvin's equation:
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(Uua-uw)y = T (3 22)
where,
(ua—uw)g = air entry value of the ceramic disc
Ts = surface tension of contractile skin
Rs = radius of curvature of the contractile skin or the

radius of the maximum pore-size.
The air entry value of the ceramic disc is largely controlled by the radius of curvature, Rs.
Therefore, by manipulating the size of the pores withir the ceramic disc, different air entry
values can be obtained. This is usually controlled by the preparation and sintering process

used to fabricate the ceramic discs.

In using high air entry discs (either in tensiometers or in the axis-translation
technique) for negative pore-water measurements, one should make sure that the ceramic
disc is fully saturated with water. In addition to the fact that the water in the ceramic disc
provides the necessary surface tension to be developed for measurement purposes, it is
also essential since this water acts as a link between the pore-water in the soil and the
water in the measuring system. In other words, the water in the saturated ceramic disc
provides continuity between the pore-water in the soil and the water in the measuring

system.

It should also be mentioned that during suction measurement, the air entry value of
thie ceramic disc should never be exceeded, otherwise air will diffuse through the disc and
enter the measuring system The presence of air in the measuring system causes erroneous

suction measurements.
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There are two commonly used techniaues for performing the direct measurement
of negative pore-water pressure. These are the tensiometer method and the axis-

translation technique. Both methods involve the use of high air entry discs.

(a) _The Tensiometer

The tensiometer utilizes a high air entry ceramic cup as the interface between the
measuring system and the negative pore-water pressure in the soil. It can be used for both
laboratory and field suction determinations.

The tensiometer consists of a porous ceramic cup attached to a pressure measuring
device through a small pore tube. The tube is usually made of plastic because of its low
heat conductivity and non-corrosive nature. A conventional tensiometer is shown in
Figure 3.13. The pore tube and ceramic cup are filled with air-free water and inserted into
a pre-cored hole until good contact is established between the tensiometer and the
surrounding soil. After equilibrium is achieved between the water in the ceramic cup and
the surrounding soil, the water in the tensiometer will have the same negative pore-water
pressure as that existing in the soil. This negative pressure numerically equals the matric

suction in the soil under atmospheric conditions (i.e. #4 = 0).

It should be mentioned that tensiometers cannot measure osmotic suction since the

soluble salts in the soil can freely move through the ceramic cup.

The negative water pressure in the tensiometer tube can be measured by any one of
the following:
i)  a water-mercury manometer
i) avacuum gauge

ili) an electrical pressure tranducer
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The system that provides for the greater gauge sensitivity is recommended for the
following reasons (Fredlund and Rahardjo, 1993):
i)  will decrease the response time of the tensiometer,
ii) will result in less water movemnent between the tensiometer and the surrounding
soil which will in turn provide for more accurate measurements.
Also, ceramic cups with higher permeability are recommended for use since they result in

a quicker response time for the tensiometer.

Tensiometers ust be serviced before and after installation to ensure that:
i)  the ceramic cup is not plugged,;
il) the system is free from air bubbles; and
iii) the tensiometer response time is adequate.
The details of servicing tensiometers was described by Fredlund and Rahardjo (1993).
Failure to adequately service the tensiometer before and after installation results in

erroneous suction measurements and the possibility of breakage of the ceramic cup.

Several types of commercial tensiometers are available. To name a few, there are
the jet fill tensiometers, the small tip tensiometers, the quick draw tensiometers and the

Bourden - vacuum gauge tensiometers (Fredlund and Rahardjo, 1993).

A major disadvantage of the tensiometer is its inability to measure negative pore-
water in excess of 90 kPa. This is due to the phenomenon of water cavitation at
pressures equal to or greater than one atmosphere (i.e. zero absolute pressure or —100
kPa). As cavitation occurs, the measuring system becomes filled with air and water from
the measuring system is forced into the soil. To overcome this difficulty, one can use
either the osmotic tensiometer or the axis-translation technique. Details pertaining to the

theory and use of the osmotic tensiometer can be found elsewhere (Peck and Rabbidge,
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1969; and Bocking and Fredlund, 1979). The basic principles of the axis-translation

technige will be presented in the next section.

In summary, the tensiometer is a good device for obtaining direct measurements of

negative pore-water pressure provided that the following points are observed:

i) measurements are restricted to soils having suction values in the range of O to

90kPa; and

ii) adequate servicing of the device is performed before and after installation.
The advantages of the tensiometer are (Berg, 1989):

i) Moderate response time (minutes).

il) High accuracy and precision.

iii) Useful under conditions near saturation.

iv) Adaptable to low temperatures.

(b) Axis-translation technique

Direct measurements of negative pore-water pressure can also be performed using
the axis-translation technique. This technique can be used to perform the measurements

on either disturbed or compacted specimens in the laboratory.

The axis-translation technique was first proposed by Hilf in 1948. This technique
basically translates the origin of reference for the negative pore-water pressure from
standard atmospheric conditions to an elevated air pressure at which equilibrium between
the water in the measuring system and that in the unsaturated soil specimen is achieved.
The technique was developed to resolve the problem of cavitation of the water in the
measuring system as the negative pore-water pressure in the soil approaches -1

atmosphere (i.e. zero absolute pressure).
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Many researchers used the axis-translation technique and reported good results

(Olson and Langfelder, 1965; and Fredlund and Rahardjo, 1993).

The axis-translation technique can only be used in the laboratory. Furthermore,
the technique is best suited for soils with a continuous air phase (Bocking and Fredlund,
1980). The presence of occluded air bubbles in the soil specimen can result in over-
estimation of the matric suction. In addition, air diffusing through the high air entry disc
can cause an under-estimation of the measured matric suction. This is because
accumulated air bubbles beneath the high air entry disc makes the pressure approach

atmospheric conditions and hence a reduction in measured suction resulits.

3.6.3.2 Indirect Measurement of Matric Suction

The indirect measurement of matric suction can be performed using any of several
types of porous sensors. The electrical and thermal properties of the sensor are a function
of the water content within the porous block of the sensor which is in turn a function of

the matric suction.

Electrical properties of the porous block have been found to be sensitive to the
presence of dissolved salts in the pore-water. On the other hand, thermal properties are
free from such effects and are shown to be very little affected by variations in ambient
temperature (Fredlund and Rahardjo, 1993). Therefore, the use of the thermal properties
in performing the indirect measurements of matric suction is preferred over the use of the
electrical properties. Only indirect matric suction measurements based on the thermal
properties of the sensing device are described in the following sections of this chapter.
Principle of Operation of the Thermal Conductivity Sensor

The devices used for indirect measurements of matric suction through the

utilization of their thermal properties are referred to as thermal conductivity sensors
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(TCS's). A thermal conductivity sensor consists of a porous ceramic block that contains a
heater coil and a temperature sensing circuit. A schematic diagram of a typical thermal
conductivity sensor is shown in Figure 3.14. The thermal conductivity of the porous block
of the sensor is a function of the amount of the water contained in the block. This water
content is in turn a function of the matric suction applied to the block by the surrounding
soil. Therefore, the thermal conductivity of the porous block can be calibrated with
respeci to the applied matric suction. The calibrated sensor can then be used to infer
matric suction measurements using the calibration curve and the measured sensor response

at equilibrium with the soil in question.

Fredlund and Rahardjo (1993) gave an excellent summary of the historical
development of the thermal conductivity sensor. This development spanned the period
from the late 1930's (Show and Baver, 1939) to the early 1980's (Johnston, 1942;
Richards, 1955; Bloodworth and Page, 1957; Phene et al.,, 1971a &1971b; and Lee and
Fredlund, 1984). As a result of these efforts, several TCS's became commercially
available. Two examples are the MCS 6000 sensor, manufactured by Moisture Control
System Incorporated of Findlay, Ohio, and the AGWA-Il sensor, developed by

Agwatronics Incorporated of Merced, California.

The principle of operation of the thermal conductivity sensor utilizes the
theoretical concepts of heat dissipation within a porous body. The steps of measurements
can be summarized as follows (Fredlund and Rahardjo, 1993):

i)  First, a controlled amount of heat is generated by the heating element at the center
of the ceramic block for a specified period of time (usually one minute).

ii) A portion of the heat pulse generated will be dissipated throughout the block.
The amount of heat dissipated is controlled by the amount of water present within

the porous block. The change in the thermal conductivity of the sensor is directly
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related to the change in the water content of the block (i.e. more heat will be
dissipated as the water content in the block increases).
iii) The undissipated heat will result in a temperature increase (i.e. rise) at the center
of the block. This temperature rise, measured by the sensing element after a
specified period of time, is inversely proportional to the water content of the
block. The measured temperature rise can be expressed in terms of either a
voltage output or a difference in temperature output.
iv) The matric suction value is then inferred from the sensor's calibration curve using
the corresponding sensor output.
Calibration of Sensors
The calibration of the thermal conductivity sensors is performed by applying a
range of matric suction values to the sensors which are mounted in a calibration soil. The
specifics of the calibration procedure are described in chapter 4. A modified pressure
plate apparatus is used for calibration purposes (Wong et al., 1989; and Fredlund and
Wong, 1989). The purpose of using a calibration soil is to provide continuity between the
water phase in the porous block and the water in the high air entry pressure plate. Figure
3.15 shows the soil-water characteristic curve of the soil used in the calibration process as

described by Fredlund and Wong (1989).

The calibration curves for the AGWA-II thermal conductivity sensors are typically
non-linear. The non-linear response of tne sensors is attributed to the pore size
distribution of the ceramic porous block (Fredlund and Wong, 1989). Similar non-linear
behavior was also observed in the calibration curves of the MCS 6000 sensors (Lee,

1983).

The AGWA-II sensors have been found to provide consistent, reproducible and

stable output readings with time (Fredlund and Wong, 1989). The sensors have also been
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found to be responsive to both the wetting and drying process. However, submergence in
water for long periods of time may render the sensor inoperative. This effect which is
irreversible is attributed to the intrusion of water inside the sealed electronics compartment
within the porous block (Wong et al., 1989).
Performance of Thermal Conductivity Sensors

Several studies for measuring matric suction using thermal conductivity sensors
have been completed (Picornell et al., 1983; Lee and Fredlund, 1984; Van der Raadt and
Clifton, 1985; Curtis and Johnston, 1987, Van der Raadt, 1988; Sattler and Fredluna,
1989; Khogali et al., 1991; and Loi et al., 1992). The results from all these studies are
encouraging and clearly demonstrate the great potential of the thermal conductivity
sensors for measuring soil matric potential on a routine basis. However, extreme care
should be exercised in handling the sensors during installation and further research is
definitely needed to improve the quality of the ceramic matenial used for the construction
of the porous block. In addition, a better seal around the electronics within the sensor can
greatly reduce the risk of sensor failure particularly under saturation and/or flooding

conditions.

3.7 Summary

The special significance water has for pavement systems stems from the fact that
such structures are strongly associated with soils close to the ground surface. These soils
are commonly unsaturated, experience large fluctuations in moisture content and are

strongly influenced by environmental conditions.

In this chapter, the importance of using soil suction as a stress parameter for
describing unsaturated soil behaviour is illustrated. The chapter constitutes a state-of-the-
art review of the theory of soil suction. Basic fundamentals underlying the theory and the

various techniques used for obtaining the measurements are given. For each device used
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in suction measurements, the underlying working principle, range of application,

limitations and advantages of usage have all been presented and discussed.

From the literature review, it is clearly evident that adequate theoretical
background and appropriate technology are currently available for obtaining the different
suction components for a wide spectrum of soil types. Of particular interest to highway
applications is the measurement of the soil matric suction. The influence this has on the
resilient characteristics of subgrade materials is the main reason for pursuing current

research study.

The device of choice for matric suction measurements in the current investigation
is the AGWA-II thermal conductivity sensor. The decision to use this device was made
based on three reasons. First, the device has numerous merits and lends itself quite easily
to suction measurement over a prolonged time period under different in situ climatic
conditions. Second, monitoring and collection of the suction data can be performed using
relatively simple portable devices (such as a portable personal computer). Third, other
researchers experience with the thermal conductivity sensor is quite encouraging and
promising. In addition to the aforementioned reasons, the AGWA-II sensors are easy to

obtain from the manufacturer and are relatively inexpensive.

The basic concepts of soil freezing and pertinent thermal properties of fine-
grained soils were also reviewed. The utilization of this and other information pertaining
to the behaviour of unfrozen unsaturated soils constitute the knowledge base that will be
used later to interpret the temperature and soil matric suction measurements collected

during the current investigation.
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Figure 3.4: Water Phase Diagram ( After Van Haveren and Brown, 1972 )
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CHAPTER FOUR

INSTRUMENTED PAVEMENT SECTION

4.1 Introduction

To be able to detect seasonal variation trends in the strength of subgrade and other
component layers of the pavement system, the influences of temperature and moisture on
the resilient characteristics of these materials must be separated and quantified. To this
end, the current research study was initiated to evaluate seasonal changes in the structural
adequacy of asphalt concrete pavements within Alberta as measured by surface deflection

and/or resilient modulus.

Within the context of this investigation, a two-phase research plan is perceived as a
means to achieve the research objectives. The first phase is a field testing program and the

second phase is a verification laboratory testing program.

The field testing program involved instrumenting a pavement section, that is
representative of a large proportion of the primary highway system within Alberta, with
temperature and moisture suction sensors. Falling Weight Deflectometer (FWD) tests
were conducted at regular time intervals at various locations within the instrumented
section. The output from these :ests coupled by simultaneous temperature and moisture
suction measurements was used to describe the subgrade resilient characteristics under
varying load and environmental conditions normally encountered in Alberta. Details of the
instrumentation phase of the field program are presented and discussed in the following

sections of this chapter.

4.2  Selection Criteria
During the si : selection phase, 21 pavement sites were identified from the Alberta

Transportation Pavement Management System (PMS) as being potential for the purposes
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of this investigation. The selection criteria that have been put forward for chonsing an

appropriate site for instrumentation included the following:

*  pavement structure and age: a granular base (GB) asphalt pavement type with an
average age of 5 - 10 years in service was recommended,

*  type of subgrade material: only CI, CL, or CL-CI soil types were considered;

*  pavement geometry: a 4-lane divided highway was preferred;

*  other factors: accessibility to the City of Edmonton was an asset.

After careful examination of all potential sites, and field visits to four, a one
kilometre pavement section within highway control section 16:12 north of lake Wabamun,
was identified as being suitable for instrumentation. A schematic sketch of the site
location is shown in Figure 4.1. Structural, geometric, traffic and other related

information pertaining to the chosen site wiil be detailed below.

4.3  Structure and Geometry of Test Site

Control section 16:12 on Primary Highway 16 is a four-lane divided facility
located west of Edmonton between Highway 22 east of Entwistle and the junction with
Highway 43, a distance of 51.05 km (Khogali, 1991). Figure 4.2 shows a portion of the
highway profile extending from km 18.5 to km 19.5 on the west bound roadway. The
mostly westerly 440m of this section lies in a cut whereas the rest of the section is a fill
area. The cross section consists of a 7.32m wide asphalt concrete pavement (ACP) with
3.50m outside and 2.40m inside ACP shoulders, shown in Figure 4.3. This section of the
highway was constructed in 1983 and is composed of 130mm of asphalt concrete surface,
S1mm of asphalt stabilized base, 456mm of granular base course and supported by a CL-

CI subgrade soil fill varying from 2 to 3m in height along the section.
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A site approximately 171m from the beginning of the selected section was chosen
as a1 appropriate location for instrumentation. This particular site showed no visible

dis russ at the time of installation and satisfied a!l selection critena.

4.4 “ivafTic

I« iids section, the specific traffic information pertaining to the instrumented site

will be suinmaiized.

Traffic Data Systems, previously known as Traffic Information Services, of
Alberta Transportation and Utilities publishes annual statistics reports summarizing
equivalent single axle loads (ESAL's) and other traffic input characteristics within the
Primary and Secondary highways in the Province. Using the information contained in
these reports (Kilburn, 1992), historical traffic statistics for control section 16:12 from
1985 to 1991 are summerized and displayed in Tables 4.1 and 4.2. The conversion of the
mixed traffic into ESAL's is done using the Alberta Transportation procedure. Details of

this procedure can be found elsewhere (Khogali, 1€ 88).

From Table 4.2, the average ESAL/day/direction for the period 1983 to 1991 is
399. This translates to about 1.1 million cumulative ESAL's for the nine-year period.
Such traffic is considered to be of medium intensity for this type of highway. As a result,
the choice of this section for instrumentation provides a reasonable representation of

primary highway traffic within Alberta.

4.5  Environmental Conditions
For the purposes of this study, two main environmental factors are considered

essential to monitor; namely, these are temperature and soil moisture.
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The selected pavement site is located in central Alberta. This is an area where sub-
zero air temperature conditions prevail for a period of approximately five months
throughout a typical year (Plewes and Millions, 1985). This consideration coupled with
the fact that pavement structures in this region experience frequent seasonal variability in
moisture, puts control section 16:12 as one of the most suitable candidates for
instrumentation to investigate thaw-wea. g behaviour of subgrade soils and the influence

that this may have on subgrade resilient modulus.

To the author's knowledge, no temperature and/or moisture data have been
collected routinely by Alberta Transportation staff fr any of the primary highways. In
view of this, specific climatic information, per se, does not constitute a condition to be
included among other criteria in the site selection process. Rather, in choosing 16:12 as a
candidate for instrumentation, =avironmental considerations have only been assessed in

general terms.

4.6 Instrumentation

The pavement site was i trumented with 12 AGWA-II thermal conductivity
suction sensors. These sensors are designed to measure both the temperature and soil
matric suction within fine-grained soils. The installation of the instrumentation consisted
of two stages. In the first stage, the suction sensors were calibrated at the University of
Saskatchewan, Saskatoon, for suctions of up to 400 kPa. This step was necessary to later
enable the conversion of the sensor output to suction values. In the second stage, the
sensors were installed within the selected site in three sets of four sensors each. One set
was placed within the outside shoulder of the pavement while the other two sets were
placed within the outside design lane. Within each set, sensors were placed at depths

ranging from 0.78m to 1.78m below the top of the pavement surface.
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Tne AGWA-II thermal conductivity suction sensor used in this study is a
commercially available sensor. This sensor consists of a porous ceramic block that
contains a temperature sensing element and a miniature heater, shown in Figure 4 4. The
operation of the sensor is based on the principle of heat dissipation in a porous medium
(Phene et al., 1971a and 1971b). When the sensor is inserted into a soil, water will move
between the sensor and the soil until moisture stress equilibrium is attained. The
equilibrium water content of the sensor is an indication of the suction in the sensor and in
the soil. Thus, the sensor indirectly nieasures the heat-dissipation capacity of the water
content in the sensor tip. This is usually achieved by supplying a controlled amount of
heat at the centre of the ceramic block, through the heating element, and then measuring
the temperature rise at the sam< point after a fixed period of time. The change in
temperature is a function of the water content which can be converted to matric suction

through calibration.

In the remaining parts of this chapter, sensor calibration, field installation

procedure and method of data collection will be summarized.

4.6.1 Calibration of The AGWA - II Sensors
In this section, details of the calibration procedure used to convert sensor output

into soil suction values in terms of kilopascals will be described.

4.6.1.1 Description of Apparatus and Calibration Procedure
The AGWA-II sensors were calibrated at the University of Saskatchewan. The
experimental setup used for calibration is shown in Figure 4.5. This setup consists of a
1500 kPa pressure plate extractor, a 25.4cm diameter ceramic plate with a sheet-rubber
backing, an insulated enclosure and a data acquisition system. The pressure plate was
modified by adding a circular extension ring to the pressure chamber. Twelve circular

holes were drilled along the side wall of the extension ring; these holes were required for
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the sensor cable to be brought outside the pressure chamber to be hooked up to the data
acquisition system. Brass rings, along with split metal pieces and split rubber gaskets were
arranged in such a manner that air leakage around the lead wires of the sensors could be
eliminated. The air leakage was prevented by the rubber gaskets which were compressed
to expand against the side of the hole and against the perimeter of the lead wire as the
brass rings were tightened. The ceramic plate of the pressure extractor which has an air
entry value of 500 kPa was also modified by installing an additiona! outlet. This
modification was intended for the purpose of removing any entrapped or diffused air that
may accumulate beneath the ceramic plate. The insulated enclosure was used to contain
the entire pressure plate extractor in order to maintain the ambient temperature within the
box at about 0.5 degree Celcius of mean room temperature. The data acquisition system
used in calibration consists of a CR10 data logger, an AM32 multiplexor, an external D.C
power source, a lap top PC computer and a computer software, the PC208. The software
was used for programming the data logger. This system was used to record the response

of the sensors in terms of ambient temperature and temperature differences (AT'S).

A calibration soil mix composed of 10 percent Ottawa fine sand and 90 percent silt
was used to provide contact between the thermal conductivity sensor tip and the ceramic
plate (Fredlund and Wong, 1989). Good contact is essential to provide continuity

between the water phase in the porous block and in the high air entry ceramic disk.

The ceramic plate was soaked in water for several days to ensure saturation. The
AGWA-II sensors were also soaked in water to bring them to saturation. The calibration
soil mix, prepared in a slurried form, was placed on the ceramic plate and contained in a
lucite ring. The initially saturated sensors were directed -hrough the extension ring holes

and then the tips were pushed into the slurry mix. The spaces around the sensors lead
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wires were sealed by tightening the brass rings. The pressure plate was then closed, air

pressure was applied and the whole assembly was checked for leakage.

After no leakage was detected, calibration was carried out in matric suction
increments of 50 kPa, starting from O kPa and going to a maximum of 400 kPa. This gave
a nine point calibration curve for each sensor. At each pressure increment level, the
response of each sensor was monitored until equilibium was achieved. The sensor
response for O and 50 kPa was monitored every half an hour. This time interval was
increased to one hour for the subsequent pressure increments. Generally, equilibrium was

achieved within a 2-day time period for each suction level.

4.6.1.2 Calibration Data

Figur “.7- . . ‘vpical time response curves for three of the AGWA-II sensors
for changes in apuiiesi .. - a during calibration. The values of the AT's at equilibrium for
each applied - . iacrement and the corresponding suction are used to plot the

calibration curve for each sensor. These calibration curves were found to be nonlinear.
Using the PC 208 software, second degree polynomial curves were found to suitably
describe the behaviour of the calibration data. An example calibration curve for sensor

one is depicted in Figure 4.8.

The calibration curves of the remaining sensors, i.e. sensors 2 to 12, are contained

in Appendix A.

4.6.2 Installation

The relative locations and depths of the twelve sensors that were installed for this
project are as shown in Figures 4.9 and 4.10. Previous experience (Fredlund, 1990) had
been that the most critical zone in which suction readings should be obtained is located

within the upper 1.20 m of the subgrade soil layer. This is within the average depth of
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frost of 2.0m that is frequently encountered within the Province of Alberta (Shields et al.,
1965; and Plewes and Millions, 1985). With this in mind, it was decided to have the
sensors installed at depths of 0.15, 0.30, 0.60, 0.85 and 1.15 metres from the top of the
subgrade laver. Because of the practical difficulty experienced in niaintaining exact depths
for all sensors, a 5 to 1S % variation is considered acceptabie. This is shown in Figure

4.10.

A major concern about using the AGWA-II sensors is the installation procedure. It
was noted before that a good soil-to-sensor contact is essential to obtain reliable suction
measurements. This consideration coupled with the fact that the AGWA-II sensors are
quite fragile, necessitates extreme care to be exercised when these sensors are being
installed to avoid breaking them. One acceptable procedure for installing such sensors in
the field involves excavating a trench or boring a large-diameter borehole to the required
depth following which the sensors are to be installed into the side of the excavation by
hand. But since a public highway is involved, this procedure was deemed to be too
disruptive. As a result, an alternative method for installation was sel>:ted. The selected
procedure employed in the current study was typica! of the one that was used in a project
near Regina, Saskatchewan, in 1989. The steps involved in this procedure are as follows

(Klimochko, 1990):

(1) A hole 125im in diameter was bored through the asphalt concrete pavement and
into the subgrade approximately 300mm above the required depth that the sensor
was to be placed at. This was done using a drill rig.

(2) A 75mm diameter Shelby tube was pushed to obtain soil sample extending from
the bottom of the borehole down to the required depth at which the sensor was to
be placed. This was also expected to produce a flat surface for installing the

sensor.
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A hole at the bottom of the Shelby spoon sample cavity was then punched for
fitting the sensor into. A sledge hammer and a rod whose end was equipped with
an adapter similar in diameter and length to that of the sensor was used. Care was
taken not to make the punched hole any deeper than necessary. The length
corresponding to the required depth of the tip of sensor, was marked on the
instaliation rod. By driving the rod to the marked length, a punched hole with an
exact depth was obtained. This was done te ensure that the bottom of the sensor
when inserted would be in full contact with the soil.

The sensor was inserted using a special wire rod. This rod was approximately
9mm in diameter with one end bent out 90 degrees, approximately 40mm and then
bent again so as to form the letter "c". The sensor was held against the wire rod
by pulling back on the electrical cable while it was being guided into the punched
hole located in the bottom of the Shelby sample cavity. After the sensor was
inserted into the punched hoie, the technician pushed gently on the insertion rod to
ensure that good sensor-to-soil contact was made.

After the sensor was installed in the punched hole, dry powdered kaolin was
backfilled into the hoie to approximately 7Smm above the sensor. The fact that the
kaolin back£ill was dry is important in that it was done to ensure that the backfill be
void-free to provide for a good sensor-to soil contact. It is to be noted, however,
that one disadvantage of using dry kaolin is that it is not at the same moisture
equilibrium as the surrounding clay soil in the vicinity of thc sensor. This might
result in some moisture transfer which in turn cou!d affect the sensor readings in
the process. However, it was believed that the advantage of the void-free backfill
far out weighs the disadvantage of the soil being at different moisture content.
Moreover, with time the dry kaolin will come to equilibrium with the surrounding

clay.
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The remainder of the hole up to the top of the subgrade was backfilled with a
crumbly clay material similar to that in which the hole was situated. The motsture
content of this backfill material was appreciably less than that existing in the in situ
material. Again, the dryer soil was used to get around the backfilling problem.
After all the sensors were installed at the desired depths and locations, a series of
trenches for laying the cable from each sensor to the location of the data
acquisition box were cut into the pavement to a depth of approximately 50mm.
The data acquisition system was located in a water-tight box, situated at
approximately 2.0m from the edge of the outside shoulder on the north side slope.
After the cabies from the sensors were laid in the trenches, the trenches were
backfilled with a granular material and were topped off viith some cold-mix
patching material.

The ends of the electrical cables coming out of the trenches were then connected
to the appropriate terminals of the AM32 multiplexor residing inside the data
acquisition box. The PC208 software was used 0 download the program that

com.nenced data monitoring and collection.

A set of photographs displaying the steps involved in the above outlined

installation procedure is shown in plates 4.1 to 4.8

4.7

Temperature and Soil Suction Data Collection

The same data acquisition system used during the calibration phase was used for

the field monitoring phase. Two external batteries for powering the system were used to

replace the D.C power supply. The whole assemblv was placed in a water tight contaiaer

to preven: moisture from getting inside the box and damaging both the data logger and the

multiplexor. The PC208 software was used to program the CR10 unit to record

temperature and moisture suction measurements every two hours. This was synchronized
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+0 reflect real time (instaintaneous) measurements.

The installation of the twelve thermal conductivity gauges was completed on
November 7, 1990. Monitoring and retrieval of temperature and soil suction data
commenced on the same day. A four-week period was found adequate for site visits to
retrieve the data. This was determined in view of the fact that the external batteries
powering the system need to be recharged once every month to maintain the data being

collected.

On April 6, 1991 site visit to retrieve the data, it was discovered that the data
acquisition system had suffered a major break down. After investigation, it was found that
drainage water from the pavement shoulder edge had leaked into the data acquisition box
and caused a short circuit within the multiplexc: ~: ronent of the data acquisition
assembly.  Further investigations showed thi - aly (e .wltiplexor was rendered
unoperational with all other components being in good condition. From these
investigations it was evident that the data acquisition box had not been sealed properly, as

expected.

After the leakage problem was detected, efforts were made to replace the defective
data acquisition system with a new one and make sure that the new system would be raore
secured against future hazardous operational conditions. A new multiplexor unit was
ordered from the manufacturer and different alternatives were considered to ensure safe
operaiion of the .ew data acquisition system. Fina'ly it was decided that instead of
burying the new system into the ground, it shculd be placed inside a water-tight container
which will in tuin be ciamped to a steel post and left hanging in the air an adequate
distance in order that drainage water would not get to it. The setup of the new monitoring

system was completed on July 17, 1991 and temperature and soil suction data collection
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resumed. This continued until September 15, 1992 without any more problems being

detected.

4.8 Summary

This chapter gives an overview of the details of the instrumentation part of the
field testing program. This includes the selection criteria used, the specifics of the test site
selected, traffic and environmental considerations, calibration and installation of the
thermal conductivity sensors and temperature and soil suction data monitoring and

retrieval.

Sensor calibration constitutes a major portion of the work completed towards
fulfilling the ohjectives of the field testing program. A detailed description of the

cahibration procedure followed together with example outputs were given.

The fact that the AGWA-II sensors are very fragile necessitated a particular
routine to be followed when installing these sensors. This technique has proved

successful. The details of the installation procedure were also given.

Temperature and soil suction data collection started in early November of 1990.
The monitoring was interrupted in the first week of April 1991 due to improper sealing of
thie data acquisition box which resulted in drainage water lsaking into the box and causing
a short circuit within the multiplexor component of the data acquisition assembly. This
rendered the system unoperational. The malfunction was soon discovered and remedial

measures were undertaken.
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Successful data monitoring covered the first winter of 1990-91 from November to
April, and after remedial measures over one calender year. The latter included a summer

period, a second winter followed by a spring and a second summer period.
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Table 4.1: Tratfic Volume History for Hwy 16 (1983-1991)
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Hwy ID and location Year AADT ASDT
16:12 W OF 765 E OF FALLIS 1983 5130 6250
16:12 W OF 765 E OF FALLIS 1984 5100 6220
16:12 W OF 765 E OF FALLIS 1985 4830 5910
16:12 W OF 765 E OF FALLIS 1986 5620 7030
16:12 W OF 765 E OF FALLIS 1987 5280 6310
16:12 W OF 765 E OF FALLIS 1988 - -

16:12 W OF 765 E OF FALLIS 1989 6310 7550
16:12 W OF 765 E OF FALLIS 1990 6460 7720
16:12 W OF 765 E OF FALLIS 1991 6530 7840

Table 4.2: Traffic Volume Breakdown and ESAL Statistics for Hwy 16

(1983-1991)
- Year | AADT Percent Trucks ESAL/Day/Direction
SUT% TIC% SUT TTC _Total
1983 5130 42 83 60 292 352
1984 5100 42 8.4 60 294 354
1985 4830 3.6 79 49 261 310
1986 5620 44 8.6 69 331 400
1987 52890 36 7.9 33 286 339
1988 - - - - - -
1989 6310 53 10.2 94 440 534
1990 6460 4.1 84 75 373 448
1991 6530 4.2 8.4 76 377 453

HWY - HIGHWAY

. SAL - EQUIVALENT SINGLE AXLE LOAD
AADT - AVERAGE ANNUAL DAILY TRAFFIC
ASDT - AVERAGE SUMMER DAILY TRAFFIC
SUT - SINGLE UNIT TRUCKS (1 SUT = .56 ESAL)
TTC - TRACTOR-TRAILOR COMBINATIONS (1 TTC = 1.37 ESAL)

TOTAL = (SUT + TTC)
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Plate 4.1: Preparation of a Pilot Hole for Instr» .entation
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Plate 4.2: Obtaining an Undisturbed Shelby Sample



Plate 4.3: Preparation of a Punched Hole at the Bottom of the Shelby (‘avnty
to Host the AGWA-I! Sensor

Plate 4.4: Finished Pilot Hole
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Plate 4.5: A Picture Showing the AGWA-Ti Sensor with the Special Rod used
to Situate the Sensor Inside the Prepared Hole

Plate 4.6: Preparation of Transverse and Longitudinal Trenches for Laying
Sensors' Cables



Plate 4.7: A Picture Showing the Connection of the Sensors' Cables to the Data
Acquisition Box

Plate 4.8: Finished Instrumented Site
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CHAPTER FIVE

LABORATORY CHARACTERIZATION OF FINE-GRAINED SUBGRADE
SOILS

5.1 General

This chapter overviews the general framework of the laboratory testing phase of
the current research. The chapter is divided into three major sections. In the first section,
a description of the resilient modulus test system developed for the laboratory
investigation is given. The second section deals with the identification of the soil samples
tested and the method of sample preparation for repeated load testing. In the third
section, specifics regarding the test procedure used and an outline of the testing program

carried out are described briefly.

5.2  Resilient Modulus Test Equipment

The main objective of the laboratory testing program was to determine,
experimentally, the resilient modulus of the fine-grained cohesive subgrade material
retrieved from the instrumented highway section and to relate this parameter to stress-
state conditions prevailing in the field To fulfill this objective, a repeated loading triaxial
apparatus was needed. An equipment designed and constructed after the model of Seed
and Fead (1959} was developed with the help of the technical staff of both the Civil
Engineering Department at the University of Alberta and the Environmental Department
of the Alberta Research Council. This new equipment is similar to the apparatus used
earlier by Dasmophatra (1972) and Hadipour (1987) for determining the resilient

characteristics of subgrade soils and asphalt concrete mixes, respectively.
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A steel framework of the form shown in Plate E.2 was built for seating three
triaxial cells along with their loading devices and other equipment needed for their
operation. Each triaxial chamber was equipped with an individual load cell for the

purpose of measuring the applied repetitive deviator stress.

Load was applied to the soil specimen in the triaxial ceil through a bellofram
operated on compressed air. Three solenoid valves, mounted on a loading panel, were
used to regulate the magnitude of air pressure applied tc each triaxial cell. When the valve
is open, air pressure is transmitted to the soil specimen through the bellofram. When the
valve is closed, air is forced to pass through an exhaust pipe in the valve and the load is
removed. The movement of the solenoid-operated three-way valve was controlled by an

electronic timing unit.

The specimen inside the triaxial cell was also subjected to an all around confining
pressure. This pressure was applied to the specimen through a pressure supply valve
located in the base of the triaxial cell No water medium was used for transmitting the
confining pressure to the soil specimen, rather the triaxial cell was filled with compressed
air which acts as the medium for applying the confining pressure. The confining pressure
was recorded by a pressure transducer. The transducer was mounted on the loading panel

and was connecied to the triaxial cell through a third inlet in the base of the triaxial

che v

Two thermocouples encased in a plastic tube were used to monitor the
temperature of the soil specimen. The measurements were performed at locations 2.54 cm

from the top and 2.54 cm from the bottom of the sample, respectively.
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The specimen was loaded axially by applying the repetitive deviator stress under a
prescribed constant confining pressure. Axial deformation was measured by an externally
mounted linear variable differential transducer (LVDT). The LVDT was clamped to the
loading arm of the triaxial cell applying the load and the moving end was screwed to the
cell cap. The magnitude of the axial load was measured by a load cell which sat with a firm
contact on the piston of the triaxial cell.

'The monitoring of the number of load applications to the test specimen and the
measurement of all the required stress, strain and temperature data were performed

automatically by a aata acquisition system controlled by a 286 personal computer.

During any particular test, a graphical form of the collected data, i.e. repetitive
deviator stress, confining pressure, axial strain and temperature, was continuously
displayed on the computer monitor to ensure that the system is working properly. This
feature enabled the immediate recognition of any system malfunction and/or improper

seating of the tested soil specimen.

The triaxial cell used in testing was a standard size chamber suitable for testing
cylindrical samples 102 mm (4 in.) in diameter by 204 mm (8 in.) high, as described by
Bishop and Henkel (1962), except that the recess under the base was adjusted so that the
cell could sit on the seat in the frame. A threaded hole on the cap of the triaxial cell was
made for the LVDT to be screwed tn the cap to provide a reference point for deformation

measurements.

Plates E.1 to E.4 show the resilient modulus testing system with further details

being given in Appendix E.
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5.3  Soil Sample Classification and Grouping

The test soils used in this phase of the study come from the instrumented pavement
site. Representative cores from different depths within the subgrade layer were obtained
using 102 mm diameter Shelby tubes. The material was left in the 300 mm long Shelby
tubes and kept tightly wrapped to prevent moisture loss until just before extraction for
resilient modulus testing.

Shovel samples of the natural subgrade were also obtained from the back slope of
the shoulder area within the instrumented roadway section. Specimens from tI'  inaterial

were prepared in the laboratory for resilient modulus testing purposes .

At the beginning, it was intended to test the soil samples obtained from the field
cores in their undisturbed condition. However, unsuccessful sample extraction from the
Shelby tubes necessitated the use of remnlded samples for the resilient modulus testing
program. Although resilient moduli values obtained from remolded soil specimens are
expected to be different from those under undisturbed field conditions, it is the ;rime
objective of this study to determine the resilient moduli-stress relationships over the whole
spectrum of stress state conditions anticipated to prevail in the field at any point in time
during the service life of the highway pavement under consideration. Therefore, the use of

remolded soil samples instead of undisturbed samples appears to be justified.

The retrieved subgrade soil material was divided into five groups. Each group
represents a specific depth location within the subgrade layer with the last group i.e. soil
group 6 being representative of the material obtained from the back slope of the shoulder
area. Routine soil tests were performed on these soil groups. This included Atterberg
limits, material classification, grain-size distribution, in situ subgrade moisture and field
density determinations and standard Proctor tests. Clay X-ray diffraction analyses were

also performed on the different soil groups (AT & U, 1995). Tables 5.1 (a) and (b)
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summarize the basic soil properties obtained from the aforementioned tests for all soil
groups. It should be mentioned that the main reasons behind conducting the above
described tests are:

1) To obtain the in situ subgrade soil material characteristics.

z) To assist in soil sample preparation for resilic 1t modulus testing purposes.

5.4  Resilient Modulus Testing

In this section, the details of the repeate” '~=d tests performed will be reviewed.
This includes description of the method u- soil sample preparation, the test
procedure auopted and a summary of the s.  *oliowed in conducting the resilient

modulus test.

5.4.1 Preparation of Soil Samples
As mentioned previously, reconstituted test specimens were made in the laboratory

from a representative portion of the bulk samples.

The soil sample preparation procedure adopted can be summarized as follows:

(1) Subgrade soil material retrieved form the field was placed in large pans and oven-
dried at 110 °C for twenty four hours.

(2) Dried soil was then crushed and passed through a 5000 um opening mesh (No. 4
sieve).

(3)  Material passing through the 5000 pum sieve was mixed with distilled water tc
obtain the desired moisture content. Usually an extra one half percent water was
added to allow for evaporation during mixing. Soil was mixed thoroughly by kand
for five minutes. Mechanical mixing using the mixer available in the laboratory
was not possible because of the large amount of soil required for the preparation of
the test samples. After mixing was compieted, wet soil was placed in a plastic bag

and sealed tightly. The bag was then stored in the moisture room for twenty four
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hours to allow for moisture migration within the soil. This was done to ensure
uniform water distribution within the soil mass.

After the twenty four period, the wet soil was removed from the moisture room
and hand compacted using the standard ASTM D698-78 Test. The test involves
using a 2.49 kg (5.5 Ib) drop-hammer hand compactor with a 306 mm (12 in.) free
fall distance. The mold used for compaction was a 102 mm (4 in.) diameter by 204
mm (8 in.) long split type mold with a 51 mm (2 in.} collar at the top. Tnal
compactions were performed to determine which procedure could be used to attain
the standard ASTM D698-78 densities. It was found that soil compacted in five
layers with twenty-five blows per layer is sufficient to produce the required
density. To control the uniformity of samples, material required for preparation of
one sample was divided into five equai parts. Each part was then placed in the
compaction mold and spread evenly by hand after which twenty-five blows of the
drop-hammer were applied around the mold. After the last blow to the fifth layer,
the collar was removed and the excess material was trimmed.

Compacted specimens were then wrapped in many layers of plastic wrap and
stored in the moisture room until time for resilient modulus testing. Following the
above procedure, several samples for each soil group were prepared at different
prescribed moisture contents. The range of moisture content used was intended to
bracket the water range of critical moisture conditions. This resulted in molding
moisture contents in the range of * 2 percent of optimum water content as

determined from a standard Proctor compaction curve for each soil group.

5.4.2 Test Protocol

An important consideration in carrying out any resilient modulus testing study is

the selection of an appropriate test procedure. From the literature, several options are

available. Examples include the Asphalt Institute test n:ethod developed in 1973 for full

depth airfield pavements and the established AASHT D ¥274-82 (1982) procedure. After



183

careful examination of the features and merits and dernerits of the various test methods
available, it was decided to choose the recently adopted standard AASHTO T 294-92 test

procedure (1992) for the purposes of this investigation.

The AASHTO T 294-92 procedure is a modified version of the AASHTO T 274-
82 test method. This procedure was originally developed by a group of researchers in
Austin, Texas in 1989 to fulfill the SHRP program needs for evaluating the resilient
characteristics of cohesive soils and unbound granular materials. The test was developed
with the intention of producing more uniform test results and thus providing a common
platform for comparison of test results obtained by different investigators and/or
transportation department laboratories. Furthermore, redundancy in load sequence
application inherent in the former AASHTO T 274-82 procedure has been removed. This
greatly improved the testing procedure and made the time needed for test execution

considerably shortened.

The T 294-92 procedure consists of two parts. One part deals with testing
unbound granular materials while the second part describes the steps to be followed in
testing cohesive fine-grained subgrade soils. Only the part that illustrates testing cohesive

s rade soils will be described here.

The test procedure identifies cohesive subgrade materials as soil Type 2. The
tesiing method consists of applying a repeated axial deviator stress of fixed magnitude,
load duration and cycie duration to a cylindrical test specimen. During testing, the
specimen is subjected to a dynamic deviator stress and a static all-around stress provided
by means of a triaxial prcssure chamber. The resilient (recoverable) axial deformation
response of the specimen is nieasured and used in conjunction with the deviator stress to

calculate the resilient modulus.
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The load sequence during the test depends on soil designation. For material Type
2 (i.e. fine-grained subgrade soils), the load sequence shown in Table 5.2 is followed. Five
levels of deviator stress and three levels of confining pressure are used to cover the
practical range of stresses expected to prevail under in situ conditions. Unconfined tests
(i.e. with zero cnnfining pressure) are not used since such stress state never occurs under
in situ conditions. Also, deviator stresses less than 14 kPa (2 psi) are not used because
practical experience has shown that major dispersion in the test results occurs at small
stress levels (Pezo et ai., 1991). The high dispersion is suspected to be the product of the
small resilient deformation which can not be measured accurately and sometimes is not

bigger than the noise of the recorded signal.

The number of load applications to the test sample at any particular combination of
deviator and confining stress levels is limited to 100 repetitions. This is done based on
extensive research findings that report that changes experienced in resilient modulus
values after 100 load applications are insignificant. A failure criterion is also included in
the test procedure to eliminate samples with large permanent deformations. A soil
specimen is considered failed if it experiences permanent vertical strain greater than 10

percent.

The external loading source required by the test protocol is a closed-loop electro-
hydraulic system. However, the author’s experience with the open-loop air system used in
the current study serves tc ‘llustrate that such a system is equally capable of providing the
prescribed load duration and cycle duration specified by the AASHTO T 294-92
procedure. The main advantage of using an open-loop air system is its relatively cheap
overall cost compared to the more expensive closed-loop hydraulic system. A haversine

stress pulse with load duration of 0.1 sec and a cycle duration of 1 sec as recommended by
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the test procedure has been used in the current investigation. The shape and
characteristics of this load pulse, shown in Figure 5.1, is a true representation of the shape
of a truck load on the pavement as reported by Thompson and Robnett (1976). It is also
similar to the load pulse generated by non-destructive testing devices such as the Failing

Weight Deflectometer.

The triaxial cell fluid used for the provision of the all-around static pressure is air.
This confining pressure was monitored by a pressure transducer with an accuracy of 0.7
kPa (0.1 psi) as specified by the AASHTO T 294-92 procedure. Criteria for selecting load
cell and LVDT's to be used in the test are also specified by the testing protocol and
depend on sample diameter. Recommended working ranges are shown in Table 5.3.
These guidelines, however, were not followed exactly during the current study. Rather,
load cells with 450 kg (1000 Ib) capacity and LVDT's with 6.4 mm (+0.25 in) range were

used.

5.4.3 Conducting The Resilient Modulus Test
The following steps illustrate the routine used in testing the reconstituted soil

samples:

(1) The compacted soil specimen was removed from the moisture rcom and the
diameter, D, the length, H1, and weight , Wy, of the cylindrical sample were
measured and recorded.

(2) The specimen was then grouted at each end to an aluminum circular plate using a
hydrostone paste (Plaster of Paris). This was done because other researchers
experience with resilient modulus testing (Pezo et al., 1991) showed that good
coatact between tested specimen and end platens is an important factor in
evaluating M;. Grouting has also proved useful in adjusting any unevenness in the

ends of the tested sample.
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After the specimen was grouted to the end platens, the new length of the specimen
(with the platens) was measured and recorded as H2. The weight of the wet
specimer. with the platens, Wy , was also recorded.

Sample was then piaced inside the triaxial chamber and two rubber membranes
were placed around the specimen to prevent moisture loss or air migration duning
testing.

Testing was started by first subjecting the sample to a conditioning stage. For
cohesive materials, the T 294-92 procedure recommends the application of 200
repetitions of a 28 kPa (4 psi) deviator stress under a 42 kPa (6 pst) confining
pressure. This conditioning stage was intended to eliminate the effects of the
interval between compaction and loading and also of initial loading versus
reloading. The conditioning also aids 1n minimizing the effects of initially
imperfect contact between the end platens and the test specimen (in other words,
help in correctly seating the loading ram on the top of the tested specimen).

After conditioning was complete -, the testing sequence displayed in Table 5.2 was
followed. This consisted of applying 100 repetitions of each one of the specified
deviator stresses of 14, 28, 42, 56, and 70 kPa (2, 4, 6, 8, and 10 psi) in ascending
order at ea. h level of the specified confining pressures of 42, 28, and 14 kPa (6, 4,
and 2 psi) in descending order. This resulted in 15 sets of test data that could bc
used to compute 15 different moduli values at the different stress states.

At the completion of the loading sequences, the confining pressure was reduced to
zero and the triaxial cell was disassembled.

The length, H3, and diameter, d, of the specimen after the test were measured and
recorded.

The tested specimen was weighed and then placed in the oven and left to dry at

110 °C for 24 hours.
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(10) The moisture content of the soil sample was then computed from the wet and dry

weights of the tested specimen.

An example worksheet used in recording the resilient modulus test results is shown

in Figure 5.2.

5.5  Scope and Limitations of The Laboratory Testing Program
The laboratory testing phase was initiated to examine, in depth, how the resilient
modulus of cohesive subgrade soils is affected by the following parameters:
i) Soil matric suction
i1) Deviator stress
iii) Confining pressure
iv) Soil density

V) Temperature

Only one type of subgrade soil has beei: investigated in this study. The soil chosen
represents a typica! subgrade material that is frequently encountered in the Province of
Alberta. It is a medium to low plasticity silty clay material that classifies as a CL-CI type
soil according to the Unified Soil Classification System. This soil also classifies as a soil

Type 2 according to the AASHTO T 294-92 Resilient Modulus Test Procedure.

Inability to continuously monitor soil matric suction under repeated loading test
conditions necessitated the estimation of this parameter from water content-matric suction
relations known as moisture retention curves. Because of the anticipated significant effect
of matric suction on the resilient modulus, great care was exercised in estimating this
parameter from the moisture retention curves. Continuous measurement of the other

parameters during the repeated loading test did not present any problem.
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The results obtained from repeated load tests are accurate within the error range of
the devices used. This includes loading cells, pressure transducer, LVDT's, and

temperature-measuring thermocouples. Further details on this are contained in chapter 6.

55  Summary

This chapter gives an overview of the specifics of the laboratory testing program
pertaining to the current investigation. The chapter consists of three main parts. In the
first part, a description of the resilient modulus testing system was given. This included
both the resilient modulus testing apparatus and the data acquisition system used for data

monitoring and collection.

In the second part, the details pertaining to the resilient modulus testing were
presented. This included the preparation of the test specimens, the description of the test

procedure used, and the steps involved in conducting the actual test.

In the third part, the scope and limitations of the test program were highlighted.
This included the parameters being studied, the type of subgrade soil being investigated,
and the limitations of the resilient modulus system being uzid in carrying out the

investigation.

The results obtained from the laboratory testing program and the interpretation of

these results will be presented and discussed in chapter six.
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Table 5.1(a): Properties of Tested Subgrade Soils

Soil Property "~ Soil# ) Noit#2  Soil#3 0 Sol#S Soildo
Location (from top of Subgrade) 0.16 m 033m 0.59 m 1.07m i Side Slope
% Passing Sieve 5000 (pum) 96 95 100 97 i 95
% Passing Sieve 400 (um) 93 92 97 94 93
% Passing Sieve 160 (um) 64.5 - - - -
% Passing Sieve 80 (um) 439 51.2 64.6 59.1* ¢+ So*
% Passing Sieve 60 (1m) 41 49 63 62 H 60
Soil Classification (Unified System) SC Cl-CL Cl Cl a
Soil Description clayey sand | sandyclay ; sandy clay i sandy clay : sandy clay
Liquid Limit, % (LL) 30.0 32.0 37.8 38.1 363
Plasticity Index, % (PI) 12.7 12.3 21.3 20.5 7S
Proctor Max. Density (kg/m3) 1851 1825 1800 1768 1770
Optimum Moisture Content (%) 14.8 15.7 16.3 16.9 17.4
% Silt Content 29 35 38 43 4
% Clay Content 12 14 25 19 16
Specific Gravity (Gs) 2.792 2.756 2.769 2760 :  2.787

*  indicates an error in measurements

Table 5.1(b): Bulk Fraction X-Ray Diffraction Data

D Plag 0 Kbd Cal Dol D Sid Py Raol - W1 Smec Total

Gl 590 11 36 141 22 - 1 - 32 65 | 129 .
G2 | 558 : 238 i tr - 109 & - - 21 : 64 ¢ 110 19.5
G3 (4571 140 | «r 207716 T2 T 62 T 1231 148 1 333
G5 568 119 i 53 | 14 | 14 i - - 32 | 116 84 232
G6 572 41 tr tr tr . - 55 {150 | 182 382

Qt1z - Quartz; Plag - Plagioclase feldspar; Kfd - Potassium feldspar; Cal - Calcite; Dol - Dolomite; Sid -
Sidrite; Pyr - Pyrite; Kaol - Kaolinite; Il - Illite; Smec - Smectite; Total Clay = Kaol + Ill + Smec
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Table 5.2 Load Sequence for Testing Secil Type 2

chuvnd Number  Conll Pres. 63 (hPa) - Devostress og thPay 4 of Lond Applications

1 42 14 100
2 42 28 100
3 42 42 100
4 42 56 100
5 42 70 100
6 28 ) 14 100
7 28 28 100
8 28 42 100
9 28 56 100
10 28 70 100
1 14 14 100
12 14 28 00
13 14 /52 100
14 14 s 100
15 14 70 100

Table 5.3: Recommended Load Cell and LVDT Ranges for Different Test Specimen
Configurations

Sunple Diameter (em) Load Cell Capacity (hey LVDT Range {cnn)

7.11 45.45 +0.127
10.16 272.73 +0.254
___________ 15.24 636.36 +0.635

Notes: 1 kPa = 0.143 psi
1cm=0.394in
1kg=0.4551b
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Figure 5.1: Typical L.oad Trace Produced by Resilient Modulus
Testing Equipment



Figure 5.2: Example Worksheet for Recording Resilient Modulus Test Results

RESILIENT MODULUS TESTING DATA COLLECTION SHEET

Sample Identification: (a) Group #

(b) Location
(c) Test Date

Sampie Characteristics:

As Received ‘rom AT & U Labs

1. Avg. Dia., D, (in.) = emreee
2. Avg. Height, H, (in.) = ——--

3. Wet Weight, Wy, (g) = ——

5. Moisture Content, m.c. =

8.

Testing Specifications:

%

Test Bay

Seating Pressure

At Time of Testing
d*= " s D
h* = s ; H1
h* = ) ; H2
d** = ; ; D
h** = : 4 H3
h** = s s H4
Wet Weight, Wgy,1*, (g) = —==ecoeemn

Wet Weight, Wy 2%, (g) = =-omeeeeeme
Wet Weight, Wy 3**, (g) = —-eerre

Dry Weight, Wqy, @) = -——-—-
Dry Weight, Wg3, (g) = —memsrev

L T T Y

m.c.1
m.c.2

Wet Volume, Vg, (ml) = ceeecmeaeean
Bulk Density (kg/m3)
Dry Density (kg/m3)

Total # of Reps =

(psi)

Instrumentation Balance(s) @ Beginning of Test

x 10-3 (in)

1. LVDT =
2. Load Cell =
3. Pressure Transducer =

(Ib)

x10-2  (psi)
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Figure 5.2: Continued

Instrumentation Balance(s) @ End of Test

1. LVDT= x 103 (in)

2. Load Cell = (Ib)

3. Pressure Transducer = —————ceeceeceeee- x10-2 (psi)
Testing Sequence:

Conditioning 200 Reps of a 4 psi Deviator stress @_a confining pressure of 6 psi

Testing 100 Reps of
1. p3=6 psi pd =2 psi
2. p3=6 psi pd =4 psi
3. p3=6 psi pd = 6 psi
4. p3=6 psi pd = 8 psi
5. p3=6 psi pd = 10 psi
6. p3=4 psi pd =2 psi
7 p3=4 psi pd =4 psi
8. p3=4 psi pd = 6 psi
9, p3=4 psi pd= 8 psi
10. p3=4 psi pd= 10 psi
11. p3=2 psi pd =2 psi
12, p3=2 osi pd=4psi
13. p3=2 psi pd = 6 psi
14, p3=2 psi pd =8 psi
15. p3=2 psi pd = 10 psi

Data File Naming
G?-?7?CON.dat& G?-?7CON.tmp (for conditioning)
G?-77.dat & G?-72.tmp (for load sequence)
where:
first ? Group #
second ? Sample #

third ? voad sequence #
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Notes:

Figure 5.2: Continued

* indicates status @ beginning of test
** indicates status @ end of test

H1 = height of soil sample with_no grouting (at beginning of test - wet soil)

H2 = height of soil sample with grouting (at beginning of test - wet soil)
H3 = height of soil sample with grouting (at end of test - wet soil)

H4 = height of soil sample with_no grouting (at end of test after 24 hrs - dry soil)

Wwl = wet weight of sample with no grouting (at beginning of test)
Ww2 = wet weight of sample with grouting (at beginning of test)
Ww3 = wet weight of sample with _grouzing (at end of test)

Wdl1 = dry weight of sample with _grouting (after 24 hrs after test)
Wd2 = dr weight of sample with no grouting (after 24 hrs after test)
m.c.1 = moisture content (using non grouted sample condition)

m.c.2 = moisture content (using grouted sample condition)

Plate 1 (with dry grouting) = ~—————— inches ; P1 (used)= in. &

Plate 2 (with dry grouting) = —--——— inches ; P2 (used)= in &

Further Notes (if any!):
1.

e 0
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CHAPTER SIX

PRESENTATION AND DISCUSSION OF LABORATORY TEST RESULTS

6.1 Introduction

The primary objective of the laboratory testing program was to examine, in depth,
the resilient deformation characteristics of cohesive subgrade soils in Alberta, with
particular regard  changing seasonal trends as induced by environmental factors such as
temperature and moisture variations. To achieve this goal, an extensive repeated loading
laboratory testing scheme was formulated to investigate how the subgrade resilient
modulus is affected by the following parameters:
i)  Scil matric suction, y
i)  Deviator stress, 54
i)  Confining pressure, 63
iv)  Soil density, 14

v)  Temperature.

To recuce the rc search scope to a manageable size, only one type of subgrade soil
was investigated in this study. The selected soil represents a typical subgrade material that
is frequently encountered in primary highways in Alberta. It is a low to medium plasticity,
silty clay material that classifies as a CI-CL type soil according to the Unified Soil

Classification System.

Another limitation that was put on the research is the fact that the current state of
technology does not permit continuous monitoring of soil matric suction under repeated-
loading test conditions. This necessitated the estimation of this parameter from water

content-matric suction relations known as moisture retention curves. Because of the
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anticipated significant effect of matric suction on the resilient modulus, great care was
exercised in obtaining this parameter from the moisture retention curves. Continuous
measurement of other parameters of interest during the repeated loading test did not

present any problem.

The resilient modulus results obtained from repeated load tests are accurate within
the error ranges of the measurement devices used. This includes loading cells, pressure
transducer, LVDT's and temperature-measuring thermocouples. For further details

consult Appendix E.

6.2 Planning the Laboratory Testing Program

As has been mentioned previously, the test soil specimens used in this phase of the
study came from the instrumented ;= + 1ent site. Representative cores from various
depths within the subgrade layer were obtained using 102mm diameter Shelby tubes. The
retrieved soil samples were taken from depths at 0.16m, 0.33m, 0.59m and 1.07m from
the top of the subgradz layer. These soils were designated as soil group 1, soil group 2,
soil group 3 and soil group 5, respectively. Shovel samples of the natural subgrade, i.e.
unprepared subgrade, were also obtained from the side slope of the area of the

instrumented roadway section. This material was designated as soil group 6.

Several classical soil tests were performed on all soil groups for the purposes of
identification and classification of these soils. The results of these tests are displayed in

Table 5.1 in chapter 5 and in Figures 6.1 to 6.6 in the current chapter.

Beside tne Proctor maximum dry density and optimum moisture content values
Jtained for each soil group, the actual field densities and in situ moisture contents of the
retrieved soil samples were also determine:i. These values were plotted for soil groups 1,

2, 3, and 5 and they were denoted by the triangular symbols shown in Figures 6.2 to 6.5.
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From Figures 6.3 through 6.5, it is clear that the points representing the field conditions of
moisture and dry density for soil groups 2, 3 and 5 all fall within, or very near, the
specified range of 95% to 99% mavimum dry density set by AT&U for compacted
subgrade fill sections. However, the same observation does not hold true for soil group 1.
For this soil group a field density value corresponding to approximately 92% Proctor
maximum dry density was obtained. This low density which may have been brought about
by an error in sampling is not reliable and therefore can not be trusted to represent the in
situ conditions of the upper portion of the subgrade soil layer. Also in the case of soil
group 6, no measurement point representing field conditions was drawn since this soil was

a loose material that was obtained from the side slope area of the instrumented section.

Further tests to determine : - “water content-matric suction” relations, commonly
referred to as soil moisture retem * : curves, for the different soil groups were also

performed.

The laboratory experimental program involved three stages:
(1) preparing soil samples for resilient modulus testing,
(2) conducting the repetitive load tests, and

(3) establishing the relationship(s) between soil matric suction and soil water content.

The procedures used for sample preparation and for conducting the resilient
modulus test have already been described in chapter 5. This description also included the
selection of ranges of values of the different factors to be investigated. However, such
practice was not applied equally to all the parameters studied. No ranges were set forth
for either the soil density or the temperature. Rather, values of soil density obtained

through the compaction of test specimens and actual temperature conditions monitored
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during resilient modulus testing were recorded and later used in the analysis of these two

parameters.

6.3  Establishing the Relationship(s) between Soil Matric Suction and Soil Water
Content
The relations between the soil matric suction and the soil water content have been
determined for all the soil groups included in the current research. This was done to

enable the inference of matric suction values from measurements of soil water content.

The relationship between soil water content and soil water suction is identified in the
literature by various names such as water retention function, moisture characteristic, and
capillary pressure-saturation curve (Klute, 1986). The soil water content is usually
expressed on weight basis while soil suction is expressed in units of energy per unit

volume (a unit that is dimensionally equivalent to force per unit area or pressure).

The determination of the water retention function, or curve, usually involves
establishing a series of equilibria between water in the soil sample and a body of water at

known potential (Klute, 1986).

Another property of the water retention curve is that it is hysteretic. This means that
the water retention curve obtained by wetting the soil is different from that obtained by
drying the soil. The drainage curve usually yields higher suction values than the wetting
curve for the same water . ontent. In the current investigation, water retention curves for
the various soil groups were obtained using the adsorption procedure, i.e. one that
produces drainage water retention curves. Although this is different from the procedure
used for preparing the soil test specimens for resilient modulus testing (absorption
process), the justification was that hysteresis effects can be considered negligible for all

practical purposes. This consideration was further imposed by the fact that the test had to
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be carried out at the Soil Science Department due to the unavailability of the cquipment

needed to perform the test in the laboratories of the Civil Engineering Department.

It is worthy to note that the retention curves for the various soil groups were
obtained using disturbed soil samples. The use of disturbed soil specimens was justified
based on the suggested evidence in the literature that a unique relationship does exist
between matric suction and soil water content irrespective of the soil dry density (Croney

and Coleman, 1960; Olson and Langfelder, 1965, and Fredlund and Krahn, 1972).

The water retention curves obtained for the various soils studied in this research are

shown in Figures B.1 to B.S in Appendix B.

6.4  Resilient Modulus Test Results and Analysis Methodologies

Repeated loading tests on the five soil groups were performed to obtain their
resilient characteristics. This involved testing twenty eight reconstituted samples from the
various groups. In the following sections of this chapter, test results will be displayed and

discussed on a group by group basis.

Two analysis strategies were followed in interpreting the test results. The first
strategy involved plotting the resilient modulus against the various stress and

environmental parameters and commenting on the trends observed in these graphs.

In the second strategy, models for predicting the resilient modulus for the
particular soil group using stress and/or environmental parameters were developed. These
models were postulated using multiple linear regression techniques. The validity of the
modeli(s) in predicting the resilient modulus response was carefully checked using different

diagnostic statistical analyses.
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6.4.1 Graphical Analysis Method

6.4.1.1 Test Results of Soil Group #1

Soil group 1 represents the subgrade soil material retrieved from depth 0.16m below
the top of the subgrade layer. This material was classified as an SC-type soil according to
the Unified Soil Classification System. The characteristics of this soil are displayed in

Table 5.1 and in Figure 6.2.

Samples prepared in the laboratory from this soil were tested after two to three
days from the time of their preparation. Four specimens were prepared at moisture
contents of 14.3%, 15.4%, 15.9% and 18% respectively. This corresponds to a v ater
content range from - 0.5% dry of optimum to + 3.2% wet of optimum. Repeated load
tests, using the AASHTO T 294-92 Procedure, were conducted on the four <nil samples

and the results obtained are shown in Figures 6.7 to 6.9

Resilient modulus values for soil group 1 ranged from 8 to 127.5 MPa for the
range of water content investigated. This corresponds to a subgrade strength range of
approximately 1 to 12 CBR (Shell, 1978). One way of interpreting the test results, is to

examine graphically the effect of each stress state variable on the resilient modulus.

() M, - oqrelationship:

Figures 6.7 (a) through 6.7 (c) show the variation of resilient modulus with
deviator stress for soil group 1. The general trend that was cbserved in all of these figures
is that resilient modulus decreases with increasing deviator stress. This trend is more
pronounced at high levels of confining pressure and/or soil matric suction. It was also
seen that near the optimum moisture content, i.e. 14.8%, the rate of decrease in the
resilient modulus was very pronounced with a slight increase in the deviator stress

especially in the low range of deviator stresses (up to 42 kPa). This is indicated by the
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shape of the two curve- representing matric suctions of 170 kPa ( or 15.4° water
content) and 218 kPa (14.3% water content). This observation is in agreement to that

reported by Dasmohaptra in 1973.

It was observed that for samples compacted wet of optimum moisture content, the
rate of decrease in resilient modulus with increase in the deviator stress was moderate or

very little.

From Figures 6.7 (a) to 6.7 (c), it is also noticeable that the influence of soil matric
suction on the resilient modulus is more pronounced than that of the deviator stress. This

point will be discussed in detail in the next section.

(ii)) M, - yrelationship:

The resilient modulus, M,, versus matric suction, y, relationship at three different
levels of confining pressure is shown in Figures 6.8 (a) to 6.8 (c). From these figures, it
was observed that the resilient modulus increases as matric suction increases. Moreover,
it is clearly evident that matric suction has a very pronounced effect on the resilient
modulus. For example, for the range of the water content investigated, i.e. — 0.5% to +
3.2% above optimum, and confining pressure of 14 kPa, the resilient modulus increases by

seven orders of magnitude (from about 10 MPa to more than 80 MPa).

The effect of the deviator stress, og, in influencing the M, — y relation is minimal
especially at low levels of confining pressure. On the other hand, the influence of o3 on
the M, — y relation is more predominant. This can be illustrated by the observation that
for a change of 28 kPa, or 4 psi, in o3, the corresponding increase in M,, for the same
value of matric suction, equals 47 MPa (this can be seen by comparing the M, values of

Figures 6.8 (a) and 6.8 (c) at a deviator stress, oy, of 14 kPa).
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It is also seen that the effect of matric suction on the resilient modulus is more
pronounced at high levels cf matric suction. For example, from Figure 6.8 (a), a change in
matric suction from 92 kPa to 170 kPa produces a change of about 10 MPa in the resilient
modulus, whereas for a change in matric suction from 170 kPa to 218 kPa, the
corresponding change in M, is about 60 MPa. This trend is also observable in Figures 6.8

(b) and 6.8 (c).

(iii) M, - o3 relationship:

Figures 6.9 (a) to 6.9 (e) show the relationship between the resilient modulus and
the confining pressure, o3. The general trend in all these figures indicates that M,
increases as o increases. The increase in M, is more pronounced at high levels of matric
suction. This phenomenon can be interpreted based on the fact that at high levels of
matric suction (i.e. low levels of water content) the voids within the soil structure are
largely filled with air, which is a highly compressible fluid and therefore an increase in the
confining pressure produces a significant increase in the soil stiffness, as measured by its
resilient modulus. On the other hand, for soil specimens compacted at water contents
above optimum (i.e. low matric suction), the increase in M, due to an increase in o3 will
not be significant because of the fact that the soil voids are now largely filled with water

which is an incompressible fluid.

It is also noticed that, for samples compacted dry of optimum (i.e. at high suction
levels), the influence of the confining pressure on the resilient modulus increases with
increased deviator stress up to a certain value then decreases with further increase in
deviator stress. This can be illustrated by the following example. Let us consider the case
of the soil sample having matric suction of 218 kPa. Under a deviator stress of 14 kPa, an
increase in o3 from 14 kPa to 42 kPa produces a corresponding increase in M, of about

45MPa. At a higher deviator stress of 42 kPa, and under the same o3 and y conditions,
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the increase in M, becomes S0 MPa. As we increase the deviator stress further to 70 kPa,

the increase in M, drops from 50 to about 22.5 MPa.

The influence of o4 on the M, — o3 relation for samples compacted wet of
optimum car be viewed by examining the trend of the two curves representing soil suction
values of 152 kPa and 92 kPa, respectively. By looking at these two curves, Figures 6.9

(a) to 6.9 (e), it can be seen that as the deviator stress is increased, from 14 kPa to 70 kPa,

the effect of o3 on M, gradually diminishes.

6.4.1.2 Test Results of Soil Group #2

Soil group 2 represents the subgrade soil horizon at depth 0.33m below the top of
the subgrade layer. This material was classified as a CI-CL type soil according to the
Unified Soil Classification System. It is a low to medium plasticity clay material with the

characteristics shown in Table 5.1 and Figure 6.3.

Five soil samples were prepared at moisture contents of 15.1%, 16.1%, 16.9%,
17.7%, and 18.7%. This covers a water content range of — 0.6% dry of optimum to
+3.0% wet of optimum. The corresponding suction range obtained from the water
retention curve for this soil is from 132 kPa to 258 kPa. Repeated load tests were

conducted on the prepared specimens and the results are displayed in Figures 6.10 to 6.12

Resilient modulus values for this soil group ranged from 8.2 to 100 MPa for the
range of water content studied. This corresponds to a subgrade strength range of about 1

to 10 CBR based on the relationship developed by Shell Company in 1978.

() M, — o4 Relationship:
The resilient modulus-deviator stress relationship for soil group 2 is displayed in

Figures 6.10 (a) through 6.10 (c). The general trend observed before for soil group 1 is
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repeated again here. Furthermore, the influence of og on M, appears to be more

significant in the case of this soil group than in the case of the previous soil group.

For samples compacied wet of optimum (i.e. samples with matric suction values of
184 kPa, 160 kPa, and 132 kPa), the rate of decrease in resilient modulus due to increase
in deviator stress is more pronounced than that for samples compacted dry of optimum
(i.e. samples with suction values of 212 kPa and 258 kPa). This is contrary to the
behaviour of soil group 1. This phenomenon indicates that this type of subgrade soil is
more sensitive to changes in deviator stress at low levels of matric suction than at high

levels of matric suction.

It is also observed that increasing the confining pressure slightly seems to affect
significantly the M, — o4 relationship especially at low levels of matric suction. This is
quite evident from the shape of the curves representing matric suction levels of 184 kPa,

160 kPa, and 132 kPa.

From Figures 6.10 (a) to 6.10 (c), it is also evident that matric suction has a
greater influence on the resilient modulus-deviator stress relationship than that of the
confining pressure. For example, a change in matric suction of 126 kPa (corresponding to
a total change of 2.6% in water content), produces a change in resilient modulus of
between 55 to 75 MPa depending on the level of confining pressure at which the specimen
had been tested. On the other hand, increasing the confining pressure from 14 kPa to 42
kPa produces a maximum change in the resilient modulus of about 35 MPa (as depicted by
the curve representing the soil specimen having a matric suction value of 184 kPa, in

Figure 6.10 (c)).
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(i) M, - y Relationship:

The influence of soil matric suction on the resilient modulus for this soil group is
depicted in Figures 6.11 (a) through 6.11 (c). As matric suction increases so does the
resilient modulus. This continues up to a value of suction of 212 kPa, or 2% above
optimum water content, after which a drop in resilient modulus occurs. This is observed
to occur at all levels of confining pressures. Also, the greatest amount of change in M,
values is observed to occur between matric suction values of 184 kPa and 212 kPa, i.e.
+1.2% to +2.0% above optimum water content. This observation indicates that this type
of soil is more susceptible to changes in stiffness, as afflicted by matric suction, in the

water content range of 1 to 2% above optimum.

The effect of the deviator stress in influencing the M, — y relationship is more
pronounced for this soil than the previous soil group. This is characterized by the
relatively great dispersion observed for the various curves representing the different
deviator stress conditions, shown in Figures 6.11 (a) to 6.11 (c). This effect is further

augmented by increasing the confining pressure from 14 kPa to 42 kPa.

Among the three stress state variables, i.e. matric suction, deviator stress, and
confining pressure, suction is the most influential in affecting the resilient modulus. For
the range of water content investigated, i.e. 0.6% dry of optimum to 3% wet of optimum,
the change in M, induced by matric suction is about 2.3 to 3.5 times greater than that
induced by oy, and 3.5 to 14 times greater than that induced by o3 for all soil samples

tested.

(iiij) M, - o3 Relationship:
Figures 6.12 (a) to 6.12 (e) show the relationship between the resilient modulus

and the confining pressure at five levels of deviator stress. The resilient modulus is found

to increase as the confining pressure increases. The change in M, is observed to be
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greater in the middle range of matric suction values, i.e. 160 kPa to 212 kPa, than at either
the low suction or high suction range values. This again confirms the earlier finding that
this soil group is more susceptible to changes in stiffness, as produced by a change in the
stress state conditions, within the water content range of 1 to 2% above optimum than at

any other water content level.

Changing the deviator stress conditions appears to influence the M, — o3
relationship in two ways. First, as the level of the deviator stress is increased, the M, — o3
curves shift to a lower order of magnitude. This continues up to a deviator stress level of
42 kPa. Second, by increasing the deviator stress beyond 42 kPa, this causes the confining

pressure to have lesser influence on the resilient modulus.

The trend shown in Figures 6.12 (a) to 6.12 (e) again substantiates the conclusion
arrived at earlier that the influence of matric suction in affecting the resilient modulus far

outweighs the effects of both the deviator stress and the confining pressure.

6.4.1.3 Test Results of Soil Group #3
Soil group 3 represents the subgrade soil material extracted from depth 0.59m
below the surface of the subgrade layer. This material is a medium plasticity clay soil that

classifies as a CI soil type with the characteristics displayed in Table 5.1 and Figure 6.4.

Only three soil specimens were prepared from this soil group at moisture contents
of 17%, 17.1%, and 18.2%, respectively. The preparation of extra soil specimens at
optimum and below optimum water content was not successful due to difficulties
encountered in compacting these specimens (the cylindrical samples prepared were too dry
to hold together). Consequently, the range of water content investigated for this soil was
only from +0.7% to +1.9% above optimum water content. The corresponding matric

suction values obtained from the water retention curve ranges from a minimum of 346 kPa
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to a maximum of 377 kPa. This is a very narrow range which will be seen later to limit the

interpretation of the resilient modulus test results for this particular soil group.

Figures 6.13 to 6.15 contain the test results obtained from repeated load testing for
this soil group. From these figures, resilient modulus values ranged from 54 to 104 MPa.

This corresponds to a strength range of 5 to 10 CBR.

1" M,— o4 Relationship:

The relationship between the resilient modulus and the deviator stress for soil
sroup 3 is displayed in Figures 6.13 (a) to 6.13 (c). These plots show that as the deviator
stress is increased, the resilient modulus decreases. However, there seems to be some
scatter in tl: data at low levels of deviator stress. This is particularly evident at both low
and high levels of confining pressure, see Figures 6.13 (a) and 6.13 (c). Also, the rate of
decrease in the resilient modulus seems greater at low levels of matric suction than at high
levels. This suggests that this soil is more sensitive to changes in deviator stress at wet of
optimum moisture contents than near optimum water content. This is in agreement with
the same observation noted before for soil group 2. No conclusions can, however, be
drawn for the dry of optimum range since no soil specimen was fabricated and tested

under such conditions.

It is further observed that as the level of the confining pressure is increased, the
trend in the M, — oy relationship becomes more pronounced. In other words, the rate of

decrease of M, as a function of oy increases with increased o3.

(i) M,— y Relationship:
Figures 6.14 (a) through 6.14 (c) illustrate the relationship between soil matric
suction and the resilient modulus pertaining to group 3. The resilient modulus is a direct

function of matric suction. As suction increases so does the resilient modulus. The
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magnitude of increase in the resilient modulus varies from a minimum of 10 MPa to a
maximum of 32 MPa, for the range of water content studied, depending on the levels of
both the deviator stress and the confining pressure. It was also observed taat the M~y
curves representing og of 14 kPa and oy of 28 kPa behave in a different manner to the
other curves especially at low and high levels of confining preésure. This may be

attributed to mexsurement and/or computational errors in the M, values obtained at the

aforementioned low deviator stress levels.

Further, the influence of the deviator stress in affecting the M,—~y relation seems

to be of an equal magnitude to that of the confining pressure.

(iii) M, - o3 Relationship:

The effect of changing the confining pressure in relation to the resilient modulus is
shown in Figures 6.15 (a) through 6.15 (e). The general trend indicates that as the
confining pressure value is increased, the resilient modulus increases as well. However,

the increase seems to be greater at low levels of deviator stress than at high levels.

Moreover, changing the confining pressure by a small amount appears to be more
significant in affecting the resilient modulus than the matric suction parameter. This is true

for all levels of deviator stress.

6.4.1.4 Test Results of Soil Group #5

Soil group 5 is representative of the subgrade soil material taken from depth 1.07m
from the top of the subgrace layer. This material is a medium plasticity clay soil that
classifies as a CI soil type, similar to soil group 3. The characteristics of soil group 5 are

depicted in Table 5.1 and Figures 6.5.
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Three soil samples were fabricated from this soil group for the purposes of
repeated load testing. The samples were prepared at prescribed moisture contents of
17.1%, 18.2%, and 19.1%, respectively. This covers a water content range of +0.2% to
+2.2% above optimum. The corresponding matric suction values obtained from the water

retention curve variss between 232 kPa and 310 kPa.

The results from the repeated loading testing for this soil group are displayed in
Figures 6.16 to 6.18. The resilient modulus values ranged from about 31 MPa to about
105 MPa, i.e. from 3 to 10 CBR.

(i) M, - o4 Relationship:
The resilient modulus was found to be significantly dependent on the deviator

stress. As the deviator stress is increased, the modulus decreases. This is shown in

Figures 6.16 (a) to 6.16 (c).

For samples compacted 2% wet of optimum water content, e.g. for the curve
representing matric suction of 232 kPa, the resilient modulus decreased to about 50% of
its initial value over the whole range of deviator stress investigated, i.e. 14 kPa to 70 kPa.
This phenomenon was observed to occur irrespective of the level of the applied confining

pressure.

The effect of the deviator stress on the resilient modulus seems to decrease
appreciably as the level of matric suction is increased. This is apparent from the M, — oy
curves representing matric suction levels of 270 and 310 kPa, respectively. This
observation shows that soil group 5 is more susceptible to changes in stiffness at wet of
optimum moisture content conditions than at near optimum water content conditions.
This is again in agreement with what has been observed before for both soil groups 2 and

3.
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(ii) M, - y Relationship:

Figures 6.17 (a) through 6.17 (c) show the relationship between matric suction and
the resilient modulus for soil group 5. The observed trend in these figures is that as matric
suction increases, the resilient modulus also increases. For the range of the water content
studied (+0.2 to +2.2% wet of optimum), the resilient modulus increased by a factor of
170% from its initial value. This is almost twice the effect the deviator stress had on the

resilient modulus.

(iii) M, - o3 Rel.ii. .sship:

The relation between the confining pressure and the resilient modulus for this soil
group is depicted in Figures 6.18 (a) through 6.18 (e). Increasing the confining pressure
resulis in a corresponding increase in the resilient modulus. This increase is more
pronounced at lov- levels of matric suction than at high levels. The rate of increase was
also found to depend on the level of the deviator stress applied. As the deviator stress is

increased the rate decreases until it reaches a minimum at og of 70 kPa.

6.4.1.5 Test Results of Soil Group #6
Soil group 6 represents the natural subgrade soil material that was retrieved from
the side slope of the area of the instrumented pavement section. This material also

classifies as a CI soil, with the characteristics shown in Table 5.1 and Figure 6.6.

Tive samples were prepared from this soil group at prescribed moisture contents of
18%, . %, 19%, 19.8%, and 20.7%, respectively. This corresponds to a range of water

content of +0.6% to +3.3% above optimum water content.

The results of the repeated load tests for this soil are displayed in Figures 6.19 to
6.21. The resilient modulus values ranged from about 8.4 MPa to about 83 MPa. This

corresponds to a soil strength range of slightly less than 1 to 8 CBR.
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(i) M, - o4 Relationship:

The resilient modulus-deviator stress relation at various levels of soil matric
suction and applied confining pressure is depicted in Figures 6.19 (a) to 6.19 (c).
Regardless of the fact that this soil group was not retrieved from the prepared subgrade
layer material but rather from the side slope of the shoulder area of the instrumented
section, the same trend observed before for the M, — oy relationship for the other soil
groups was again evident. As the applied deviator stress increases, the resilient modulus
decreases. The rate of decrease is of a moderate magnitude resembling that for soil group
1 (material taken from the top of the prepared subgrade layer). This rate becomes more

pronounced as the level of confining pressure is increased.

From figures 6.19 (a) to 6.19 (c), it is clear that the effect of matric suction on
resilient modulus is far greater than that of the deviator stress. For example, changing the
matric suction from 139 kPa (i.e. 3.3% wet of optimum water content) to 260 kPa (i.e.
0.6% wet of optimum) at a deviator stress value of 14 kPa and confining pressure of 14
kPa, increases tie resilient modulus from about 10 MPa to about 60 MPa, see Figure 6.19
(a). This is far greater than the effect of changing the deviator stress from 14 kPa to 70
kPa (which brings about a maximum decrease in M, of 17 MPa as shown in Figure 6.19

(a) for the M, — o4 curve representing soil suction of 225 kPa).

The rate of decrease in the resilient modulus resulting from increasing the deviator
stress appears to be of the same order of magnitude for all levels of matric suction at any

particular level of confining pressure.

(i) M, - y Relationship:
Figures 6.20 {a) through 6.20 (c) show the resilient modulus-matric suction
relation for soil group 6. Again the same trend observed before for the other soil groups

repeats itself here. Generally as the matric suction level is increased, the resilient modulus
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also increases. The increase in modulus value ranges from 50 MPa to 70 MPa (about 5 to
7 fold of the initial value of M,) depending on the levels of both the applied deviator stress
and confining pressure. It was also observed that for a change in matric suction from 216
kPa to 225 kPa, there is a corresponding decrease in the resilient modulus This is in
contrast to the general trend. This phenomenon may be due to a measurement error that
occurred during the estimation of the matric suction value especially in view of the fact
that the two suction levels represent samples that are compacted at 18.8% and 19% water

contents, respectively.

The influence of the deviator stress on the M, — y relationship is moderate at low

and intermediate levels of confining pressure and increases significantly at high levels of

confining pressure.

(iii) M, — o3 Relationship:

The effect of the confining pressure on the resilient modulus is illustrated in
Figures 6.21 (a) through 6.21 (¢). As the confining pressure level is increased from 14
kPa to 42 kPa, the resilient modulus was observed to increase as well. However, the
effect of o, on M, is not as appreciable as that induced by either the deviator stress or the
matric suction. It was also observed, as with the case for the other soil groups, that the
effect of o3 on M, diminishes gradually as the level of the deviator stress is increased.

Soil samples compacted at high suction leveis, e.g. 216, 225, and 260 kPa, exhibit
greater change in the resilient modulus value, as induced by changes in o3, than those
experienced at low suction levels. This is evident at all levels of the deviator stress (see

Figures 6.21 (a) through 6.21 (e)).

6.4.1.6 General Remarks on the Graphical Analysis Procedure
From the previous discussion of the test results pertaining to all soil groups, the

following general conclusions can be drawn:
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Among the three stress state variables studied, matric suction appears to be the most
significant in affecting the resilient modulus parameter. The selection of the matric
suction, rather than the water content %, as an independent parameter influencing

the resilient modulus is deemed more appropriate based on the following:

(i) Soil suction is a fundamental soil property that reflects mechanical behaviour

of unsaturated soils (Fredlund et al., 1975; Edil and Krizek, 1976).

(ii)) A small error in the estimation of the moisture content in the wet of optimum
region may lead to a very large error in the mechanical properties whereas it
takes considerably large values of suction to cause the same error. In other
words, the use of matric suction in predicting the mechanical response of
unsaturated soils is more accurate than moisture content. This gives matric

suction a definite analytical advantage over the moisture content parameter.

(i) Technology is available today for routinely measuring soil matric suction in
situ both non destructively and with great accuracy. This permits the

utilization of laboratory results to predict in situ soil behaviour.

Although four of the five studied soil groups classify as CI soil type, the range of
matric suction for each soil group differs substantially from the others. This further
illustrates that the use of soil type as a parameter for analyzing the resilient

behaviour of soils is inappropriate and may lead to ambiguous results.

The effects of the deviator stress and the confining pressure on the resilient modulus
confirms the findings of earlier research works (Seed et al., 1957 and 1962;

Dasmohapatra, 1973). However, these effects are far less important than that of soil

matric suction.

The susceptibility of CI and/or CI-CL soils (such as soil groups 2, 3, 5, and 6 studied

in the current research) to changes in stiffness seem to be greater within the water
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content range of 1% to 2% wet of optimum than at any other level of moisture

content.

(5) The mechanical behaviour of soil group 6, i.e. the material that was retrieved from
the side slope of the shoulder area of the instrumented pavement section, resembles
very closely that of soil group 1, soil material taken from the top of the subgrade
layer. This means that the results of these two soils can be grouped together to help
in better understanding the mechanical behaviour of the top portion of the subgrade

layer within the instrumented section.

Another alternative for presenting the resilient modulus test results in a graphical
format is through the use of the moisture-density relationship, or Proctor curve, for the
particular soil in question. This can be accomplished by using the Proctor plot as a
background for displaying the laboratory-obtained modulus test results. Examples
illustrating this for the various soil groups tested during the current investigation are
shown in Figures 6.22 to 6.26. In these figures, the black dots refer to the laboratory
tested soil specimens pertaining to each soil group. The location of every soil sample
tested is indicative of both the sample dry density and its moisture content. The number
written beside each dot represents the resilient modulus value, in MPa, obtained at a
deviator stress of 14 kPa and a confining pressure of 14 kPa. The selection of these stress

levels, although arbitrary, is believed to reflect actual in situ conditions.

The presentation of the test results in the fashion described above, i.e. using the
moisture-density relationship, enables the visualization of the material structural strength
in view of other soil characteristics such as optimum moisture content, maximum dry
density and soil type. Furthermore, such presentation can be incorporated in pavement

construction records for the purpose of future pavement maintenance and/or rehabilitation.
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The graphical analysis procedure(s) described previously is a simple and effective

way of presenting the laboratory test results. Nevertheless, the following constitutes some

of the concerns and limitations pertaining to this analysis strategy:

(1)

2)

)

“)

The procedure is too elaborate. This means that many graphical representations of
the various stress state variables versus the resilient modulus are needed to identify
the effects of each of those parameters on the resilient characteristics of the soil

under consideration.

Individual graphical displays of the M, versus each of the stress state parameters
make "interaction" or "overlapping” effects of these parameters on M, difficult to
discern. This problem, however, can be minimized to a certain degree by
constructing three dimensional graphs. In such graphs, the simultaneous influence of
any two of the stress parameters, at a fixed level of the third stress parameter, on the
resilient modulus can be identified and interpreted. Examples of 3-D graphs plotted
for M, versus og and v, and for M, versus o4 and o3 for soil groups 1, 2, and 6 are
shown in Figures 6.27 to 6.29 and Figures 6.30 to 6.32, respectively. The use of the
3-D graphs is also limited in the sense that it can accommodate a maximum of three
independent parameters. For discerning the effects of more than three variables on

M, , other analytical tools should be used.

Disaggregation of data, in the manner required for graphical results interpretation,
may lead to confusion of how M, is affected by each and/or ail of the stress state
variables (i.e. the graphical analysis procedure can not provide a global picture of the

resilient modulus as a function of the stress state variables).

The degree of association, or influence, between a particular stress state variable and
M, may be misleading in a graphical environment. For example, oy (for all soil

groups) appears to be significant in affecting M,. However, this conclusion is not
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totally correct. This point will be further clarified in the next section that deals with

the development of the M, predictive models for the various soil groups.

In summary, the graphical analysis procedure provides a good diagnostic tool for
qualitative evaluation of the effects of the different stress state parameters on the resilient
modulus. However, the method falls short in providing quantitative measures of the
effects of these parameters on the resilient modulus. This calls for an alternative analysis
strategy. One such a choice will be the use of statistical multiple linear regression
techniques to postulate predictive resilient moduli models in terms of the pertinent stress

state variables.

6.4.2 Postulated Predictive Resilient Modulus Models

As discussed previously, a second analysis strategy was envisioned to interpret the
results of the laboratory testing program. This consisted of applying multiple linear
regression techniques to develop models that describe the resilient behaviour of the

various soil groups.

For each soil group, several models were examined in order to obtain the most
sound model that best predicts the resilient modulus parameter. Several transformations
of the data including the logarithm and the natural logarithm of dependent and/or
independent variables were tried. Models in which the natural logarithmic transformation
was used proved to be the most satisfactory. Consequently, the resilient modulus, for all

soil groups, was modeled using the following form:

LaM; = Bp + BiLny + ByLny, + B;LnT + B4Ln(f{c)) 6.1)
where,

M, = resilient modulus, kPa

v = matric suction (u; — Uy), kPa
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Y, = soil dry density, kg/m3
T = average soil temperature, C
flo) = astress function, kPa (the ratio of the second stress invariant to the

octahedral shear stress, i.e. J./T.., was found to be adequate for

describing the behaviour of all soil groups)

Table 6.1 shows the results of the regression analysis performed on the test data of
the various soil groups. The number » in this table refers to the number of sets of test
-ata used in the analysis. R? represents the coefficient of determination obtained for each
model. S.E. refers to the standard deviation of the dependent vanable (i.e. Ln Mr) about
the regression line. As it can be seen in Table 6.1, R? for all soil groups are, for the most

part, reasonably good.

Detailed discussion of each of the models obtained will now follow

6.4.2.1 Soil Group 1
After several trials, the model arrived at to describe the resilient modulus of the

first soil group was of the following form:

LnM; =328 + 0.205Ln(J/Te.) + 1.046 Ln(yn) 6.2)
where,

M = resilient modulus, kPa

J/T = stress function described above, kPa (in the case of the triaxial test

90'§ + 60304

V20u

Vm = soil matric suction, (ua — uw), kPa

this equals



219

This model has a coefficient of determination, R2, of 0.70 which indicates a
relatively strong degree of association (or correlation) between the resilient modulus and
the two independent parameters (i.e. r =0.84). The standard deviation of Ln M, about the
regression line, S.E. = 0.201, implies that there is no much scatter in the data used to
obtain the model. Furthermore, the relation also suggests that there are no reasons to
doubt that a linzar relationship does exist between the natural log of the resilient modulus
and that of the matric suction and the stress function. This conclusion is evident from the

F-value for the equation (F-value = 276.3 provides a significant F of probability = 0.0000).

Other diagnostics were also performed on equation 6.2 to validate all the
underlying assumptions pertaining to muitiple linear regression (SPSS for Windows-

release 6.0, 1993).

It is worth noting that all stress state variables were examined for their effects on
the resilient modulus. However, only matric suction and the stress function J/T,. appear
to be statistically significant in influencing the resilient modulus parameter for this soil
group. Moreover and upon examining the regression coeffients in equation 6.2, it is
evident that the effect of matric suction on M, is more pronounced than that of traffic
induced stresses ( 1.046 compared to 0.205). This finding emphasizes the importance that
environmental factors have on affecting the structural capacity of fine-grained subgrade

soils. This conclusion is not readily visual when using the graphical analysis procedure.

6.4.2.2 Soil Group 2

For this soil group, the model developed was of the following form:

LnM, =-4.87 + 0.246 Ln(J/T..) + 2.704 Ln(ym) (6.3)
where,

M; = resilient modulus, kPa
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"

Ym
J 2/T oct

soil matric suction, kPa

ratio of the second stress invariant to the octahedral shear stress, kPa

The R2 value for the model is 0.73 and the S.E.(Ln M,) is 0.258. This indicates a
strong linear relationship between the natural logarithm of the resilient modulus on one
side and the natural logarithms of the independent variables, i.e., JoTocs and Y, On the
other side. Like soil group 1, the resilient modulus for soil group 2 appears to be a
function of both matric suction and traffic induced stresses. Also, the influence of the
matric suction on M, seems to be even greater in the case of this soil group than for soil
group 1. This can be visually examined by looking at the magnitude of the regression

coefficients of both independent variables (0.246 for Jy/T,y as compared to 2.704 for

Vm).

The diagnostic checks performed before for equation 6.2 were again repeated for

equation 6.3 to ensure its validity.

6.4.2.3 Soil Group 3
Several regression equations were examined for soil group 3. The final model

arrived at which was thought of as representing the resilient modulus of this soil was of

the following form:

LnM;, = 10.17 + 0.188 Ln(J2/Toct) (6.4)
where,

J/Toq = ratio of the second stress invariant to the octahedral shear stress

Equation 6.4 has an R2 - value of 0.67 and an F-value of 86.616 (probability =
0.0000). This indicates a linear relationship of reasonable strength between the natural

logarithm of the resilient modulus on one hand and the natural logarithm of the stress
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function JyT e on the other hand. The S.E. of Ln M, equals 0.094 which reflects a very
small scatter in the data used to obtain equation 6.4. Although this looks good from a
prediction point of view, this conclusion is a little bit misleading. The reason behind this is
the fact that the range of the matric suction parameter, i.e. Y, investigated for this soil is
small compared to previous soil groups. This factor is believed to have contributed to the

observed finding as well as to eliminating y,, from being included as a significant

parameter in the postulated model.

6.4.2.4 Soil Group §

The resilient modulus model developed for this soil group takes the following

form:

LnM; = 9.55 + 0.302 Ln(J2/Toct) 6.5)

Equation 6.5 has an R2-value of 0.61 and an F-value of 53.524 (probability =
0.0000) which indicates a strong linear relationship between the natural logarithm of the
modulus and the natural logarithms of the stress function JoTpy. An estimated S.E. for
Ln M, of 0.229 is comparable with S.E.’s obtained for soil groups 1 and 2. However, soil
group 5 appears to behave in a similar way to that of soil group 3. This is evident from
the s-are of equation 6.5 as compared to that of equation 6.4. This is again attributed to

the small range of y, investigated for soil group S.

The fact that a much smaller range of matric suction was examined in the case of
both soil groups 3 and § is due to some difficulties encountered during the testing of these
scils. The main difficulty is the fact that a small amount of soil material, for both soil
groups, was retrieved from the instrumented site. This is made the remolding of the
required soil specimens at some moisture contents, noteably on the dry of optimum side of

the moisture-density relation for the particular soil group in question, unattainable.
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6.4.2.5 Soil Group 6
The predictive model developed that describes the resilient characteristics of soil

group 6 is given by the following expression:

LnM; = —6.40 + 0.312 Ln(Jo/Toc)) + 2.819 Ln(ym) (6.6)

where all the parameters shown in the equation are as defined previously.

This model has a high R2-value of 0.90 and a significant F-value (probability =
0.0000) of 326.892. This indicates that the natural logarithm of the resilient modulus is
highly correlated with the natural logarithms of both the stress state parameter Jy/ T, and
the soil matric suction. The S.E. of Ln M, obtained for this soil group is 0.155 indicating

a good model fit.

The influence of matric suction on M, is clearly more profound than that of the
traffic induced stress variable JyTye. This can be seen by comparing the magnitude of the
regression coefficient for matric suction, 2.819, with that of the stress state function,
0.312. This finding confirms the trend observed before for the other soil groups that
environmental effects on M, appear to be more significant than those associated with

traffic induced stresses.

6.S Summary and Conclusions

This chapter presents and interprets the research findings from the laboratory
testing program. The purpose of the laboratory phase of the current research was to study
the resilient deformation characteristics of a typical fine-grained subgrade soil in Alberta,
with particular emphasis on the phenomenon of seasonal variations as afflicted upon by

environmental factors such as temperature and soil moisture.
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An extensive repeated loading testing scheme was formulated to investigate how
the subgrade resilient modulus is affected by various stress state variables. These variables
included both traffic induced stresses and environmental factors. The traffic induced
stresses consisted of the vertical deviator stress and the confining pressure. Average soil
temperature and soil matric suction comprised the two environmenta! factors investigated

in this study.

Only one type of subgrade material was examined in this research. The selected
soil represents a typical subgrade material that is frequently encountered in many primary
highways in Alberta. This material is a medium plasticity silty clay soil that classifies as a

CI type soil according to the Unified Soil Classification System.

The subgrade soil material used in this study was retrieved from an instrumented
pavement site that is located within control section 16:12 along primary Highway 16 west
of Edmonton. The material retrieved from the test site was grouped into five groups on
the basis of the depths from which they have been extracted. This was done to see
whether the location of the specific soil group within the subgrade would have any
influence on its structural characteristics i.e. whether the subgrade soil stiffness varies with

depth or not.

Several classical soil tests were performed on the various soil groups to obtain the
necessary information required for the preparation of the soil samples for resilient modulus
testing. Also, soil moisture retention curves were obtained for all soil groups. This was
done to enable the estimation of the soil matric suction parameter since present technology

does not permit the measurement of this variable during repeated load testing.
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Several soil specimens were prepared from the various soil groups at different
prescribed moisture content conditions. These specimens were tested using the repeated
loading test system developed at the University of Alberta. Two analysis strategies were
utilized in interpreting the results obtained from the laboratory testing program. The first
strategy involved using different graphical displays of the resilienf modulus parameter
versus the various individual stress state variables to identify general trends and highlight
the relative importance of each of the independent parameters on the resilient modulus
value. An altemative for displaying the resilient modulus test results for pavement
construction purposes was also proposed. This took the form of plotting the test results
on a moisture-density diagram. In the second strategy, the individual effect and/or
interaction effects of each stress state variable was quantified. This is accomplished by
developing prediction models for the resilient modulus parameter in terms of the

significant stress state variables.

The general conclusions that can be drawn from the research results of the

laboratory testing program are as follows:

(1) The graphical analysis approach by itself is not sufficient to provide full-scope
interpretation of the test data. In other words, it only gives a qualitative estimation
of the influences of the various stress state parameters on the resilient modulus. This
shortcoming can be rectified by developing predictive moduli models through the
use of multiple linear regression analysis techniques. It should be mentioned,
however, that proper diagnostic checks must be performed on the postulated models
to ensure their validity and accuracy. In the current research exercise, verification of

the developed models was carried out with great caution.

(2) Conclusive evidences from both the graphical and the statistical analysis procedures,

strongly indicate that environmental factors (as represented by soil matric suction)
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are more significant in affecting the resilient modulus than their counterparts of
traffic induced stresses (as represented by the stress ratio J¥Toe.). In other words,
seasonal variations in soil matric suction have more devastating consequences on the

resilient modulus than those pertaining to traffic induced stresses.

The layering effect within the subgrade material seems to have very little impact cn
the resilient modulus. This is evident from the ranges of the resilient modulus of the

various soil groups (between 8 and 100 MPa or 1 to 10 CBR).

Although the range of soil stiffness for all soil groups is almost the same, however,
each group has its own distinct resilient modulus expression. This serves to illustrate
the point that even if various soils have the same range of structural strength, this
consideration by itself alone is not sufficient to draw conclusions about the resilient
behaviour of these soils under different climatic conditions. Such predictions can
only be made if there exists a mathematical expression that uniquely relates the
resilient mod' us or iny other mechanistic response, to other stress state variables.
Within the geu.... framework of the current research objectives, the task of
developing such expressions for the particular subgrade soil studied is believed to

have been successfully achieved.

The resilient modulus was found to be strongly influenced by traf:ic induced stresses
such as the deviator stress and the confining pressure. In all cases (soil groups 1
through 6), such influence was found to be best represented by a stress function that
incorporates the effects of both the deviator stress and the confining pressure

simultaneously. The candidate stress function used in the current study is a ratio of

the second stress invariant, J; ,to the octahedral shear stress, Toer. Findings from the
current investigation confirm and substantiate similar research results reported by

Cole et al. (1986) from an earlier research work on granular soils.
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(6) Examination of the developed resilient modulus models reveals that changes 1. the
soil dry density, v,, has very little effect, if any, on the M, value. This phenomenon
can be explained in view of the fact that the influence of such parameter, i.e. v, on
M, has already been taken care of through the consideration of the effects of both
the confining pressure and the soil matric suction. This is understandable since these

two parameters are found to be highly correlated with the soil dry density.

(7) From Figures 6.22 to 6.26, it is clear that both matric suction, ¥, and soil dry
density, y,, have significant effects on M,. This is particularly evident in the range
from 95% to 99% of maximum dry density as shown in the aforementioned figures.
Although this conclusion appears to be in contrast to conclusion (6) above, at least
for the part concerning the dry density, it is not really so. This can be explained in
view of the fact that both y and y. have significant effects cn M,, however, the
influence of y on M, far outweighs the influence of y.. Furthermore, upon analysing
the resilient modulus test results in a quantitative fashion, such as the onc employed
to develop the predictive models, only parameters that are highly correlated with M,
got identified as being significant. Other parameters, although coukl be significant,
do not appear in the regression equation, especiaily if they are highly correlated with
other independent variables. This turned out tc be the case for v, that was found to
be highly ccrrelated with both the matric suction itself and the confining pressure

contained in the stress function that appeared in the postulated equations, i.e.

(Jo/Toer)-

The research approach followed in the current laboratory investigation produced
good and consistent results in terms of characterizing seasonal variations in subgrade

stiffness that is based on meclanistic measures. The applicability of this approach to
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studying other soil types can further be improved by adopting the following

recommendations:

0]

(i)

(iii)

A well statistically-designed experiment should be devised to fulfill the specific
testing needs pertaining to the particular soil to be studied. This means that no
special standardized test procedure, such as the AASHTO T 294-92 used here, is
required. Rather, the researcher should develop his/her own test Protocol to
satisfy his/her particular research objectives. This typically involves the selection

of the appropriate ranges of the various parameters to be investigated.

The above recommendation is further substantiated by the following finding.
During the analysis to develop the above discussed resilient moduli relations, it
was found that the resilient modulus obtained at any particular stress state test
conditions is highly correlated with moduli values obtained in previous test runs for
the same test specimen. This was true for all soil groups tested. The implication
of this finding is that every prepared soil sample must be tested under only one set
of stress conditions or otherwise, test results from repeated loading triaxial testing

should be interpreted using time series analysis techniques.

In determining the soil water retention characteristics pertaining to the specific soil
under investigation, an identical procedure to the one used in preparing soil
samples for repeated load testing should be followed for obtaining the soil
retention curves. This means that sorption curves rather than desorption curves
should be obtained and used. This provides for more accurate estimates of the soil

matric suction parameter.

In addition to the calibration of the individual components comprising the repeated
load testing system, a separate calibration of the system as a whole is strongly

recommended. Such calibration is usually performed using some type of a
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“standard specimen” with known resilient characteristics (Pezo et al., 1991). This
calibration was not performed during the current research study due to difficulties

encountered in obtaining the necessary calibration specimen(s) to perform this

task.
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Table 6.1: Results of Regression Analysis performed on Various Soil Groups

Soil. Group  Regression E wation ,
#1 Ln Mg = 3.28 + 0.205 Ln(Jo/Tee ) + 1.046 Ln(wm) 45 070 | 0.201
#2 Ln M, = -4.87 + 0.246 Ln(Js/Tow.) + 2.704 Ln(ym) 751 073 | 0.258
#3 Ln Mg = 10.17 + 0.188 Ln(J2/Toc) 451067 | 0.094
#s Ln My = 9.55 + 0.302 Ln(J2/Toct) 377 061 ; 0.229
#6 Ln My = ~6.40 + 0.312 Ln(J2/Tocy) + 2.819 Ln(ym) 75 0.90 ;| 0.155
Notes:

S.E. refers to the standard deviation of “Ln M,” about the regression line.

R’ is the coefficient of determination of the model(s).

n indicates the sample size used to generate the regression equation(s).
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Figure 6.1: Moisture -Density Report for Soils Sampled from CS 16:12
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Figure 6.2: Moisture

- Density Relation for Soil Group # 1
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Figure 6.3: Moisture - Density Relation for Soil Group #2
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Figure 6.4: Moisture - Density Relation for Soil Group #3
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Figure 6.5: Moisture - Density Relation for Soil Group # 5



Dry Density (kg/m-)

237

2000 1 1 1 ) | ~ g
\
\\ \ Black dots refer to
laboratory tested samples
\
1950 | | Soil Grouwp #6
OMC-% 17.6
| MDD-kg/m3 1766 \
| Depth-m N/A \
| LL-% 36.3 \
1900 Pl-% 17.5
] Soil Type Cl
BERVEEAY
\ [
-
1850 \ N2
4\
\ e \
\%
1800 \ \
| NN
N\
1750 Q9P4 / \J\ \\
/ & \\\ \ ]
\§ |
S*oil [> #6 \
1700 -t - -
1 A\
od% Mol Del Dl \
‘ \
) |
1650 — —
f 10 12 14 16 18 20 22 24 26

Moisture Content (%)

Figure 6.6: Moisture - Density Relation for Soil Group # 6

28



Mr (ir kPa)

Mr (in kPa)

(a) Confining Stress Level = 14 kPa

120000

100000

80000

60000
40000

20000

0

T

T

T

o

T T T T T

O\O\o—\o_-o ]

|

P WV ST IR DR B |

10 20 30 40 S0 60 70

Deviator Stre”  (kPa)

(c) Confining Stress Level = 42 kPa

120000

100006
80000

60000

40000

20000

0

1

T

ST SNUTUN WU DR B SR N |

T f?TTI'

S 5

0 1

0 20 30 40 50 60 70

Deviator Stress (kPa)

Mr (in kPa)

]
!

'EGEND:
O suction = 218 kPa
] O suction = 170 kPa

8  syction = 152 kPa
® suction = 92 kPa

(b) Confining Stress Level = 28 kPa

120000

100000

80000

60000
40000

20000

0

T

T

T

T

PV Y IO SO BRI T B

0

10 20 30 40 S0 60 70
Deviator Stress (kPa)
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Figure 6.10: Resilient Modulus versus Deviator Stress for Soil Group 2
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Figure 6.11: Resilient Modulus versus Matric Suction for Soil Group 2
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(d) Deviator Stress Level = 56 kPa
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Confining Pressure Level = 14 kPa

resilient modulus, M, (kPa)

Figure 6.27: Variation of Resilient Modulus with ¢, and y for Soil Group 1
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Figure 6.28: Variation of Resilient Modulus with 54 and y for Soil Group 2
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Figure 6.29: Va-iation of Resilient Modulus with 64 and v for Soil Group 6
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Soil Matric Suction = 170 kPa

Figure 6.30: Variation of Resilient Modulus with o4 and o3 for Soil Group 1
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Soil Matric Suction = 160 kPa
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Figure 6.31: Variation of Resilient Modulus with ¢4 and 63 for Soil Group 2
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Soil Matric Suction = 216 kPa

resilient modulus, M, (kPa)

Figure 6.32: Variation of Resilient Modulus with 64 and 63 for Soil Group 6
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CHAPTER SEVEN

PRESENTATION AND DISCUSSION OF FIELD TESTING PROGRAM
RESULTS

7.1 Introduction

This chapter summarizes the research findings from the field testing phase of the
current investigation. The details of the field testing program were given in Chapter Four
of this thesis. In summary, a one kilometre section on Highway 16, approximately 80 km
west of Edmonton, was instrumented with 12 thermal conductivity sensors for the purpose
of monitoring temperature and soil matric suction at different depth locations within the
subgrade layer. Falling Weight Deflectometer (FWD) tests were also conducted at regular
time intervals at various locations within the instrumented section. Data collected from
these tests and from temperature and soil suction measurements is presented and discussed

in the following sections of this chapter.

7.2 Objectives of The Field Testing Program
The main objectives of the field testing program can be summarized as follows:

(1) Develop a procedure for monitoring temperature and matric suction distribution
trends within a typical subgrade soil material in Alberta.

2) Assess the effects of seasonal variations in temperature and matric suction on
flexible pavement structural capacity to withstand traffic loadings particularly
during the thaw-weakening period in the spring time.

(3) Investigate the possibility of implementing mechanistic measures, such as the
resilient modulus determined from back-calculation analysis, for pavement design
and rehabilitation.

The degree of success achieved in fulﬁlling these goals is addressed in detail in the

following parts of this chapter.
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7.3 Temperature and Matric Suction Data

Monitoring and collection of temperature and matric suction data spanned a period
of approximately two years from November 7, 1990 to September 15, 1992. The
measurements were performed at each sensor location every two hours using an
automated data acquisition system. This system suffered a temporary breakdown during
the period from April 6, 1991 to July 16, 1991, as a result of drainage water ingress inside
the data acquisition box. The problem, which has been explained in detail in chapter four,
was discovered an remedied and data collection resumed again on July 17, 1991. The
consequences of this incident was a loss of about three and a half months of temperature
and suction data. Although this loss occurred during a critical monitoring period, i.e.
spring of 1991, it was felt that the data collected during the spring of 1992 would make up
for the loss and would shed some light on the distribuuon trends of temperature and soil
suction within the subgrade iayer during the normal thaw-weakening time. This
assumption, of course, implies that there are no significant differences in the distribution
trends of temperature and matric suction during any particular time interval, such as the

spring period, from one year to the next year.

Based on the information given previouly in chapter three pertaining to the
behaviour of unsaturated soils under both freezing and aon freezing conditions,
temperature and moisture suction data obtained during the current study will be

interpreted and discussed.

7.4  Presentation and Discussios of Temperature and Soil Suction Results
Although both temperazure and sc.| matric suction measurements were collected

automatically every two hours for the whole duration of the two-year monitoring period,

seasonal trends for these parameters were plotted for data recorded only every forty eight

and every twenty four hours, respectively. This was done to avoid the excessive



fluctuations that were observed to occur when all the data collected every two hours was
plotted. Txamples illustrating this for temperature and suction data are shown in Figures

C.1 and C.2 in Appendix C, respectively.

Initial analysis of temperature and soil matric suction data takes the form of
plotting these measurements versus time to identify seasonal distribution trends. Figures
C.3 to C.14 in Appendix C present the temperature and suction results ¢ the twelve
sensors that were installed in Control Section 16:12. Each figure consists of two plots.
The first plot on the top of the page displays the variations in temperature at the specific
sensor location together with variations measured in daily air temperature. The bottom

plot of each figure shows the variations in soil matric suction throughout the seasons.

The time of monitoring and collection of the temperature and soil suction data can
be divided into two distinct intervals. The first interval extends from November 7, 1990 to
April 6, 1991 while the second interval spans the period from July 17, 1991 to September
15, 1992. During the period from April 6, 1991 to July 16, 1991, no data was collected
due to the malfunction in the data acquisition system. This incident was noted to at the

beginning of this chapter and is explained in detail in chapter four.

Attempts to relate the outputs of the different sensors together based on spatial

and depthwise distances were also made. These are shown in Figures 7.1 to 7.6.

7.4.1 Temperature Variations

It should be mentioned that the temperature measurements plotted every forty
eight hours were ckosen to represent a particularly selected time of the day. This means
that the plotted data does not represent any minimum, maximum or average daily

temperature values. This was done since the emphasis in the current research is on
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identifying -.- 'y the general temperature trends and not on obtaining actual temperature
measuremen indices. It should also be mentioned that the measurements of the daily air
temperature were performed using a themlocoijple unit that is placed inside the data
acquisition equipment box. The precision of this method for recording air temperature is
quite reasonable based on the fact that the data acquisition box was clamped to a steel
post and left hanging in the air. Furthermore, the fact that the data acquisition box was
made of a fibre glass material implies that temperature measurements performed inside the
box will not be significantly different from actual air temperatures outside the box since
this material does not constitute any thermal barrier between the temperature conditions

inside and outside the data acquisition box.

Based on the discussion, given in Appendix C, pertaining to temperature seasonal
variations as monitored by the AGWA-II sensors and from Figures 7.1 to 7.6, the

following main findings can be drawn:

(1) In general, the AGWA-II sensors used in this study seem to provide good and
consistent temperature measurements throughout the seasons. One observation
that seems to substantiate and confirm this finding is that sensors at shallow depths
responded faster to changes in air temperature than other sensors at deeper
locations. This observation is consistent for all sensor groups and agrees

reasonably well with the theoretical aspects of temperature distribution in situ.

(2) It is clear that there is a great deal of fluctuations in the recorded daily air
temperature. However, temperature measurements performed at each sensor
location within the subgrade soil layer do not exhibit the same kind of fluctuations.
This indicates that daily temperature changes within the subgrade are moderate and

can therefore be accommodated for by recording temperature measurements once
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every two or more days i.e. there is no need for continuous monitoring every two

hours.

Soil Matric Suction Variations

In order to examine the effect of the sensor location on its measured response, two

sets of figures were drawn. Within the first set, measured outputs of sensors located at

the same transverse distance from the pavement shoulder edge were grouped together.

This is shown in Figures 7.1 to 7.3. The second set includes measured responses of

sensors that are located at approximately the same depth and same longitudinal distance

but at different transverse distances from the pavement shoulder edge. This is depicted in

Figures 7.4 through 7.6 inclusive.

From Figures 7.1 to 7.3, the foilowing conclusions can be drawn:

(1)

It is evident that during the first monitoring period there are more variations in
suction readings obtcin:d from sensors located closer to the pavement edge than
from those ke ated further awey from the pavement edge. This is illustrated by the
variations showr: ‘n t»e shoulder and outer wheel path (OWP) areas as compared
to those in the init ¢ “:ieel path (IWP) area. The reason behind this may be the
fact that water usuz: :irains to the side ditch close to the pavement shoulder.
This will, in turn, pro-ide for an ample supply of water that can move freely and
quickly to regions within the pavement structure that are close to the pavement
edge. The consequence of this will be that the soil at such locations will
experience more fluctuations in moisture content which will be accompanied by
mutual fluctuations in matric suction. Therefore, sensors installed at these
locations will record more variations in suction than those recorded by further

away sensors.



(2)

(3)
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It is also observed that after the first winter i.e. 1990-1991, the sucticn
measurements obtained from sensors close to the pavement edge do not differ
much from those obtained from sensors located further away from the pavement

edge. Several reasons are thought of as contributing to this behaviour:

(i) freezing and thawing of fine-grained soils may induce some volume changes.
These volume changes, which are dependent on soil suction, may become
excessive and lead to either soil expansion or contraction. If the latter mechanism
prevails, then the soil will shrink away from the sensor causing a gap between;:the
sensor and the surrounding soil. Once the sensor has separated from the soil, .the
soil suction reading registered will reflect only the amount of water remaining
within the sensor porous tip. On the other hand, if the gap between the sensor and
the soil becomes filled with water, this will increase the rate of heat transfer due to

the induced heat pulse and will consequently lead to errors in sensor readings.

(i) A big transverse crack was observed to develop within the instrumented
section immediately after the first winter period elapsed. This crack might have
provided a passage for rain water to flow to sensors’ locations and consequently

cause a reduction in the recorded soil suction.

(i) The backfilling of sensors’ holes and/or longitudinal trenches for laying out
sensors’ lead wires may have not been done properly. This might have eventually
caused preferential flows of water along the wires leading to the sensors and

caused the observed reduction in the measured suction values.

Sensors, within the same group, that are located at approximately the same depths
and at different longitudinal distances recorded equal suction values for almost the
whole monitoring period. Examples of such sensors are sensors 1 and ~ “a Figure

7.1 and sensors 8 and 9 in Figure 7.2. This indicates that the eucct of the
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longitudinal distance on the sensor response is less important than the effect of

either the transverse distance or the depthwise location.

(4) Variation in soil suction during the winter time is difficult to interpret. However, it
is evident that the AGWA-II sensors function equally well during both the frozen
and the non-frozen periods. QOne benefit that could be gained by examining the
behaviour of the thermal conductivity sensors during the frozen period, is to make
sure that these sensors are still working properly to provide reliable and consistent
measurements of the soil matric suction after the first freezing and thawing period

elapses.

(5) There is no significant change in soil matric suction observed during both the thaw
weakening and summer periods. This is characterized by changes in matric suction
for the surface sensors in the order of 10 to 50 kPa and for deeper sensors in the
order of 10 to 25 kPa. Linking this to seasonal variations in subgrade soil stiffness
during such critical periods will be discussed in details in the following sections that

deals with FWD deflection testing.

Combined examination of the trends shown in both Figures 7.1 to 7.3 and Figures
7.4 to 7.6 reveals that the role that the transverse distance, from pavement edge, plays in

nfluencing measured suction values far outweights the role of either the longitudinal or

the depthwise distances.

7.5 FWD Deflection Testing

As a part of the field investigation, a non-destructive field testing program was
carried out. Tl consisted of conducting FWD deflection tests at SOm intervals on both
the outer and inner west bound lanes in the vicinity of the instrumented site. The lateral

positioning of the FWD tests were in the outer wheel path of the outer lane and the centre
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line of the inner lane, respectively. Figure 7.7 shows a plan view of the FWD test
locations. The philosophy behind the particular testing scheme displayed in Figure 7.7 s
that uniformly spaced test points over the full length of the selected pavement section are
expected to provide more information on the longitudinal variability in the pavement than

more closely spaced test points over shorter subsections.

The purpose of the FWD testing is to use the measured dynamic deflection in
conjunction with temperature and soil matric suction data to study the phenomenon of

seasonal variations in subgrade stiffness.

In carrying out deflection tests, a Dynatest model 8000 FWD system was used.
This equipment is owned and operated by the Alberta Transportation and Utilities

Department of Highways. The Dynatest 83000 FWD system consists of three main units:

(i) A Dynatest 8002E FWD Trailer.
(ii) A Dynatest 9000 System Processor.

(ii{) An IBM PC compatible computer with an attached printer.

The 8002E FWD trailer houses a loading plate, a strain-gauge-type load transducer (load
cell), seven velocity transducers (geophones) for deflection measurements, and a
dropping-weight system for the provision of the impulse load. The method of applying the
dynamic load and measuring the resulting deflections was outlined previously in chapter
two. The load pulse generated by the drop approximates a haversine wave of load
duration of 25-30 milliseconds. By varying the drop heights and drop weights, a force
range of 7 to 120 kN can be obtained. Deflection is measured by using up to nine velocity
transducers. Only seven transducers were used in the current study with one at the centre
of the loading plate and the remainder mounted on a bar tkat is lowered automatically with

the loading plate.
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The Dynatest 9000 System Processor is a compact, microprocessor based
electronic unit that is interfaced with both the FWD trailer and the IBM PC computer.

The main functions of this Processor are the following

(i) Control of the FWD trailer hydraulics.

(ii) Condition, scan, digitize and transmit measured ioad and deflection signals to the
IBM PC computer for data display and storage.

(iii) Perform continuous monitoring of the whole system to reveal any tunctional or

operational errors.

The 9000 System Processor is powered by a 12 VDC battery.

The Computer/Printer assembly is used for input of control and site/test

identification data as well as for displaying, editing, storing and printing of FWD test data.

Specifications pertaining to each main unit of the Dynatest 8000 FWD System as
well as further details on equipment maintanence and calibration can be found in the

system manuals (Dynatest 8000 FWD Test System, Owners Manual, Part 1 and 2, 1991).

7.5.1 Test Protocol and Planed FWD Tests

To accomplish the objectives of the field testing phase, an extensive deflection
testing program was planned and executed. Testing spanned a period of two years from
October 15, 1990 to October 27, 1992. Forty test points were located and marked with
white paint within the one kilometre pavement section shown in Figure 7.7. The FWD

tests carried out were performed in accordance with the following scheme:

(i) Once a week every week for the period of March 1st to May 31st.

(ii)) Once every two weeks for the period of June 1st to June 31st.
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(iii) Once every three weeks thereafter. This was centinued until no further deflection

readings could be obtained.

The aforementioned test sequence was followed as close as possible, however, sometirn+:

it was difficult to adhere to that. Two reasons that contributed to this difficulty were:

(1)

(2)

Unpredicted weather conditions and/or unexpected sensor malfunciion
hindered the operation of the FWD ¢. ~ "ent.

Unusual time conflicts between duled deflection tests pertaining to the
instrumented section and those carric . out routinely by Alberta Transportation and

Utilities Roadway Engineering Department for inventory purposes.

As a result, actual testing dates differed slightly from the above given schedule. Table 7.1

shows these dates for all deflection tests performed.

In carrying out the testing program, the following test protocol was followed

(FWD Field Operation Manual Version 2.1, 1992):

(1)

(2)

)

The Dynatest 8000 FWD equipment is moved to the specific test point and the
loading plate and transducers are hydraulicaliy lowered until the assembly touched
the pavement surface.

An eleven-drop sequence is used at each test location. This consisted of three
drops to seat the FWD loacing plate followed by eight drops that are performed
from heights h1, h2, h3, h4, hl, h2, k3 and h4, respectively. These drop heights
correspond to approximate applied loads of 26.7 kN, 40.0 kN, 53.3 kN and
71.1 kN, respectively with a target tolerance error of £10%. The mass used tc
achieve the target loads was a 200 kg mass.

Load and deflection data is then measured and displayed on the computer screen.
The sensor locations are measured from the centre of the applied dynamic load and

are set at: 0, 300, 600, 900, 1200, 1500 and 1800 millimetres, respectively.
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(4) Temperature readings at approximately 50 mm below the asphalt concrete surface
are also recorded every two hours.

(5) The loading plate and sensors are then hydraulically lifted, and the equipment is
ready to move to the next test location.

(6) All the test data pertaining to the forty test locaticns within the instrumented
section for any particular test date is stored in a single computer file. A special
data collection software, the Dynatest FWD Field Program, is used for inputting
the necessary information concerning the tested highway and for recording the test
results. Two versions of this software were used in the current investigation,
namely: edition 20 and edition 25. Example outputs showing these two formats
are displayed in Figure D.1 and D.2 in Appendix D. Additional information
pertaining to the description of the data collection software can be found

elsewhere (AT & U FWD Field Operation Manual Version 2.1, 1992).

It should be mentioned that, two test runs, or repetitions, were performed on each
test date. A full run, i.e. forty test locations, usually takes about two hours to complete.
These test repetitions were conducted to examine the effect of time of the day on

measured deflections.

Apart from the fact that different deflection spacings and load sequences are used
by the different department of highways and agencies, for example the SHRP Standard
Procedure, to achieve their testing goals, all the other test steps listed above are common

among these agencies.

7.5.2 Analysis of Deflection Data
As stated previously, in chapter two, defie tion data can be interpreted using one

of two approaches (AASHTO 1986 and 1¢47;. Naimely, these are:
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{1) Direct deflection analysis.

(2) Back-calculation of layer moduli.

The first approach involves visual examination of deflection data trends and patterns
through the utilization of one or more deflection parameters. This approach is simple and
can be used very successfully to discern several deflection-performance relationships for
many application purposes. However, this methodology possesses some inherent

disadvantages such as:

() The rate of deterioration of pavements depends on critical stresses and strains in
the different layers rather than merely surface deflections. This makes deflection
criteria and stress or strain criteria incompatible. Ullidtz (1987) presented an

example substantiating this fact.

(i)  Deflection measurements cannot be applied directly as input in any of the currently

available mechanistic-empirical pavement design procedures.

The second approach, on the other hand, is more appropriate for use in pavement
structural evaluations that are based on mechanistic responses such as critical stresses
and/or strains (Ullidtz and Stubstad, 1985; Huang, 1993). Although numerous studies and
research efforts have been completed during the past two decades in the area of modulus
back-calculation, many problems connected to this methodology still remain to be solved.
Some of these problem areas were identified and discussed by many engineers and
highway researchers (Uddin et al., 1986, Rwebangira et al., 1987; Briggs and Nazarian,
1989; Stolle and Hein, 1989; Chang et al., 1992; Stolle and Jung, 1992; and Mahoney et
al., 1993).

In the present study, deflection measurements collected from the instrumented
section were analyzed using both of the aforementioned procedures. Specifics pertaining

to each analysis will be detailed in the following sections.
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7.5.3 Presentation and Discussion of Deflection Results

This section deals with the presentation and analysis of the FWD deflection data
collected from the instrumented site. The primary objective of the analysis is to identify
and quantify seasonal vanations in the structural stiffness of the subgrade soil layer.
During the current analysis, several FORTRAN computer programs and EXCEL macros
were developed to automate the handling of the huge deflection data base. Listings of

some of these computer codes are contained in Appendix D.

In the pursuit of accomplishing the research objectives, both data analysis
techniques, discussed previously, were employed. First, the direct deflection analysi-
method was used to discern seasonal trends and to see whether further investigation is
warranted. This is then followed by the application of a modulus back-calculation
procedure to quantify the observed seasonal variations. The details pertaining to each of

these analyses and the research findings obtained follow.

7.5.3.1 Deflection Interpretation Analysis

The term “deflection interpretation” as used in this thesis refers to the direct use of
representative deflections and/or deflection bowl parameters as a means of describing the
structural adequacy of the pavement, without relating this directly t~ the fundamental
properties of the component materials that comprise the pavement structure. Uddin et al.
(1985) listed a number of these deflection parameters as used by other researchers to

assess pavements.

During the present study, several deflection parameters were investigated to
characterize pavement seasonal variations. These parameters were the central deflection
(&), the impulse stiffness modulus (ISM), fourth sensor deflections (%), seventh sensor

deflections(d7), and deflection basin areas (BA & ba). Central deflections are those
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measured at the point of application of the dynamic impulse load. The ISM is defined by
Bush (1987) as the ratio of the applied FWD load to the corresponding central deflection.
The ratio of the fourth (or the seventh) sensor deflection measured at any time to the same
sensor deflection measured during the fall is used as an indication of the change in
subgrade stiffness. This ratio was introduced by Janoo and Berg (1990) and is called the
subgrade stiffness index (SSI). Although in Janoo and Berg’s work only fourth sensor
deflections were used to obtain the SSI, in the current study subgrade stiffness ratios
based on both fourth and seventh sensor deflections were used. In the present discussion,
SSID4 refers to values of the ratio based on fourth sensor deflections whereas SSID7

refers to values based on seventh sensor deflections.

In the case of the basin area parameter, two basin areas were studied. The first
basin area (BA) involves the area above the deflection curve that is bounded by the
deflection curve and all the seven sensor deflection ordinates. The second basin area (ba)
refers to the area bounded by the deflection curve and the fourth, fifth, sixth and seventh

sensor deflections.

A FORTRAN Computer program called BOWL was developed to compute the
aforementioned deflection parameters. This Program uses as input the FWD deflection
data collected in the Seld. The Program accepts both edition 20 and edition 25 FWD data

formats. Listing of the BOWL Program can be found in Appendix D.

Using the BOWL Program, deflection data collected during 1990-91 and 1991-92
seasons was analyzed and the results were displayed in Figures 7.8 to 7.18. It should be
mentioned that although deflection data was collected under four different loads (i.e. 26.7,
40.0, 53.3 and 71.1 kN), only the data pertaining to load levels 40 kN and 53.3 kN were

included in the present analysis. These load levels were of interest because one
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corresponds to the standard single axle load of 80 kN (i.e. 40 kN wheel load), and the
other (53.3 kN) represents high tire pressure loadings, since the same loading plate of
diameter 300mm is used, that may be more detrimental to pavements during thaw-

weakening periods.

Deflection Basin Area

As mentioned earlier, two different formulations of the deflection basin area
parameter were used to study the seasonal variations in subgrade stiffness. During this
analysis exercise it became apparent that the ba parameter is more desirable for
characterizing subgrade stiffness than the other basin area parameter. This is because,
unlike the deflection basin area BA, the former parameter is free from any temperature-
related influences. Consequently, only the ba parameter is used in the subsequent

discussion and results interpretation.

The ratio of the basin areca computed for any specific test data to the basin area
corresponding ¢ the fall conditions of that year was plotted against time. This is shown in
Figures 7.8 and 7.9 for the two load levels investigated. As can be seen from thuse
figures, four values of the basin area ratio were obtained at any particular test date. These
values reflect the conditions within the fill and cut sections of both the outer and inner

lanes of the instrumented pavement section.

From Figures 7.8 and 7.9, several observations can be made:

(i) During the first monitoring period, a large reduction in stiffness was observed to
occur as the subgrade layer started thawing. This is characterized by a change in
the basin area ratio from 0.2, representing the frozen condition, to 1.1 at the thaw-
weakened condition. The change happened over a relatively short period of time

of approximately one month (from March 20,1991 to April 25, 1991).
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After the tirst rapid change in subgrade stiffness, it was observed that a period of
almost constant stiffness prevails. This period spanned about three months (from
late April or early May to ena of July, 1991). After that a gradual recovery in
stiffness took place until the subgrade finally converged to the normalized fall

value of 1.0.

Changes in subgrade stiffness during the second monitoring period (i.e. 1992)
resembled the pattern observed in 1991, however, the 1992 changes were more
pronounced than those observed during the first monitoring period. This is
demonstrated by an increase in the basin area ratio from 1.1 to 1.2 and from 1.2 to
1.3 for the two load levels studied, respectively. The reason behind this further
decrease in stiffness can be attributed to the existence of the transverse crack noted

earlier.

It was also noticed that the level of the applied load, e.g. 4C kN or 53 kN, affects
the magnitude of the seasonal variations. Such an effect has a similar order of
magnitude to that occurring between years (e.g. between 1991 and 1992 - see

finding (iii) above).

Subgrade Strength Index (SSI)

Another measure that was used for characterizing the subgrade seasonal behaviour

was the subgrade stiffness index, SSI. The variations in SSI with time are shown in

Figures 7.10 to 7.13. Figures 7.10 and 7.11 display these variations for load level 40 kN

based on fourth sensor and seventh sensor deflections, respectively, whereas Figures 7.12

and 7.13 show these variations for load level 53 kN. From these figures, it is evident that

the same observations noted before for the basin area ratio are also applicable here,

namely:
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(i) A large reduction in subgrade stiffness occurs upon thawing. This is indicated by a
change in subgrade stiffness index ratio from 0.2 during the period of frozen
subgrade to 1.1 under thawed conditions.

(ii)  After the rapid change observed in subgrade stiffness, a second period of more or
less constant stiffness prevails. This is characterized by a constant SSI ratio of 1.1
persisting for about three months. After that a gradual recovery in stiffness took

place until the subgrade finally converged to its noamal value, i.e. an SSI1 of 1.0.

Moreover, it appears that both the fourth sensor and seventh sensor deflections
provide comparable results. This can be seen by comparing Figures 7.10 and 7.11, and
Figures 7.12 and 7.13. This finding indicates that any of these sensor deflections can be

used interchangeably to obtain the required SSI parameter.

Central Deflections

Central deflections have long been used by many reseachers to characterize
pavement seasonal variations. Traditionally, this took the form of comparing Benkleman
Beam spring rebound vaiues, defined as the sum of the average deflection plus two
standard deviations, with average fall rebound values obtained during the 60-day period
prior to the inception of freezing (Shields and Dacyszyn, 1965; and Christisen and Leung,
1988). In keeping with these efforts that extended over a period of more than 20 years of
pavement research in Alberta, it was decided to include this parameter, i.e. central
deflection, within the current study. It should be emphasized, however, that central
deflections referred to in the present investigation are those induced by the FWD dynamic
load and are measured at the centre of the loading plate while those studied by earlier
researchers refer to static deflections measured by the Benkleman Beam device under an

80 kN (i.e. 18-kips) single axle load.
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When centre deflections are used, it is recommended (Bush, 1987, and Christison
and Leung, 1988) that temperature adjustments be inade tc measured deflections to
account for the deflection of the asphalt concrete surface layer at high temperatures
(typically summer conditions). In the present analysis, temperature adjustment factors
were derived for both the fi'l and cut areas within the tested pavement section. The
procedure suggested by Christison and Leung (1988) for obtaining these factors was
successfully employed in the current investigation. Four temperature adjustment

equations resulted from this. These relations can be listed as follows:

(i) Fill - cater wheel path area, (F-OWP),
Log D1 = Log D2 - 0.00836 (T2 - T1) (1.1)
with, n=16 R*=0.94 S.E (Log D1) =0.0213

(i)  Cut - outer wheel path area, (C-OWP),
Log D1 = Log D2 - 0.00803 (T2 - T1) (7.2)
with, n=16 R?*=0.92 S.E (Log D1) = 0.0192

(iii)  Fill - centre line of inner lane, (F - IC),
Log D1 =Log D2 -0.0111 (T2 - T1) (7.3)
with, n=16 R*=097  SE(LogD1)=0.0217

(iv)  Cut - centre line of inner lane, (C - IC),
Log D1 = Log D2 - 0.0130 (T2 - T1) (7.4)
with, n=16 R*=0.94 S.E (Log D1) = 0.0264
where,
D1 = central deflection measured at reference temperature T1,
D2 = central deflection measured at temperature T2,
T1 = reference temperature taken as 21°C.

n = number of data sets used to generate the regression equations.
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R? = coefficient of determination of model(s).

S.E (Log D1) = standard deviation of Log D1 about the regression line.

Equations 7.1 to 7.4 are displayed graphically in Figure 7.14. It was felt that by
segregating the central deflection data in the fashion described above, any differences in
behaviour of this data with respect to temperature infleuences will be discernible. This
strategy proved successful. From Figure 7.14, it is clear that although the analysis was
performed on FWD central deflections collected from a short pavement stretch of only
one kilometre long, substantially different temperature corrections should be applied to
centre deflections based on where those deflections are measured (i.e. whether in a fill or a
cut area or whether within the outer or inner lane). Further examination of the four
temperature adjustment curves reveals that the difference between the F-OWP and the C-
OWP data is small and for all practical purposes it can be neglected. On the other hand,
differences between the F-IC and the C-IC data and also between the outer wheel path
area of outer lane data and centre line of inner lane data are significant and can not be
ignored. It follows that only F-OWP and C-OWP data can be combined together to
obtain one global equation for this set of data. This reduces the number of the
temperature adjusment equations to three instead of four. The new equations are as

follows:

@ Combined F-OWP and C-OWP data,
Log D1 = Log D2 - 0.00806 (T2 - T1) (7.5)
with, n=32 R?*=0.93 S.E (Log D1) =0.0197

(1) Fill - centre line of inner lane, (F - IC), (same equation as 7.3 above)
Log D1 =LogD2-0.0111 (T2-T1) (7.3)
with, n=16 R’=097  S.E(LogDI1)=0.0217

(iii)  Cut - centre line of inner lane, (C - IC), (same equation as 7.4 above)

Log D1 =Log D2 -0.0130(T2 - T1) (7.4)
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with, n=16 R*=0.94 S.E (Log D1) = 0.0264

Further aggregation of the data to obtain one universal equation to represent all the
collected central deflections proved to be inadequate. This conclusion was arrived at upon
examining the regression model developed for all central deflection data which showed
that the three sets of data, i.e. all OWP, F-IC and C-IC, represent different statistical
populations. The previous discussion serves to illustrate the point that the use of centre
deflections in characterizing pavement <tiffness must be accompanied by careful evaluation

of the appropriate temperature adjustment factors.

The results pertaining to the analysis of central deflections are portrayed in Figures
7.15 through 7.17. Upon examining Figures 7.15 and 7.16, the importance of applying
temperature corrections to measured - eflections becomes evident. Without temperature
adjustments, seasonal variations in srhgrade stiffness become obscured and no specific

pattern is discernible.

Figure 7.17 shows the variations in the corrected central deflection ratio with the
season. This ratio is obtained in a manner similar to that of the rebound deflection ratio
used previously with Benkleman Beam data (Shields and Dacyszyn, 1965). From Figure
7.17, the following observations are noted:

(i) A substantial decrease in subgrade stiffness occured as this layer started thawing.
This is demonstrated by a change in the corrected central deflection ratio from 0.3
at the frozen state to more than 1.3 at the thaw-weakened state.

(i) After the subgrade reached a minimum stiffness around April 25, 1991, a
remarkable recovery took place within a relatively short time, less than two weeks,
and the new subgrade stiffness approched very rapidly the normalized fall value of
1.0.
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(iii)  Seasonal variations in structural stiffness observed during the 1992 year appear

strange and can not be explained.

From the aforemention discussion, it is clear that all the observations noted before
for the basin area ratio and SS7 apply equally well to the corrected central deflection ratio.
However, a distinct peak in the corrected central deflection ratio, marking a unique low
stiffness, is quite evident compared to other deflection parameters. This leads to the
conclusion that seasonal variations as measured by the central deflection parameter might
represent changes in pavement stiffness that are not totally camparable to those measured
by other deflection parameters such as the basin area ratic and/or the subgrade stiffness
index. While the basin area ratio and the SSI parameter describe conditions pertaining to
the subgrade layer, corrected central deflection ratio provides stiffness assessment of the

overall pavement structure.

Impulse Stiffness Modulus (IS.

The ISM is another alternative of using central deflections for pavement structural
evaluation. This alternative was employed in the current analysis and the results are
displayed in Figure 7.18. From this figure, it can be concluded that the role of the ISM
parameter in detecting seasonal variations in subgrade soils may be limited. Again, this
can be attributed to the fact that ISM, like central deflections, also requires the application
of temperature corrections. Moreover, seasonal variations in stiffness as measured by this
parameter reflect conditions concerning the overall pavement structure and not the

subgrade foundation layer alone.

7.5.3.2 Modulus Back-calculation Analysis
Back-calculation analysis is another attractive alternative for evaluating pavement
stiffness. The technique involves computing pavement layer moduli using measured

deflection basins. Essentially, this consists of finding a set of layer moduli that would,
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theoretically, produce a deflection basin that matches the measured deflection basin to
within a specified tolerance. Although the moduli obtained cannot be said to be truly the
actual moduli of the pavement materials, they can still be used to adequately model the
behaviour of the pavement under actual traffic loads. Such moduli are in essence
"effective” and not "real” material properties. Extra details pertaining to how these moduli
can actually be obtained using any of the currently available back-calculation procedures,

can be found in chapter two of this thesis.

The use of back-calculation techniques is more promising than mere "deflection

int- pretation" analysis in that they:

(1) link the measured pavement response, i.e. deflections, to the in situ properties of
the component materials in a more rational fashion, and
(2) provide directly the inputs needed for the application of mechanistic-empirical

procedures for pavement design and/or rehabilitation.

From among the many available computer programs that can be used for
performing the modulus back-calculation analysis, MODULUS (Uzan et al., 1988) was
the program of choice selected for the current study. This program has several features
and advantages that favors its use over other programs. Most notable among these are its
speed, availability and the consistency of obtained results. A full list of all the other
advantages was given by Lytton (1989).

It should be mentioned that in obtaining the back-calculated layer moduli, only the
deflections measured at the 40 kN load level were used in the analysis. No attempts were
made to analyze the deflection basins measured at other load levels. Moreover, the layer
thicknesses used in the back-calculation analysis were obtained from the AT&U

construction records. In other words, no attempts were made to obtain the actual layer
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thicknesses at the time when the FWD tests were performed. Although this consideration
constitutes a major uncertainty in the part dealing with the precision of back-calculated
ACP and GB moduli, it is believed to have minimal, or no, effect on the estimated SG

moduti.

Using the MODULUS Program, effective moduli were computed for the asphalt
concrete (ACP) layer, the granular base (GB) layer and the subgrade (SG) layer. This was
done for two sets of deflection data that were collected at different times during the day
for each test date. The first data set was usually collected between 10:00 AM and 12:00
PM, while the second data set was collected between 12:00 PM and 2:00 PM. Results
from these analyses are displayed graphically in Figures 7.19 through 7.30. Figures 7.19
to 7.24 deal with the first set of data, while Figures 7.25 to 7.30 portray the results of the

second set.

Based on the first set of data, i.e. Figures 7.19 to 7.24, the following observations

can be made:

(1) Variations in ACP moduli throughout the seasons do not follow any recognizable
pattern. This can be attributed to the fact that the deflections used in the back-
calculation analysis were not adjusted for temperature effect. As a result, the ACP
moduli displayed in Figures 7.19 and 7.20 do not represent the actual effective
moduli for this layer. Since the emphasis in this research is on the seasonal
variations pertaining to the subgrade layer, no further attempts were made to

correct the initially obtained ACP layer moduli.

(2) The mouulus of the granular base material seems to drop significantly and within a
short period of time, approximately two weeks, from about 900 MPa to less than

140 MPa in the OWP area, and fiom about 1400 MPa to less than 140 MPa in the
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IC area. This event occurred in both fill and cut areas of the instrumented section
during the first year. The observed phenomenon is linked with the thawing of the
GB layer after the first winter season. During the second year, however, it appears
that deflection testing commenced after the GB layer had completely thawed. This
is characterized by the disappearance of the sudden drop in stiffness observed
previously during the first year.

There seems to be very little change in GB stiffness, as measured by the modulus
value, during spring and summer months (beginning of April to early October).
The value of the GB modulus for this period ranged from 105 MPa to 170 MPa
for the fill area, and from 60 MPa to 115 MPa for the cut area.

In the case of the subgrac layer, i.e. SG, the following several conclusions can be

drawn:
Like the granular base material, the subgrade also experiences significant
reduction in stiffness as the process of thaw commences. This is characterized
by a change in SG modulus from about 800 MPa to less than 150 MPa in fill
areas, and from about 800 MPa to less than 100 MPa in cut areas. Furthermore,
in the case of the subgrade layer, the change was observed to take place over a
longer period of time of approximately one to one and a half months (from
March 20, 91 to April 30, 91 as shown in Figures 7.23 and 7.24).
The sharp reduction observed in the subgrade modulus reached a minimum of
140 MPa for the fill section and a minimum of 85 MPa of the cut section around
May 7th for both the 1991 and 1992 years. After that, the modulus remained
almost constant, for both fill and cut areas, within +10 MPa of the minima
reached. This continued for a period of approximately three months (early May
to early August) after which a gradual recovery in modulus value was observed

to occur. The magnitude of this recovery was small in the case of the fill section
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(about 20 MPa or 14% increase in M,) and relatively large in the case of the cut

section (about 25 MPa or 29% increase in M,).

From the previous observations, it is clear that the modulus value for the fill area
is significantly greater than that for the cut area. The difference is in the order of
about 55 MPa or 65% of the modulus of the weaker section (i.e. the cut area).
This finding clearly indicates that the subgrade material contained within the fill
sec on is of a superior quality to that contained within the cut section. Such
superiority is attributed to the fact that subgrade materials in fill areas are usually
placed in greater thicknesses of well compacted layers as compared to their
counterparts in cut areas. As a result, the overall stiffness of the subgrade layer

in fill sections increases significantly.

It is alio observed that moduli obtained at the instrumented site location are
closer to fill moduli than cut moduli. This is expected since the instrumented site
lies within the fill area. However, exact agreement between fill and instrumented
site moduli could not be achieved because of two reasons: first, the transverse
crack that was observed to develop, after the first winter season, in the vicinity
of the instrumented section seems to affect the deflections measured at that
‘ocation. This in turn affected the back-calculated moduli. Second, the
procedure followed in obtaining representative moduli values for the fill area
involved a great deal of data aggregation and reduction and as a consequence of
that differences between fill and instrumented site moduli may have been
magnified. Nevertheless, the close agreement observed between the modulus
values obtained for the fill area and their corresponding counterparts at the
instrumented site location suggests that either of these moduli can be used

interchangeably to represent the other.
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(v) From Figures 7.23 and 7.24, 1t can be seen that representative moduli values
obtained at either the outer wheel path area (OWP) or the centre line of the inner
lane area (IC) are comparable and show more or less the same trend.

(vi) Lastly, seasonal variations observed in the subgrade stiffness, as characterized by
back-calculated moduli, appears to be identical for both the 1991 and the 1992

s€asons.

Upon comparing the two sets of data analyzed, i.e. Figures 7.19 to 7.24 with
Figures 7.25 to 7.30, the same conclusions arrived at for the 10:00 AM data set apply
equally well to the 12:00 PM data set. The only difference between the two sets of
results, however, is the observes ~~duction in the ACP layer moduli for the 12:00 PM set.
This can be attributed to the fact that measured deflections used in the computation of
ACP moduli for the 12:00 PM set, tend to be larger in magnitude, due to warmer
temperatures prevailing during mid-day, than those obtained in the early morning period.
This effect could have been corrected for by adjusting measured deflection data for
temperature effects before carrying on with the back-calculation of the layer moduli.
However, since the emphasis in the current research is on evaluating seasonal variations
within the subgrade layer only, no further attempts were made to carry on with the
aforementioned adjustments. In conclusion, it appears that deflections measured during

any time of the day can safely be used for back-calculating granular base and cohesive

subgrade soil moduli without any serious loss in accuracy of the obtained values. In other
words, this means that temperature does not affect granular base and/or subgrade moduli

in any significant way.

7.5.3.3 Correlating Temperature and Suction Data with Back-Calculated Moduli
Another method that was aticmpted to quantify seasonal variations in subgrade

stiffness involved correlating the back-calculated layer moduli with other measured
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responses of tempe: ature, suction and computed in situ stresses. This is accomplished
using multiple linear regression techniques in a fashion similar to that employed for

laboratory resilient modulus data presented in chapter six.

Prior to the development of the aforementioned empirical models, stresses at
various locations within the subgrade layer were computed using a computer program
called KENLAYER. This Program, which was developed by Huang (1993), models
flexible pavements as systems of multi-linear elastic layers. The program uses various
structural, geometric and traffic inputs to compute mechanistic responses of stresses,
strains and deflections at various locations within the pavement structure. Inputs used to
compute the stresses in the rrent analysis were back-calculated moduli obtained from
FWD deflection tesis perfoi. | at the times shown in Tuble 7.1. Other inputs were
Poissons’ ratios assumed equai to 0.35, 0.35, and 0.40 for the ACP, the GB, and the SG
layers, respectively. As built layer thicknesses of 130mm, 51mm, and 456mm for the
respective ACP, OB, and GB layers were also used. Further details pertaining to the
description of the KENLAYER Program and its operation can be found elsewhere
(Huang, 1993). The reason for using this Program in the current study stems from the fact
that traffic-induced stress data is needed in the following analysis. Ideally, such data
should have been obtained through direct in situ measurements utilizing press:ire gauges.
At the time when soil suctions sensors were installed, the option of including pressure
gauge devices was not considered due to financial and time constraints associated with the

research study.

Using computed stresses obtained at various suction sensor locations and
measured temperature and matric suction data, various models were developed that linked
these responses to back-calculated subgrade moduli. It should be mentioned that only the

sensors installed within the outer lane were considered in this analysis. Other sensors
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installed in the shoulder area were excluded from the analysis since no FWD tests were

performed at those locations.

The following are the models arrived at using regression analysis:

(1) M, = 144,867 + 24,780 (J/Tee) + 2,046 T (7.6)
(n=31, R’=0.77, S.E.(M,) =7,703)

(2) M, =224,714+ 18,709 (32/Toer) (7.7)
(n=22, R’=0.74, S.E. (M,) =3,807)

(3) M, =236243 +49,732 (J/Tou) + 1,383 T (7.8)
(n=21, R’=0.83, S.E. (M,) =9,131)

(4) M, =255671+ 107,395 (J/Toct) - 294 Y, (7.9
(n=21, R’=0.84, S E. (M,) =6,275)

(5) M, =213,429 +39,188 (Jo/Tocr) (7.10)
(n=18, R’=0.82, S.E. (M) =32,603)

(6) M, =61292+ 61,186 (Jo/Tor) *+ 29,455 (04) (7.11)

(n=15, R’=0.99, S.E. (M) =4,347)
where, M, = back-calculated subgrade modulus, in MPa

Jo/Tou. = ratio of second stress invariant to octahedral shear stress

T = subgrade temperature, in °C
Vm = goil matric suction, in MPa
Oy = deviator stress, in MPa

The first four equations are the relations obtained for the individual sensors 4,9, 11 and 6
located at 0.14m, 0.32m, 0.84m and 1.00m below the top of the subgrade, respectively.
As it can be seen, the relations developed for deeper sensors, i.e. 11 and 6 or equations
7.8 and 7.9, have higher R’ value compared to those obtained for sensors at shallow
depths. This implies that the “effective” back-calculated moduli represent best the
structural conditions at greater depths within the subgrade than those at shallower depths.

Upon examining the first four equations further, it is also apparent that both traffic
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induced stresses, represented by (J»T,o) parameter, and environmental induced stresses,
T and y,, influence back-calculated moduli with the effect of the former, i.e. traffic
induced stresses, being more significant. This is contrary to findings from the laboratory
phase and it is believed to have been brought about by the fact that the ranges of ym

measured in situ are much smaller than their counterparts in the laboratory testing phase.

Combining the data pertaining to shallow-depth sensors together and those
pertaining to deeper sensors together, and performing the regression analysis again
produced the relations given above by equations 7.10 and 7.11. Equation 7.10 represents
combined data of sensors 4 and 9 (i.e. depth horizon 0.14 - 0.32 m below top of
subgrade), whereas equation 7.11 represents the results of deeper sensors (i.e. sensor 11
and 6 at depth horizon 0.84 - 1.00 m below top of subgrade). From both equations 7.10
and 7.11, it is again apparent that back-calculated moduli represent better the structural
conditions prevailing at greater depths within the subgrade than those existing at shallow
depths (R® of 0.99 and S.E. (M) of 4,347 compared to R’ of 0.82 and S.E. (M,) of
32,603, respectively).

From the previous discussion, it is again confirmed that back-calculated moduli are
function of both traffic induced stresses and environmental factors. However, the form of
the model obtained during the field investigation phase is arithmetic as .ompared to the
natural log model obtained during the laboratory investigation phase. The main reason
behind this is believed to be attributed to the substantially different ranges of traffic

induced and environmental stresses investigated within each phase of the current research.

7.6 Summary and Conclusions
This chapter included a presentation and discussion of the research findings

obtained from the field testing phase. The purpose of the field testing program was to
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investigate the phenomenon of seasonal variations in subgrade stiffness under prevailing in
situ conditions. To this end, a pavement section within a primary highway, HWY 16, in
Alberta was selected and instrumented with thermal conductivity sensors to measure
temperature and soil suction data at various locations within the subgrade layer. This data
coupled with FWD deflection measurements performed at regular time intervals

throughout the course of the seasons were used to achieve the research goals.

The present chapter is divided into two main sections. The first section deals with
the presentation and analysis of the temperature and soil suction data collected from the
instrumented section during the two-year monitoring period. The analysis took the form
of plotting this data versus time to identify the seasonal distribution.. trends of these

climatic factors at various depth locations within the subgrade soil layer.

Presentation, analysis and interpretation of the FWD deflection data comprise the
second section of this chapter. Two methods of analysis were employed. The first
method involves direct interpretation of deflection data while the second method utilizes
measured deflections to back-calculate basic material properties that can subsequently be
used as stiffness indicators. The former technique is simple and provides an acceptable
general picture of the overall seasonal variations within the pavement structure. However,
it is the latter technique that provides more quantitative evaluation of what is happening in
subgrade stiffness from season to season. Furthermore, results obtained using the back-
calculation approach are readily applicable to currently available mechanistic-empirical

pavemert design procedures.

The following are the main research findings obtained from the field investigation

phase:
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A system for monitoring temperatur= and soil matric suction distributions within
cohesive fine-grained subgrade soils was developed. The developmental stages of
this system consisted of three tasks. First, evaluating the applicability of a
commercially available thermal conductivity sensor, i.e. the AGWA-II model, for
the purposes of monitoring both temperature and soil matric suction seasonal
trends within cohesive fine-grained subgrade soils under actual field conditions.
Second, developing an automated data acquisition system for monitoring and
collecting the required field data. Third, developing a procedure, or a set of
procedures, for analyzing and interpreting the collected temperature and soil
matric suction data based on current state-of-the-knowledge concerning the
mechanical behaviour of unsaturated cohesive subgrade soils. The developed
system was tested, under actual field conditions, and proved satisfactory for the

purposes of flexible pavement design and rehabilitation.

Two problems were encountered during the monitoring of temperature and matric
suction measurements. One problem is connected to the placement of the data
acquisition equipment box while the other problem has to do with the fragility of
the installed sensors. During the time of installation, it was conceived that placing
the data acquisition assembly in a water-tight box and then burying that box in the
back slope of the instrumented section was the best alternative to avoid vandalism.
However, this option proved to be a wrong chuice since after the first winter
season, drainage water from the thawed subgrade started ingressing inside the data
acquisition box, which was not sealed properly, and caused a major breakdown of
the monitoring system. The problem was detected and remedied by replacing the
defective data acquisition system with a new one. However, while doing this,
another alternative was selected for situating the data acquisition box. This

consisted of clamping the box to a steel post and left hanging in the air an adequate
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distance away from the reach of any drainage water. This choice was successful

and no further monitoring problems were detected.

It was noticed that some of the AGWA-II sensors ceased to function properly
immediately after installation while others failed after a period of about one year.
Of the twelve sensors installed, five failed. This corresponds to a mortality rate of
about 42%. Upon investigating the reason(s) behind this relatively high rate of
failure, it became apparent that the AGWA-II sensors are quite fragile in nature
and as such they require extremely careful handling during both calibration and
installation processes. This feature confines the use of the AGWA-II sensors to
research purposes only until a more sturdy construction of these sensors become
available to facilitate their use for routine monitoring of soil matric suction under

actual field conditions.

The AGWA-II thermal conductivity sensors used in this study provide consistent
monitoring of matric suction under both freezing and non-freezing conditions.
However, interpretation of suction results during the frozen period is difficult due
to the significant role played by the latent heat of fusion of the soi' wa'er in
affecting thermal conductivity measurements.  Nevertheless, the extensive
discussion presented in Chapter Seven and in Appendix C, pertaining to the
behaviour of the aforementioned sensors during the frozen period, proved useful in
assuring that the sensors continued functioning after the first winter season. This
confirms and substantiates research findings obtained by other investigators
(Fredlund et al., 1991) concerning the applicability of the AGWA-II sensors for
long term monitoring of matric suction under both frozen and non frozen

conditions.

Typical values of matric suction obtained during the thaw-weakening and summer

periods ranged from 10 to 80 kPa for sensors installed near the top of the
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subgrade, and from 10 to 40 kPa for sensors installed at deeper locations. This
indicates that there are no significant seasonal changes in the soil suction parameter

for the particular case study pursued in the present research.

Two different strategies for analyzing and interpreting the FWD deflection data
were established. The first methodology involved identifying seasonal changes in
subgrade stiffness via graphical analysis of a number of deflection parameters while
the second methodology involved back-cslculating fundamental material
properties, namely the resilient modulus, to be used as potential stiffness

indicators.

Four deflection parameters, namely, the basin area ratio (ba), the subgrade
stiffness index based on fourth and seveiich sensors deflections (SSID4 & SSID7),
the impulse stiffness modulus (ISM) and the corrected central deflection ratio,
were chosen to investigate seasonal variations in subgrade stiffness. All studied
parameters, with the exception ¢{ the corrected central deflection ratio and the
I5M, seem adequate for describing seasonal changes in subgrade stiffness. On the
other hand, seasonal variations as measured by the central deflection parameter
and the ISM appear to provide an assessment of changes occuring within the
overall pavement structure rather than within the subgrade layer. This leads to the
conclusion that central deflection is not a good parameter to use for assessing
seasonal changes occuring within the subgrade soil layer. However, it is the other
parameters, i.e. ba, SSID4 & SSID7, that are useful for accomplishing such an

objective.

Conclusive evidence from deflection data analyses indicate that significant
reduction in subgrade stiffness occurs as this layer starts thawing. After this initial
reduction, a long period of unchanged subgrade stiffness of about three months

prevails. This is then followed by a gradual increase in subgrade stiffness. In
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terms of back-calculated moduli, the thawed subgrade modulus within the fill
section was found to equal 85% of the fall fill section modulus whereas for the cut
section it was about 71% of the fall cut section modulus. This indicates that the
moduli in cut section experience larger seasonal fluctuations than their counterpart

fill moduli.

Subgrade back-calculated fill moduli were found to be 65% greater than their
counterparts in cut area. This is expected, although not in the deterministic sense,
and it is indicative of the superiority of the cohesive material in fill area compared
to that used in cut area. Such superiority is attributed mainly to the fact that
subgrade materials in fill sections are usually placed in greater thicknesses of well
compacted layers as compared to their counterparts in cut sections. The result of

this will be an overall increase in the subgrade stiffness within the fill area.

Careful examination of field subgrade moduli computed from two different
deflection data sets that were collected at different times during the day reveals
that seasonal variations, as characterized by changes in subgrade stiffness, are
insensitive to temperature influences. This means that deflections used in the back-

calculation procedure need not be adjusted for temperature effects.

Attempts to empirically correlate back-calculated moduli with measured responses
of temperature, soil suction and computed in situ stresses did not produce
satisfactory results. Reasons behind this may be: (a) insufficient amount of data
needed for the analysis; (b) narrow ranges of values of some of the parameters
used in the analysis, e.g. soil suction; (c) use of a layered elastic model for stress
and moduli computations that assumes a constant modulus value for the full extent

of each layer rather than varying the modulus from point to point within the layer.
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Table 7.1: Dates of FWD Deflection Tests Performed on Highway 16

1991 Season

Calender Date

File 1D

Calender Date

1992 Season

Fite 1D

306

March, 20, 1991 H1612md4 fwd | March, 27, 1991 H1612m1 20
"March, 27, 1991 Hi612m5 fwd | April, 03, 1991 H1612m2 20
April, 03, 1993 H1612m6 fwd | April, 15, 1991 H1612m3 20
April, 10, 1991 Hi612m7 fwd | April, 22, 1991 H1612m4 £20
April, 18, 1991 H1612m8 fwd | April, 29, 1991 H1612m5 £20
“April, 26, 1991 H1612m9 fwd | May, 13, 1991 H1612m6 20
May, 02, 1991 Hi612ml0 fwd | May, 27, 1991 HI612m7 £20
May, 08, 1991 Hi612m11fwd | May, 29, 1991 H1612zm8 20
May, 22, 1991 HI6I2ml12 fwd | June, 12, 1991 H1612m9 £20
May, 31, 1991 H1612m13 fwd | June, 24, 1991 H1612m10 £20
June, 11, 1991 H1612ml4 fwd | July, 16, 1991 H1612ml1 20
June, 26, 1991 Hi612m15fwd | August, 05, 1991 Hi1612m12 20
fuly, 10, 1991 HI612m16fwd | August, 27, 1991 H1612m13 20

- July, 31, 1991 H1612m17fwd | September, 17, 1991 H1612m14 20
August, 22, 1991 HI612mlI8 fwd | October, 15, 1991 H1612m15 £20
September, 12, 1991 H1612m19fwd | October, 27, 1991 H1612m16 £20
October, 09, 1991 H1612m20 fwd
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CHAPTER EIGHT

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

8.1 General

This study was aimed at achieving a better understanding of the phenomenon of
seasonal varations in the structural strength of subgrade materials for pavements
structures situated in cold climates for the purpose of future implementation of
mechanistic-empirical pavement design procedures.  The main objective of the
investigation was to establish a way for measuring seasonal variations. The specifics of
this involved identifying and quantifying the influences of both temperature and soil matric

suction on the stiffness of cohesive subgrade soils in Alberta.

State-of-the-art reviews pertaining to current methodologies used for evaluating
the structural adequacy of in-service pavements and for measuring soil matric suction weie
completed. This led to conceiving a two-phase investigation for accomplishing the
research objectives. The first phase was an extensive field testing program of an in-service
pavement while the second phase comprised a laboratory testing program for determining

the resilient modulus of a typical subgrade soil.

The field testing program consisted of instrumenting a pavement section that is
representative of the primary highway system within the Province of Alberta, with thermal
conductivity suction sensors. Details pertinent to the instrumentation phase of the field
testing program were given in Chapter Four. Falling Weight Deflectometer deflection
tests were conducted at various locations within the instrumented section. This was done

at different time intervals throughout the seasons, for two consecutive years, with
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particular emphasis on the spring time. Output from these tests were used to back-
calculate the resilient moduli of the various component layers of the pavement structure.
The back-calculated moduli in conjunction with temperature and soil suction
measurement. were then linked to describe changes in subgrade resilient characteristics

under varying environmental conditions.

Within the scope of the laboratory testing phase, extensive repeated load testing on
reconstituted samples of the subgrede material taken from the instrumented site were
conducted to obtain representative resilient moduli values under different loading,
temperature and moisture conditions.  Predictive moduli relationships linking the
laboratory resilient modulus of the subgrade material to the stress state variables were

postulated.

In order to fulfill the objectives of the laboratory testing phase, a repeated loading
resilient modulus testing system was developed. The equipment used in this testing
utilizes an open-loop air system for providing the external load. Further details concerning
the development of this system and its operation are included in Chapter Five and in

Appendix E of this thesis.

8.2  Major Research Findings
The main research findings from the laboratory testing program can be summarized

as follows:

(1) Two analysis strategies have been developed to interpret the laboratory obtained
resilient moduli of subgrade soils. The first approach is a graphical procedure that
serves as a first stcp to qualitatively analyze the repeated load data whereas the

second approach is an analytical procedure that uses statistical techniques to
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quantitatively determine the effects of the various stress state variables on the

resilient modulus.

Conclusive evidences from both *he graphical and the statistical analysis procedures,
clearly indicate that the resilient modulus of cohesive subgrade soils is a function of
both soil matric suction and traffic induced stresses as represented by the stress ratio
Jo/T.. This finding is in good agreement with earlier research work reported by

Cole et al. (1986) on granular soils.

The layering effect within the subgrade material seems to have very little irnpact on
the resilient modulus. This is evident from the ranges of the resilient modulus of the

various scil groups (between 8 and 100 MPa or approximately 1 to 10 CBR).

Although the range of soil strength for all soil groups is almost the same, however,
each group has its own distinct resilient modulus expression. This serves to illustrate
the point that even if various soils have the same range of structural strength, this
consideration by itself alone is not sufficient to draw conclusions about the resilient
behaviour of these soils under different climatic conditions. Such predictions can
only be made if there exists a mathematical expression that uniquely relates the
resilient modulus of the subgrade soil to other stress state variables. Within the
general framework of the current research objectives, the task of developing such
expressions for typical Cl and CI-CL subgrade soils is believed 10 have been

successfully accomplished.

The effect of the soil dry density, Ye, on the resilient modulus is not shown explicitly
in any of the postulated predictive moduli models for the various soil groups studied.
This is because y. is highly correlated with soil matric suction and by identifying y as
significant in affecting M, the influence of y« on M, would Fave already been taken

care of.
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The following are the main research findings from the field investigation phase:

A s;stem for monitoring temperature and soil matric suction distributions within
cohesive fine-grained subgrade soils has been developed. This system uses thermal
conductivity sensors, of the AGWA-II model, for measuring temperature and soil
suction. The developed system has been tested under actual field conditions and

found adequate for the purposes of flexible pavement design and rehabilitation.

Few technical problems have been encountered during the development of the
“temperature - soil suction” monitoring system. These problems deal mainly with
the fragility of the sensors to breakage during calibration and field instrumentation,

and with the choice of where to place the system’s data acquisition assembly.

A high mortality rate of about 42% confines the use of the AGWA-II sensors to
research purposes only until a more sturdy construction of these sensors become
available to facilitate their use for routine monitoring of soil matric suction under

actual field conditions.

Despite their fragility, the AGWA-II thermal conductivity sensors used in the
current study provided consistent monitoring of matric suction under both freezing
and non-freezing conditions. However, interpretation of suction results during the
frozen period is difficult due to the significant role played by the latent heat of
fusion of the soil water in affecting thermal conductivity measurements. From a
pavement engineering standpoint, soil suction monitoring during the frozen period
is not needed since the damage to the pavement structure during this period is very

minimal.
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Not much variation in soil matric suction has been recorded during both the spring
and the summer periods. Tvpical values obtained during these two periods ranged
from 10 to 80 kP for sensors installed near the top of the subgrade, and from 10
to 55 kPa fo: sensors installed at deeper locations. This indicates that there are no
significant seasonal changes in the soil suction parameter for the particular case

study pursued in the present research.

Two different strategies for analyzing and interpreting the FWD deflection data
have been established. The first methodology involved identifying seasonal
changes in subgrade strength via graphical analysis of a number of deflection
parameters while the second methodology involved back-calculating fundamental
material properties, namely the resilient modulus, to be used as potential strength
indicators. Both methodologies give comparable results with the back-calculation

procedure being more favored over the deflection interpretation method.

Three deflection parameters have been found to adequately characterize seasonal
variations in subgrade stiffness. These are the basin area ratio (ba), the subgrade
strength index based on fourth sensor deflections (SSID4} and the subgrade
strength index based on seventh sensor defiections (SSID7?). The impulse stiffness
modulus (ISM) and the corrected central deflectior. ratio (. ratio) appear to
provide an assessment of seasonal changes occurring within the overall pavement
structure rather than within the subgrade layer. This leads to the conclusion that
central deflections and/or ISM are not good parameters to use for assessing

seasonal changes occurring within the subgrade soil layer.

Conclusive evidence from deflection data analyses indicate that significant

reduction in subgrade stiffness occurs as this layer starts thawing. After this initial
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reduction, a long period of unchanged subgrade stiffness of about three months

prevails. This is then followed by a gradual increase in subgrade stiffness.

in terms of back-calculated moduli, the thawed subgrade mod .ius within the fill
section was found to equal 85% of the fa.ll fill section modulus whereas for the cut
section it was about 71% of the fall modulus in the cut section. This indicates that
the moduli in the cut section experience larger seasonzl fluctuations than their

counterparts in the fill section.

Subgrade back-calculated fill moduli were found to be 65% greater than their
counterparts in cut area. This is expected, although not in the deterministic sense,
and it is indicative of the superiority of the cohesive material in fill area compared
to that used in cut area. Such superiority is attributed mainly to the fact that
subgrade materials in fill sections are usually placed in greater thicknesses of well
compacted layers as compared to their counterparts in cut sections. The result of

this will be an overall increase in the subgrade strength within the fill area.

Careful examination of field subgrade moduli computed from two different
deflection data sets that were collected at different times during the day reveals
that seasonal variations, as characterized by changes in subgrade stiffness, are
insensitive to temperature influences. This means that deflections used in the back-

calculation procedure need not be adjusted for temperature effects.

Attempts to empirically correlate back-calculated moduli with measured responses
of temperature, soil suction and computed in situ stresses did not produce
satisfactory results. Reasons behind this may be: (a) insufficient amount of data

needed for the analysis; (b) narrow ranges of values of some of the parameters
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used in the analysis, e.g. soil suction; (c) use of a layered elastic model for stress
and moduli computations that assumes a constant modulus value for the full extent

of each layer rather than varying the modulus from point to point within the layer.

Linking Laboratory and Field Results

Findings from both laboratory and field testing investigations emphasize the

significant dependence of the resilient modulus of cohesive subgrade soils on both

environmental factors and traffic induced stresses. However, linking field back-calculated

moduli to laboratory obtained moduli produced less than satisfactory results. Several

reasons might have contributed to this. These can be listed as foilows:

()

()

During the laboratory evaluation of the subgrade soil resilient characteristics, the
actual stress pulse applied to the lab sample and the actual time dependent
response of the sample are not known accurately. This is because these responses
were measured by the load cell and the displacement transducer outside, and not
inside, the triaxial chamber that contains the tested soil specimen. This carried out
practice assumes that the resilient response of the tested soil sample will be the
same whether the measurements are performed on the outside or the inside of the
triaxial chamber. As a consequence of this, the calculation of the resilient modulus
may have been subjected to a number of random errors (instrument error) and
systematic errors (assumption that the material is elastic and that the peak load and

strain measured outside the triaxial cell fully characterize the material.

Also, during the laboratory testing phase, five soil groups were identified that
represent different soil horizons within the subgrade layer. However, during the
field back-calculation analysis, the subgrade layer was treated as being elastic with

one modulus value that is constant throughout the full extent of the layer. This
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assumption which was imposed by the limitations of the computer programs used
in the back-calculation of the field moduli and in the computations of in situ stress
is believed to have contributed the most to the disagreement that was observed to

occur between field and laboratory determined moduli.

The stress pulse used to obtain the lab modulus has a loading time that is
substantially different from that applied by the FWD equipment to the ia service
pavement. This in turn produces different stress distribution within the lab sample

as compared to that existing under the FWD loading.

The range of the soil suction parameter measured in situ also differed greatly from
that set during the lab tests. This might have caused the soil matric suction to
appear as an insignificant parameter in the posinlated predictive field moduli

models.

In view of the above discussed reasons, the gap between the field and laboratory

results can be narrowed down by adopting the following guide lines:

0

@)

(iii)

Use the resilient modulus test system developed in the current research study to
obtain predictive moduli relationships for the particular cohesive subgrade soil in
question.

Incorporate the laboratory predictive moduli relationships obtained from repeated
load testing as input to modify currently available computer programs that

calculate mechanistic responses within pavement structures.
Use such modified computer program(s) to calculate stresses, strains and
deflections and compare the results obtained with measured FWD deflections for

possible match. When match between measured and calculated deflections occurs,
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retain the moduli values used in the computation as the “effective moduh”
representing the various pavement layers of the particular pavement structure

analyzed.

Recommendations and areas of Future Research

The impact of environmental factors, as represented by temperature and soil matric
suction, on subgrade resilient characteristics is more significant than that of traffic
induced stresses. This implies that quantification of such effects for all types of
cohesive subgrade soils in Alberta constitutes an urgent task that should be
accomplished in order to expedite and enhance the current design and

rehabilitation practices used for maintaining asphalt concrete pavements in Alberta.

Since the subgrade back-calculated fill section moduli were found to be
significantly greater than their counterparts in the cut section, it is recommended
that current specifications prepared by Alberta Transportation and Utilities
pertaining to grade construction be revised. Specifically, the requirement for
excavation to be carried to a depth of 0.6m below the designed subgrade surface,
should be increased to maximize the performance of newly constructed pavements.

This will provide for more uniformity between cut and fill sections.

Further verification of the developed Resilient Modulus Test System (RMTS)
should be carried out before this system can be used on routine basis for obtaining
predictive resilient moduli models. The use of a “standard test specimen” of

known stiffness (Pezo et al., 1991) to calibrate the system as a whole is strongly

recommended.
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The suitability of the AGWA-II sensors for monitoring soil matric suction in situ
and a solution to the fragility problem of these sensors should be checked for a
variety of flexible pavement types (e.g. thin versus thick asphalt concrete pavement

structures).
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A-1  Calibration Curves of Installed AGWA-II Sensors
A-2  Limits of Accuracy of Installed AGWA-1I Sensors



A-1 Calibration Curves of AGWA-II Thermal Conductivity Sensors
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Figure A .: Calibration Curve for Sensor 1
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Figure A.2: Calibration Curve for Sensor 2
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Figure A.3: Calibration Curve for Sensor 3
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Figure A.4: Calibration Curve for Sensor 4
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Figure A.5: Calibration Curve for Sensor 5
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Figure A.6: Calibration Curve for Sensor 6
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i+ - A.7: Calibration Curve for Sensor 7
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Figure A.8: Calibration Curve for Sensor 8
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Figure A.9: Calibration Curve for Sensor 9
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Figure A.10: Calibration Curve for Sensor 10
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Figure A.11: Calibratien Curve for Sensor 1i
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Figure A.12: Calibration Curve for Sensor 12
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Table A.1: Limits of Accuracy of Installed AGWA-II Sensors

SENSOR #  Location & Depth - " AcEuracy in the Raoge  Accuracy in the Ringe

- R B 7 - S < 175 - 400 kPa
S1 Shoulder @ 0.21m 12.5 374
S2 Shoulder @ 0.59m 15.6 70.9
S3 Shoulder @ 0.32m | 153 ] 429
gg— WG 0 iin s i
S5 Shoulder @ 1.14m 16.0 434
S e s e
s7T JWP @ 0.59m 10.6 31.2
8T OWP @ 0.16m 9.4 258
'SY OWP @ 0.32m 16.1 405
S'10 OWP @1.0Im 138 585
Sl OWP @0.84m 16.6 62.8
sz WR@osE 102 471

o

Notes: 1. Accuracy (in columns three and four above) is expressed as kPaper 0L C

2. The calibratio 1 curves shown in Figures A. 110 A. 12 were approximated by
bilinear curves to obtain the accuracy limits displayed in Table A.1 above. All
breakage points were observed 10 occur ata suction value of 175 kPa.

3. The depth referrzd to in column two of the above table is measured from the
top of the subgrac'e layer (in metres).
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WATER RETENTION CURVES FOR TESTED SUBGRADE SOIL GROUPS
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TEMPERATURE AND SOIL MATRIC SUCTION DATA FROM . iE
INSTRUMENTED SITE (HIGHWAY CONTROL SECTION 16:12)

C-1 Data Presentation
C-2 Individual Sensor Responses

C-3 Limits of Sensors’ Calibration
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C.1  Data Presentation

In this section two figures are displayed that show the format chosen to present the
temperature and soil matric suction data. Figure C.1 is composed of two plots. The top
plot displays the temperature data coilected every forty eight-hour while the bottom plot
represents the temperature data monitored every two-hour interval . This applies for both
air temperature and the temperature measured at the particular sensor location. Figure
C.2 is analogus to Figure C.1 except that the former represents matric suction data
recorded every twenty four hours and every two hours for the top and bottom plots,
respectively.
C.2  Indivic ual Sensor Responses

Figures C.3 to C.14 display the individual sensor response for all installed sensors.
Each of these figures consists of two plots: a top plot that shows the seasonal variation in
temperature measurements and a bottom plot that displays the seasonal variation in soil
matric suction. Commentary and discussions pertaining to these figures are given below.
C.1.1 Temperature Variations

Upon examining the temperature variation curves shown in Figures C.3 through

C.14, the following observations can be drawn:

(1) it is clear that there is a great deal of fluctuations in the recorded daily air
iemperasure. However, cemperature measurements performed at each sensor
lo~ation within the subgrade soil layer do not exhibit the same kind of fluctuations.
This indicaies that daily temperature changes within the subgrade are moderate and
can therefore be accommodated for by recording temperature measurements once
every two or more days i.e. there is no need for continuous monitoring every two

hours.
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The freezing front during the first winter season (1990-1991) appears to have
reached the top of the subgrade layer around November 23, 1990. This is
apparent “rom the location of the 0°C isotherm of sensor 4 which is situated near
the top of the subgrade at a depth of 0.78 m from the pavement surface i.e. 0.14m
from the top of the subgrade. Further examination of the temperature data reveals
that by January 9, 1991, the freezing front has reached a depth of about 1.14m
below the top of the subgrade i.e. 1.78m from the pavement surface. This is
depicted by the temperature curve for sensor 5 (the deepest sensor), shown. in
Figure C.7. By examining the air temperatur . curves, it can also be seen that the
minimum air temperature reached was about - 1°C. This occurred around January
10, 1991. The minimum air temperature recorded, i.e. -13°C, does not reflect
realistically the minimum air temperature experienced during this winter. This is
because the collection of the air temperature data was riot started at the same time
as for the other temperature measurements but rather at a later time. Based on
these observations, the average depth of frost within the instrumented pavement
section appears tc be lying within about 2.00m from the pavement surface. This
observation is in good agreement with earlier research findings reported by Shields

and Dacyszyn (1965) and by Plewes and Millions (1985).

Thawing during the first monitoring period, i.e. November 7, 1990 to April 16,
1991, seems to have started around the beginning of April, 1991 (approximately
April 2, 1991). From temperature curves, it is clear that sensor 4 started thawing
first. This is then followed by sensor 8. Unfortunately, the progress of thaw after
that could not be followed due to the malfunction of th: data acquisition system
experienced between April 6, 1991 and July 16, 1991. Upon resuming data
monitoring again from July 17, 1991 onward, all temperature curves show that

thawing was already complete at all sensor locations and thai high temperature
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values indicative of the summer season were prevailing. This can be seen in

Figures C.3 through C.14 between July 18, 1991 and September 15, 1992.

Following the ternerature distributional trends for the second year, the freezing
front was observed to have reached the top of the subgrade around
November 2, 1991.  This is also indicated by the 0°C isotherm of the sensor
closest to the top of the subgrade layer, i.e. sensor 4. This time, however, it took
more than 100 days (actually 109 days) for the frost line to reach the deepest
sensor, i.e. sensor 5. This is about one and a half months longer than the time
needed to freeze the deepest sensor during the first winter season. Based on this
observation and the general trend in temperature variations depicted in Figures C.3
through C.14, it is quite evident that the winter of 1990-1991 was more severe

than that of 1991-1992.

In general, the AGWA-II sensors used in this study seem to provide good and

consistent temperaw e measurements throughout the seasons.

Moisture Variations

The variation in soil matric suction with time was plotted for data points collected

every twenty-four hours as mentioned previously. It was observed that when plotting the

suction cata in this fashion, the general shape of the “matric suction-time” relationship

does not change significa.:tly from that when all the data collected every two houis was

plotted. This can be seen by compering the two plots shown in Figure C.2. The only

noticeable difference between these two plots, however, is the existence of occasional high

matric suction vaiues for the data plotted every two hours. The occurrence of these spikes

is unexplainable and can only be attributed either to a temporary malfunction of the

particular sensor in question or to a wrongful interpretation of the matric suction value

using the specific ser..or’s caiibration curve.
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It should be mentioned also that only soil suction values in the range O kPa to
400 kPa were plotted. Other values higher than 400 kPa were not considered since they
lie outside the calibration range for all installed sensors. Figure C.15 illustrates the
magnitude of the error that could be involved when trying to interpret soil suction values
beyond the upper and lowe: limits of calibration. Thus, no attempts have been made to

interpret such values in the present discussion.

As it has been mentioned previcusly in chapter four, the twelve AGWA-II sensors
used in the current investigation were installed in their air-dry condition. This was done
for two reasons. First, an initially dry sensor provides a more accurate measure of uction
because there will be a smaller exchange of water betv-een the: soil and the installed sensor.
This can be explained in view of the fact that an initially air-dry sensor normally has a

water content of about 1% whereas a an initially saturated sensor has a water content of

about 96% (Sattler and *- 7RG). Natural water contents of soils usually range
from 20% to 40% (° in the current study the actua! range is 18.2% to
26%). Therefo ihat 13 needed to flow from the soil to the sensor,
or vice versz when the sensor is initially dry. Second, due to
the fact that a i} occur between an initially dry sensor and the
surrounding so: «orter time will be required for equilibrium to occur

between the installeu sensor and the surrounding soil. This is clearly evident from Figures
C.3 through C.14. In general, it was observed that equilibrium betwecn the sensor and the
surrounding soi! was achieved in about 4 to 8 days (i.e. 100 - 200 hours after installation).
This finding is in good agreement with other researchers’ work (Wong and Ho, 1987, and

Sattler and Fredlund, 1989).

The presentation and discussion of soil matric suction distribution trends during

the two-year monitoring period will be divided into two sections:
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(A)  Matric suction trends observed during freezing and thawing of the subgrade soil.

(B)  Matric suction trends observed during the non frozen periods.

(A) Matric Suction Variations during Freezing and/or Thawing:

Upon examining Figures C.3 through C.14, it seems that all sensors, with the
exception of sensor 7, appear to respond in a similar manner. It was observed that as the
subgrade coil starts freezing, approximately 16 days after sensor installation, the matric
suction drops sharply and then increases rapidly to approximately the samc suction values.
This phenomenon, which was also reported by other investigators (Fredlund et al., 1991),
can be explained in view of the fact that during freezing, the soil-water starts turning into
ice. In fine-grained soils, this transformation normally occurs over an extended range of
negative temperatures below 0°C. The result of this process will be a graduate release of
the latent heat of fusion of water which will cause the specific heat capacity of the water
within the porous sensor to peak sharply and then decrease rapidly as the temperature is
lowered further below 0°C as showa in Figure 3.5 in chapter three. At the same time as
ice starts forming, the apparent thermal conductivity of the water inside the sensor will
increase since the thermal conductivity of ice is four times greater than that of unfrozen
water. The combined effect of a decreasing apparent specific heat capacity and an
increasing overall thermal conductivity would mean a net increase in the overall thermal
diffusivity (this can be seen by referring to equation 3.21 in chapter three). As a result, the
temperature rise produced by the heat pulse, used during soil suction measurement, will be
small. This small rise in the temperature of the sensor would then be interpreted from the

sensor’s calibration curve as a decreasing soil suction.

Now, after a major portion of the water within the porous sensor turns into ice, the
measured temperature rise due to the heat pulse will depend upon the proportions of both

the ice and the remaining unfrozen water, and also upon the quantity of air bubbles that
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may be entrapped during the freezing process. It is this amount of entrapped air that is
expected to lower the overall thermal conductivity of the porous sensor and thus gives rise

to the observed high sensor readings in the frozen state(Fredlund et al., 1991).

Towards the end of the first monitoring period, i.e. from November 7, 1990 to
April 6, 1991, the subgrade layer was observed to have started thawing. This would be
followed by parallel thawing of the ice within the porous block of the installed sensors. As
the ice within these sensors start thawing, a gradual increase in the heat capacity of the
sensor occurs (following again the behaviour depicted in Figure 3.5). This increase in the
heat capacity of the sensor will cause the temperature rise due to the heat pulse to be
small. The consequence of this will again be a sudden drop in suction measurements as

tae temperature increases towards 0°C.

The above-discussed phenomena that occurred during the first freezing and
thawing cycie were observed to happen again during the second monitoring period i.e.
from July 17, 1991 to September 15, 1992. However, the picture is somewhat confused
during this period. This can be attributed mainly to the existence of those unexplainable

spikes that have been alluded to at the beginning of this section.

Although some explanation pertaining to the response of thermal conductivity
sensors under freezing and thawing conditions was given, this is actually an over
simplification of what most likely kappens in soils during these processes. The greatest
difficulty in providing a full explanation of what actually happens during freezing and
thawing, lies mainly in the role that the latent heat of fusion of soil-water plays during the
phase transformation. As Williams ' '-64(a) and (b)) stated earlier, even if one could
successfully determine the amounts of heat quantities involved in temperature changes in

soil in the laboratory, the precise determination of such quantities in situ is difficult, if not
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totally impossible, due to the several factors influencing the freezing of the soil moisture
pertaining to any soil type. Nevertheless, the aforementioned explanations serve to
interpret things reasonably well based on the current state-of-kne-viedge for obtaining soil

suction measurements using thermal conductivity sensors.

Another benefit that could be gained by examining the behaviour of the thermal
conductivity sensors during the frozen period, is to make sure that these sensors are still
working properly to provide reliable and consistent measurements of the soil matric

suction after the first freezing and thav.ing period elapses.

(B) Matric Suction Trends during the Unfrozen Periods:

By examining Figures C.3 to C.14 after the first winter season, it is evident that
there are less variations in soil suction measurements during this monitoring period than
those recorded during the first monitoring period. This can be explained in lieu of the fact
that freezing and thawing of fine-grained soils may induce some volume changes. These
volume changes, which are dependent on soil suction, may become excessive and lead to
either soil expansion or contraction. If the latter mechanism prevails, then the soil will
shrink away from the sensor causing a gap between the sensor and the surrounding soil.
Once the sensor has separated from the soil, the soil suction reading registered will reflect
only the amount of water remaining within the sensor porous tip. On the other hand, if the
gap between the sensor and the soil becomes filled with water, this will increase the rate of
heat transfer due to the induced heat pulse and will consequently lead to errors in sensor
readings. Therefore, it appears that either one of these two mechanisms occurred and the

result is a consistent decrease in the suction readings after the first freeze/thaw cycle.

Other reasons that might have contributed towards the decrease in suction

measurements observed after the first thaw are:



369

(1) A big transverse crack was observed to develop within the instrumented section
i~ mediately after the first winter period elapsed. This crack might have provided a
passage for rain water to flow to sensors’ locations and consequently cause a

reduction in the recorded soil suction.

(i) The backfilling of sensors’ holes and/or longitudinal trenches for laying out
sensors’ lead wires may have not beer done properly. This might have eventually
caused preferential flows of water along the wires leading to the sensors and

caused a reduction in the measured suction values.

In general, the majority of the matric suction values recorded during the first
monitoring period ranged from O kPa to 85 kra while those measured during the second
monitoring period ranged from 10 kPa o0 50 kPa. Within the sensitivity measurement
 limitations of the various installed sensors (see Table A.1 in Appendix A), these ranges
correspond to actual matiic suction values of between 0 kPa and 70 kPa for the first
period, and 0 kPa and 35 kPa for the second period. This finding indicates that the
observed seasoral variations in soil suction throughout the two-year monitoring period is
not as large as it has been speculated previously. The implications of this finding on the
structural strength of the subgrade soil will be discussed in more details in the section

dealing with FWD deflection testing.

Of all the sensors monitored, only three were observed to have recorded higher
suction values compared to the remainirig sensors. These are sensors # 4, # 8 and # 9.
Sensors 8 and 9 measured exceptionally high uction readings during the first monitoring
period while sensor 4 exhibited similar behaviour during the second monitoring period.
The behaviour of sensors 8 and 9 can be attributed to the fact that the observed high

suction readings were obtained when these two sensors were in a frozen state. This can
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be seen upon examining the two tcmperature curves pertaining to these sensors as shown
in Figures C.10 and C.11. On the other hand, the observed trend for sensor 4, during the
second monitoring period, can be explained in view of the fact that this sensor is the most
closest to the pavement surface. Sensor 4 was located within the upper 16 cm of the
subgrade soil layer (see Figure 4.10 in chapter four). This location makes the sensor niwore
susceptibie to seasonal drying aid wetting than other sensors located at greater depths.
Another factor that might have also helped in augmenting this effect is the fact that the
transverse crack that has developed wihtin the instrumented section was actually observed
to have been originated at the location where sensor 4 was installed. This crack then

extended to the other edge of the pavement.

Careful examination of Figure C.9 reveals that sensor 7 appears to behave
differently from all other sensors. Although the temperature variation curve for this sensor
is in line with the other iemperature curves of other sensors, however, soil suction
readings recorded by sensor 7 seem erratic and do not follow any recognizable pattern.
The fact that the ceraniic tip of this sensor was broken during calibration and that about
half of its original height was lost may be the reason behind this behaviour. This is
because the heat p:-ise ;enerated during suction measurement will not be fully contained
within the ceramic ;' ..i .2 sensor and as a result measurements will depend not only on
the thermal conductivi: -+ the porous tip but also on the thermal conductivity of the
surrounding soil. In othsr svords, the measured sensor outputs will be converted into soil
suction readings using the wrong calibration curve. Although this incident was known
prior to sensor installation, it was believed that it may still be worth putting this sensor in
and monitor it closely in hopes that the remaining part of the sensor tip will be enough to
contain the generated heat pulse. However, judging from the actual sensor response as

observed in situ proves the incorrectness of this assumption.
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In addition to sensor 7, sensors 5, 8, 10 and 12 also bzhaved in an unexpected

manner during the second monitoring period. Some explanations pertaining to the

behaviour of these sensors may be summarized as follows:

()

2)

(3)

For sensor 5, some difficulty was experienced during the installation of this device.
Due to its deep location, approximately 1.78m from the pavement surface, not
enough indentation could be made to ensure a snug fit of this sensor with the
surrounding soil. Another problem that was observed to happen is that the sensor
fractured during installation. These two reasons, coupled with the effect of the
first freeze/thaw cycle might have lead to the sensor being separated from the
surrounding soil. Consequently, measured suction readings during this period will
be dependent on the amount of remaining water content of the porous tip and as

such can not be considered reliable.

In the case of sensor 8, the device was observed o fracture during installation,
same as sensor 5, however, no immediate problem was observed to occur as a
consequence of this. This conclusion was arrived at by comparing the response of
this sensor with the response of another sensor, i.e. sensor 9, at a comparable
depth location. From Figures C.10 and C.11, it is clear that both sensors gave
consistent results during the first monitoring period. However, after a complete
cvcle of freezing and thawing, sensor 8 started behaving erratically. This is
depicted by the recorded response shown in Figure C.10 as of July 17, 1991

onward.

Sensor 10 was observed to have suffered a similar incident to that of sensor 7.
However, the partial loss of this sensor porous material was smaller compared to
that of sensor 7. This actually slowed down the deterioration of the remaining part
of the sensor ceramic block and gave a wrong impression that the sensor is

registering correct suction values during the first monitoring per After one
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complete freeze/thaw cycle, the sensor response started deteriorating rapidly and
soon thereafter the device stopped functioning properly. This is characterized by
the erratic sensor response shown in Figure C.12 from July 17, 1991 onward. It
should be emphasized that the sensor response during the first monitoring period is
also doubtful, especially in view of the fact that this sensor is located deeply in the
subgrade, about 1.65m from pavement surface, where high suction measurements
are not common (contrary to what the sensor actually measured during this

period).

(4) No problem was detected for sensor 12 during either calibration or installation.
Nonetheless, the sensor ceased to function properly after the first winter of 1990-

1991. No explanations can be provided as to the reasons behind this behaviour.

C-3 Limits of Sensors’ Calibration

Figure C.15 is an example that illustrates the consequences of extrapolating soil
suction measurements beyond the limits of calibration pertaining to the specific sensor in

question.
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D-2  Listing of Computer Program BOW/.
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D.1  Examples of FWD Field Program Gutputs

Figure D.1: Example Output of FWD Field Program - Edition 20

R32 397 910508H1612M1136F20
700031008002-06875394.3902111 8
150 0 300 600 900 120015001800
ANUOAST\ .FWD
007010 H1612M11 Km 18.50 - 19.50
S 0.976WBIC14 00 11400

S 0.976WBIC14 00 11400

0' 100273037300 .976

8 15355 2 152 8

Ld116 1 951

D1931 1 1.092
D2932 1 1.100
D3933 1 1.066
D4934 1 1.087
D5935 1 1122
D6936 1 1.096
D7937 1 1.081
D0938 1 1.134
D0939 t 1.082

Dt Rk 1 1
Kieparchuk, Vic
00010000.........ccccccuneeene
132 6 2 ..

*Km 18.50 - 19.50

12345678901............... _
CCC12341234111111111111111111111

LBQ% .........................
*Km 18.50 - 19.50

S 0.000WBOO12 00 9 100957
382176 130 86 57 40 31 26
583 288 212 143 95 68 51 42
794 409 303 207 139 100 76 63
1075 505 376 260 175 127 97 79
377174 128 85 56 40 31 25
577 287 211 14Z 94 68 51 42
787 407 302 207 138 100 76 62
1072 503 375 259 175 127 96 79



Figure D.1: Continued

S 0.050WBOO12 00 9 100959
384 192 142 93 60 42 30 25
582310230 153 99 69 50 40
784 437 326 219 145 100 73 58
1065 541 406 276 184 127 92 73
381189 141 92 60 42 30 25
579 309 230 153 100 69 50 40
782 436 325 220 146 101 73 58
1062 539 405 277 185 128 93 74

S 0.161WBCO12 00 9 101001
387 208 155 104 68 47 34 26
58133524. 168112 79 56 44
776 470 352 242 163 115 82 64
1057 580 439 304 207 148 105 81
380 208 153 101 67 46 33 25
577 331249 168 112 79 56 43
773 466 352 241 163 116 82 63
1056 579 440 304 207 148 105 81

S 0.150WBOO12 00 8 101003
361367 354 95 64 42 31 24
561 565 531 1¢3 110 74 53 41
773761 706 24:) 161 108 76 60
1044 931 856 308 206 137 97 75
360364 353 95 64 44 31 24
556 560 528 161 108 73 52 41
770 758 707 239 161 108 76 60
1043 929 857 308 207 137 87 75

S 0.201WBOO12 00 10101005
377157118 77 49 33 23 19
581 261 193 129 83 56 40 33
782 364 272 183 119 81 59 47
1056 454 3.9 252 152103 75 60
374 15C 114 75 48 32 23 19
574 259 191 127 82 56 40 32
778 362 269 182 118 81 58 47
1052 451 338 230 151 104 75 60

S 0.250WBOO12 00 9 101007
375161 117 74 45 30 23 18
572 265 190 123 76 51 37 30
779 371 268 177 110 74 54 45
1048 464 337 224 141 95 69 56
371159115 74 45 30 23 19
572 265 190 123 76 51 37 29
781 370 268 177 110 74 54 46
1046 463 337 224 142 96 70 57

3%



Figure D.2: Example Output of FWD Field Program - Edition 25

S 120S1 19920716H1612M1136F25.034Thu197
90 08002-068 7488200 120 .
150 0 2C° 300 450 860G 900 1200 1500 180ONO NO NO NO NO NO NO
NO NO
ANUOAS2\ F201H20
007010 H1612M11 WBL Entwistle - Jct 43
S 0.975WBIC 23.000 0240311280120000013
S 0.975WBIC 23.000 0230211320120000013
SUR-MAN AIR-0018 0.000 0.975 0.975 0.050 0.100
815.03.55.02.015.020 8.0
Ld FO116 1.000 95.1
D1 0931 1.000 1.092
D2 09832 1.0001.100
D3 0933 1.000 1.066
D4 0934 1.000 1.087
D50935 1.000 1.122
D6 0836 1.000 1.096
D7 0937 1.000 1.081
D8 0838 1.000 1.134
D9 0939 1.000 1.082
D10NA 0.000 0.000
Vic Kleparchuk
0001130010000 1 1
020 050
Km 18.50 - 19.50
RoadNumrRoadway Name
RoadNumr
000+0.0 000+0.0 St
300 0 0 0 0O O O O O ONO NO NO NO NO NO NO NO NO
40 320 5692 28647

CCC12341234

UOA92 U of A setup
*Km 18.50 - 19.50

S 0.000WBOO 19.000 0 180309510120000013

396 213 168 141 108 86 55 38 29 23

586 321 254 217 168 133 86 61 47 39

784 436 348 299 235 188 123 89 69 56
1063 550 439 378 300 242 161 117 92 74
392 209 165 139 108 85 54 39 31 22

582 317 250 214 166 131 85 61 47 38

784 436 345 297 234 183 123 89 70 55
1059 549 437 377 299 24t 161 118 92 74
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Figure D.2: Continued

S 0.050WBOO 19.000 0 180309530120000013

397 226 178 149
586 341 270 230
780 469 375 322
1056 596 477 411
391 223 174 147
582 339 268 229
776 467 373 320

114 89 55 37 27 21
178 139 87 58 43 33
251 199 126 86 64 48
324 258 166 114 86 66
112 87 54 37 27 20
176 138 87 58 43 34
249 197 126 86 64 50

1049 593 476 409 322 257 1656 114 85 66

S 0.100WBOO 19.000 0 180309550120000013

385 246 198 167 130 103 65 44 32 24
577 374 303 260 204 163 104 73 53 41
776 509 415 357 285 230 150 104 77 59
1047 643 525 453 365 298 196 138 103 79
382 243 196 167 130 102 67 46 32 25
573 369 300 257 202 161 103 72 52 40
776 506 412 356 284 228 149 104 77 59
1041 639 521 451 363 296 196 138 103 79

S 0.150WBOO 19.000 018 9590120000013

387 360 306 274 176 ~* 66 41 28 21
§77 520 448 402 266 1 « 106 66 48 37
774 701 600 539 366 245 153 98 70 54
1041 879 752 675 465 318 200 128 92 72
386 355 306 274 175 109 66 41 28 21
572 519 445 400 265 172 107 67 49 39
776 698 599 532 365 246 153 98 70 54
1043 878 749 672 464 318 200 129 92 72

S 0.200WBOO 19.000 0 180310010120000013
391 198 157 132 101 78 47 30 21 17
579 300 241 206 158 122 76 50 36 29
782 413 334 286 222 174 109 74 54 44
1046 524 424 363 284 225 143 97 73 59
390 195 157 132 101 77 48 31 22 17
576 298 241 204 155 121 76 51 38 32
780 411 331 283 218 171 108 73 55 44
1041 521 421 360 282 223 142 96 72 58

S 0.250WBOO 19.000 0 180310030120000013

388 192 150 124 92 69 40 26 20 17
579 202 229 193 145 110 65 43 34 28
780 398 315 267 202 157 95 62 51 45
1046 504 400 342 261 204 125 83 67 56
382 188 149 124 92 71 42 28 23 19
575 294 230 194 146 112 68 48 38 33
778 397 314 237 202 157 95 63 50 40
1039 501 399 339 260 203 124 83 65 54
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D.? Listing of Computer Program BOWL used in FWD Deflection Analysis

CHARACTER"12 IFILE,OrILE.OFILE1,0FILEZ,OFlLE3,0FiLE4,IFILER,OFILEM
CHARACTER*1 CH(20)
CHARACTER*80 DUM
CHARACTER*8 IDENT
CHARACTER*4 DUM1,DUM2
CHARACTER*"S TEMP
CHARACTER*S DUM3
CHARACTER*3 TAIR
CHARACTER*2 LANE
DIMENSION DEFLEC(Q),DEFM(4.7).DEFS(B.Q),DEFT(4.9).BA(4),SA(4)
DIMENSION SMi(4),BASAV(100,4), SASAV(1 00,4),D4SAV(100,4)
DIMENSION D1SAV(100,4),SMISAV(100,4),D7SAV(100.4)
DIMENSION BARAT(4),SSID4(4),SSIDT(4).SARAT(4).CDCORR(4),SMIRAT(4)
DIMENSION LAV1(4),LAV2(4),LAV3(4) LAV4(4)
DIMENSION BARAV1(4), BARAV2(4), BARAV3(4), BARAV4(4)
DIMENSION SARAV1(4), SARAV2(4), SARAV3(4), SARAV4(4)
DIMENSION SS14V1(4),SS14V2(4),SSI14V3(4),SSI14V4(4)
DINENSION SSI17V1(4),SSI7V2(4),SSI7V3(4),SSI7V4(4)
DIMENSION SMIAV1(4), SMIAV2(4), SMIAV3(4),SMIAV4(4)
DIMENSION SMIRV1(4), SMIRV2(4),SMIRV3(4), SMIRV4(4)
REAL KPOST
DIMENSION LOADM(4) LOADS(8)
REAL MU2MIL KM2M! KG2LBS
WRITE(*,*) 'CONVERSION REQUIRED ?'
READ(*,17) DUM
17 FORMAT(A1)
WRITE(*,*) 'ENTER NUMBER OF DEFLECTION READINGS IN REFERENCE FILE'
READ(*,*)NDEFR
WRITE(*,*) 'ENTER NUMBER OF DEFLECTION READINGS IN INPUT FILES'
READ(*,")NDEF!
KM2Mi=1.
KG2LBS=1.
MU2MIL=1.
IF((DUM.EQ.'y").OR.(DUM.EQ."Y")) THEN
KM2Mi=1/1.6104
KG2LBS=1/.062850
MU2MIL=1/25.4
ENDIF
WRITE(*.*) 'ENTER NUMBER OF INSUT FILES'
READ(*,*) NFILES
WRITE(*,*) ' NTER REFERENCE FILE NAME'
READ(*.*) IFILER
WRITE(*,") 'ENTER MASTER DEFLECTION OUTPUT FILE NAME'
READ(*,*) OFILEM
OPEN(6,FILE=OFILEM,STATUS="NEW)
WRITE(6,290)
DO 260 NUM=1,NFILES
OPEN(7 FILE=IFILER,STATUS='OLD)
DO 778 J=14
LAV1{J)=0
LAV2(J)=0



LAV3(J)=0
LAV4(J)=0
BARAV1(J)=0.0
BARAV2(J)=0.0
BARAV2(J)=0.0
BARAV4(J)=0.0
SARAV1(J)=0.0
SARAV2(J)=0.0
SARAV3(J)=0.0
SARAV4(J)=0.0
SSI4V1(J)=0.0
SS14V2(J)=0.0
SSI4V3(J)=0.0
SS14V4(J)=0.0
SSI7V1(J)=0.0
SSI7V2(J)=0.0
SSI7V3(J)=0.0
SSI7V4(J)=0.0
SMIAV1(J)=0.0
SMIAV2(J)=0.0
SMIAV3(J)=0.0
SMIAV4(J)=0.0
SMIRV1(J)=0.0
SMIRV2(J)=0.0
SMIRV3(J)=0.0
SMIRV4(J)=0.0

778 CONTINUE

WRITE(*,*) 'ENTER INPUT FILE NAME'
READ(*,") IFILE

WRITE(*,*) 'ENTER OUTPUT FILE MAIN NAME'

READ(*,*) OFILE
READ(OFILE 4) (CH()),I=1,12)
DO 55 1=1,12

55 IF(CH(l).EQ.'") GO TO77
77 I=11

WRITE(OFILE1,4) (CHJ),J=1.1),'1",".",'O"'U"'T"
WRITE(OFILE2,4) (CH(J).J=1,)),’2""."'O"\'U"'T’
WRITE(OFILE3,4) (CH),J=1,),'3",""'O"'U,\'T’
WRITE(OFILE4 4) (CH(J),J=1.1),'4","."'O"'U"'T"

OPEN(1,FILE=IFILE,STATUS='OLD")
OPEN(2,FILE=OFILE1,STATUS='NEW)
OPEN(3,FILE=OFILE2,STATUS='NEW)
OPEN(4,FILE=OFILE3,STATUS='NEW)
OPEN(5,FILE=OFILE4,STATUS="NEW')
FORMAT(12(A1))

READ(IFILE,4) (CH(l).I=1,12)
WRITE(*.4) (CH(I).I=1,12)

K=0

DO 71=1,12

K=K+1

IF(CH(1).EQ.") GO TO 2

CONTINUE

DO 8 J=K,12

CHE)=""

CONTINUE

LANE=' W'
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IDENT='007 10°
DO 150 1=1,37
READ(7,3) DUM
150 CONTINUE
DO 160 1=1,200
READ(7,13 END=170) DUM1,KPOST
KPOST=KM2MI*KPOST
DO 180 J=1,8
READ(7,* END=170) LOAD,(DEFLEC(K).K=1,NDEFR)
LOAD=KG2LBS*LOAD
LOADS(J)=LOAD
DO 190 11=1,NDEFR
DEFLEC(11)=MU2MIL*DEFLEC(I1)
DEFS(J,11)=DEFLEC(I1)
180 CONTINUE
180 CONTINUE
DO 200 J=1,4
LOADM(J)=.5"(LOADS(J)+LOADS(J+4))
DO 210 11=1,NDEFR
DEFT(J,i1)=.5%(DEFS(J,11)+DEFS(J+4,11))
210 CONTINUE
200 CONTINUE
DO 220 J=1,4
IF(NDEFR.EQ.9) THEN
DEFM(J,1)=DEFT(J.1)
DEFM(J,2)=DEFT(J,3)
DO 230 K=5,9
DEFM(J,K-2)=DEFT(4,K)
230 CONTINUE
ELSE
DO 370 K=1,7
DEFM(J.K)=DEFT(J,K)
370 CONTINUE
ENDIF
220 CONTINUE
DO 240 J=1,4
SMI(J)=LOADM(J)/DEFM(J,1)
BA(J)=(1800.0-0.0)/18.0*(DEFM(J,1)+4.0*DEFM(J,2)+2.0'DEFM(J.3)+
&4.0°DEFM(J.4)+2.0°DEFM(J,5)+4 0*DEFM(J,6)+DEFM(J,7))
SA(J)=300*(DEFM(J.4)*0.5+DEFM(J,5)+DEFM(J.6)+DEFM(J,7)*0.5)
240 CONTINUE
DO 140 J=1.4
BASAV(I.J)=BA()
SASAV(1,J)=SA(J)
D1SAV(,J)=DEFM(J,1)
D4SAV(,J)=DEFM(J.4)
D7SAV(l.J)=DEFM(J.7)
SMISAV(I,J)=SMI()
140 CONTINUE
160 CONTINUE
170 DO 5 1=1,37
READ(1,3) DUM
5 CONTINUE
WRITE(2,24)
WRITE(3,24)
WRITE(4,24)
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WRITE(S,24;
DO 10 1=1,200
READ(1,13,END=320) DUM1 JKPOST,DUM2, TEMP,DUM3, TAIR
KPOST=KM2MI*KPOST
DO 12J=18
READ(1,*.END=320) LOAD,(DEFLEC(K).K=1,NDEF)
LOAD=KG2LBS*LOAD
LOADS(J)=LOAD
DO 11 11=1,NDEFI
DEFLEC(11)=MU2MIL*DEFLEC(I1)
DEFS(J,11)=DEFLEC(!1)
11 CONTINUE
12 CONTINUE
DO 120 J=1,4
LOADM(J)=.5*(LOADS(J)+LOADS(J+4))
DO 110 11=1,NDEFI
DEFT(J,11)=.5*(DEFS(J,11)+DEFS(J+4,11))
110 CONTINUE
120 CONTINUE
DO 333 J=1,4
IF(NDEFI.EQ.9) THEN
DEFM(J,1)=DEFT(J,1)
DEFM(J,2)=DEFT(J,3)
DO 334 K=5,9
DEFM(J,K-2)=DEFT(J,K)
334 CONTINUE
ELSE
DO 777 K=1,7
DEFM(J,K)=DEFT(J,K)
777 CONTINUE
ENDIF
333 CONTINUE
DO 130 J=1,4
SMI(J)=LOADM(J)/DEFM(J,1)
BA(J)=(1800.0-0.0)/18.0*(DEFM(J,1)+4 .0*'DEFM(J,2)+2.0*"DEFM(J,3)+
&4.0"DEFM(J.4)+2.0'DEFM(J,5)+4.0"DEFM(J,6)+DEFM(J.7))
SA(J)=300'(DEFM(J.4)'D.5+DEFM(J.5)+DEFM(J,6)+DEFM(J,7)"0.5)
130 CONTINUE
DO 250 J=1,4
BARAT(J)=BA(J)/BASAV(I,J)
SARAT(J)=SA(J)/SASAV(i,J)
SSID4(J)=DEFM(J,4)/D4SAV(l,J)
SMIRAT(J)=SMI(J)/SMISAV(l,J)
SSID7(J)=DEFM(J,7)/D7SAV(l,J)
C CDCORR(J)= FACTOR* DEFM(J,1)
250 CONTINUE
DO 270 J=1,4
IF(.LE.12) THEN
LAV1(J)=LAV1(J)+LOADM(J)
BARAV1(J)=BARAV1(J)+BARAT(J)
SARAV1(J)=SARAV1(J)+SARAT(J)
SSI4V1(J)=SSI14V1(J)+SSID4(J)
SSI7V1(J)=SSI7TV1(J)+SSID7(J)
SMIAV1(J)=SMIAV1(J)+SMI(J)
SMIRV1(J)=SMIRV1(J)+SMIRAT(J)
ENDIF
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IF((1.GT.12).AND.(I.LE.20)) THEN
LAV2(J)=LAV2(J)+LOADM(J)
BARAV2(J)=BARAV2(J)+BARAT(J)
SARAV2(J)=SARAV2(J)+SARAT(J)
SS14V2(J)=SS14V2(J)+SSIDA(J)
SSI7V2(J)=SSI7V2(J)+SSID7(J)
SMIAV2(J)=SMIAV2(J)+SMI(J)
SMIRV2(J)=SMIRV2(J)*+SMIRAT(J)
ENDIF
IF((1.GT.20).AND.(1.LE.31)) THEN
LAV3(J)=LAV3(J)+LOADM()
BARAV3(J)=BARAV3(J)+BARAT(J)
SARAV3(J)=SARAV3(J)+SARAT(J)
SS14V3(J)=SSI4V3(J)+SSID4(J)
SSI7V3(J)=SSI7V3(J)+SSID7(J)
SMIAV3(J)=SMIAV3(J)+SMI(J)
SMIRV3(J)=SMIRV3(J)+SMIRAT(J)
ENDIF
IF(.GT.31) THEN
LAV4(J)=LAV4(J)+LOADM(J)
BARAV4(J)=BARAVA(J)+BARAT(J)
SARAV4(J)=SARAV4(J)+SARAT(J)
SSI4V4(J)=SSI4VA(J)+SSIDA()
SSI17V4(J)=SSITV4(J)+SSID7(J)
SMIAVA(J)=SMIAV4(J)+SMI(J)
SMIRV4(J)=SMIRV4(J)+SMIRAT(J)
ENDIF
270 CONTINUE
WRITE(2.23)1,LOADM(1),(CH(L),L=1,8) (DEFM(1,K),K=1,7) TEMP.TAIR,
SBA(1).SA(1).SMI(1) BARAT(1), SARAT(1),SSID4(1),SSID7(1), SMIRAT(1)
WRITE(3,23)l, LOADM(2),(CH(L),L=1,8),(DEFM(2,K),K=1,7), TEMP,TAIR,
8BA(2).SA(2).SMI(2) BARAT(2) SARAT(2),SSID4(2),SSID7(2). SMIRAT(2)
WRITE(4,23)1,LOADM(3),(CH(L),L=1,8),(DEFM(3,K),K=1,7), TEMP, TAIR,
&BA(3).SA(3).SMI(3) BARAT(3), SARAT(3), 5SID4(3),SSID7(3) SMIRAT(3)
WRITE(5.23)l, LOADM(4),(CH(L),L=1,8) (DEFM(4,K),K=1,7) TEMP.TAIR,
&BA(4) SA(4), SMI(4) BARAT(4), SARAT(4), SSID4(4), SSID7(4), SMIRAT(4)
10 CONTINUE
320 DO 280 J=1,4
LAV1(J)=LAV1(J)/12.0
LAV2(J)=LAV2(J)/8.0
LAV3(J)=LAV3(J)/11.0
LAV4(J)=LAV4(J)/9.0
BARAV1(J)=BARAV1(J)/12.0
BARAV2(J)=BARAV2(J)/8.0
BARAV3(J)=BARAV3(J)/11.0
BARAV4(J)=BARAV4(J)/9.0
SARAV1(J)=SARAV1(J)/12.0
SARAV2(J)=SARAV2(J)/8.0
SARAV3(J)=SARAV3(J)/11.0
SARAV4(J)=SARAV4(J)/9.0
SS14V1(J)=SSI4V1(J)/12.0
SS14V2(J)=SSI14V2(J)/8.0
SSI4V3(J)=SS14V3(J)/11.0
SS14V4(J)=SSI14V4(J)/9.0
SSI7V1(J)=SSI7V1(J)/12.0
SSI7V2(J)=SSITV2(J)/8.0
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SSI7V3(J)=SSI7TV3(J)/11.0
SSI7V4(J)=SSITV4(J)/9.0
SMIAV1(J)=SMIAV1(J)/12.0
SMIAV2(J)=SMIAV2(J)/8.0
SMIAV3(J)=SMIAV3(J)/11.0
SMIAV4(J)=SMIAV4(J)/9.0
SMIRV1(J)=SMIRV1(J)/12.0
SMIRV2(J)=SMIRV2(J)/8.0
SMIRV3(J)=SMIRV3(J)/11.0
SMIRV4(J)=SMIRV4(J)/9.0
280 CONTINUE
DO 310 J=1,4
WRITE(6,300) J,(CH(L),L=1,8),LAV1(J),BARAV1(J),SARAV1 (J).SSI4V1(
&J),SSI7V1(J),SMIAV1(J), SMIRV1(J)
WRITE(6,300) J,(CH(L),L=1 .8),LAV2(J),BARAV2(J), SARAV2(J),SSI4V2(
&J),SSI17V2(J), SMIAV2(J),SMIRV2(J)
WRITE(6,300) J,(CH(L),L=1 .8),LAV3(J),BARAV3(J), SARAV3(J),SS14V3(
8J),SSI7V3(J), SMIAV3(J) SMIRV3(J)
WRITE(6,300) J,(CH(L),L=1,8),LAVA4(J), BARAV4(J) SARAV4(J), SSI4V4(
8J),SSI17V4(J), SMIAV4(J) SMIRV4(J)
310 CONTINUE
WRITE(6,330)
330 FORMAT(/))
CLOSE(UNIT=1)
CLOSE(UNIT=2)
CLOSE(UNIT=3)
CLOSE(UNIT=4)
CLOSE(UNIT=5)
CLOSE(UNIT=7)
260 CONTINUE
300 FORMAT(I3,')8(A1),','16,"'6((F8.2),".))
3 FORMAT(A80)
13 FORMAT(A4,F5.3,A4,A5,A5,A3)
23 FORMAT(I6,''16,""8(A1),", 7((F6.2),').A5,"" A3,",",
&F8.1,, F8.1," ' F7.1,'.5(F6.2),.))
24 FORMAT('LOC.LOADM,FWDRUN.D1.DZ.DS.D4.DS,DS,D7,TEMP.TAIR,BA.ba,
&ISM,BAr,SAr,SSID4,SSID7,iSMr,CDcorrected’)
290 FORMAT(‘SEQ,FWDRUN,LOAD,BAratio.SAratio,SSID4,SS|D7,lSM,ISMratio‘)
15 STOP
END
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E.1  Introduction

One of the major objectives of the testing program undertaken during this study
was to establish the resilient modulus relationship(s) for typical cohesive subgrade soil(s)
frequently encountered in the Province of Alberta. To fulfill this purpose, repeated
loading triaxial test equipment together with an automated data acquisition system were

needed.

This appendix contains the detailed description of the testing apparatus and the
data acquisition system together with the computer programs used for recording and

analyzing the data.

E.2 Repeated Loading Triaxial Test Equipment
E.2.1 Description of the Test Apparatus

The layout for the resilient modulus test apparatus is shown in Figure E.1.
Description of the various components that comprise the system is given below.
Corresponding reference letters are included in Figure E.1 to facilitate the identitication of

the different parts.

A Bellofram This is a 102mm diaphram air cylinder used for applying the repetitive

deviator stress to the test specimen inside the triaxial cell.

B Load cell This device is a custom-made load cell that is used to measure the axial
repetitive stress applied to the specimen. It has an operating range of 0 to 570 kg.
A detailed schematic of this device is shown in Figure E.2. The load cell used for
resilient modulus testing during this investigation has been calibrated for a range of

0 to 440 kg. The calibration curve obtained is shown in Figure E.3.

C Linear Variable Differential Transducer (LVDT) This is an electrical displacement

transducer which measures the specimen axial deformation. The LVDT's used
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were Trans-Tek displacement transducers DC_DC series 240, model 0242-0000
with a displacement range of £ 6.35mm in full scale. A schematic of this unit and a
typical calibration curve used for converting voltage output into displacement

output are shown in Figures E.4(a) and E.4(b) respectively.

Triaxial Chamber The triaxial chamber used in this investigation was of a standard
size for testing a 102mm diameter by 204 diameter long cyiindrical specimen. The
central area of the base of the triaxial cell is supported by the testing machine
frame. The clear removable cylinder of the cell is made of a 9.5mm thin perspex.
The loading ram is a 19mm diameter stainless steel rod with a hemispherical end to
seat the loading cell. The top cap of the triaxial cell contains two exit spouts that
are equipped with two one-way valves. One valve, when opened, is used to ensure
that the medium used for applying the confining pressure is filling the triaxial cell.
The other valve is a pressure safety valve that is used to automatically release the
cell pressure if it exceeds a certain value (in the current testing program, this
pressure is set at 175 kPa). The base of the triaxial cell contains valves for the
connection of the confining pressure as well as the pressure transducer lines. The
pressure capacity of the triaxial cell is 100 kPa. Extra details pertaining to the

description of the triaxial cell can be found in section E.2.2.

Air Pressure Reservoir Tank (Not shown in the figure) This is a cylindrical tank

used for the storage of compressed air. It has sufficient capacity to provide the
pressure requirements for the three triaxial chambers. In the current investigation,
however, only one triaxial cell, the middle bay, was used and compressed air from
a pressure line was used directly without the need for storage in the reservoir tank.
This practice proved sufficient for providing the pressure requirements needed for

the purposes of the current resilient modulus testing program.
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E Air Pressure Regulators These units are installed on the regulator and distribution
panel to regulate the air pressure to the triaxial cell (both the repetitive axial
pressure and the constant all-around confining pressure). The operating range of

the regulators is 14 to 1000 kPa.

F Air Pressure Gauges These gauges are installed after the air pressure regulators
and indicate the air pressure being supplied by that particular line. Two types of
these gauges were mounted on the regulator and distribution panel. The first type
has an operating range of 0 to 110C kPa and is used to indicate the repetitive
deviator axial stress. The second type has an operating range of 0 to 200 kPa and
is used to indicate the amount of all-around confining pressure supplied to the

triaxial cell.

G Counier This is a four digit electric counter connected to the solenoid valve and is

use] to record the number of load applications to the test specimen.

H Pressure Transducer (Mounted on the back of the regulator and distribution panel

with its location being indicated by the 3-way valve) This is a pressure sensor that
is used to monitor the confining pressure in the three triaxial cells. This gauge is
manufactured by Durham Instruments. The model used is P724-0025 with an
operating range of 0 to 350 kPa. In order to measure the confining pressure in
each of the three triaxial czlls, a four-way valve is used. The sensor is connected
to one arm while the other three arms are connected to the triaxial cells. By using
a three-way valve switch, the pressure from two triaxial cells is shut off and the

pressure from the third cell is read by the transducer.

Solenoid Valve (Mounted on the back of the reguiator and distribution panel - not
shown in figure) This valve controls the flow of pressurized air from the air

pressure line to the bellofram. The unit also provides an exhaust vent for air from
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the bellofram. The operation of the three-way solenoid valve is controlled by a
solenoid pulser unit which electrically opens and closes the three-way valve. The
units used are Ascolectic - catalog 8300 number D64RF -vith an operating range

of 0 to 840 kPa.

Solenoid Pulser The solenoid pulser is a custom made unit that was developed to
control the operation of the three-way solenoid valve. The unit consists of an
electronic timing circuit of resistors, capacitors and an LMS555  timer
microcomputer chip which act to form a pulsating signal. By adjusting the
proportion of the various components in the circuit, the frequency and duration of
loading can be controlled. Adjusting the dynamic pulse rate and pulse width is
made accessible through the use of three exterior knobs. This unit can provide up

to a 50-millisecond on-load time.

Signal Conditioner The signal conditioner unit is used to amplify and condition the
signals from the load cells, LVDT's, pressure transducer and thermocouples. An
ESP-16 board that acts as a multiplexor is built into the signal conditior~r box.
This cord collects the amplified signals from the pressure trazsducer and the
thermocouples and sends them to the DAS-8 card installed inside the computer.
The DAS-8 card transforms the signals from the analog format into a digital
format. The load cells signals are also amplified inside the signal conditioner box
and sent together with the LVDT's signals to the DAS-8 card. These signals,

however, do not pass through the EXP-16 card.

Compute. and Data Logger The computer collects the data from the LVDT, the
load cell, the two thermocouples and the pressure transducer. The computer used
is a Pro-Spec 286 IBM clone with 1 MB of RAM, 40 MB hard drive and two disc
drives. The operating system used was DOS version 4.1. The data logging card,

DAS-8, is installed inside the computer. This card collects and converts the output
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voltages from the different measuring devices into binary bits for storage in the
computer. A computer software was developed using “QuickBASIC™ to initialize
the computer and collect the data. Extra details on the data acquisition system is

given in section E.3.

Description of the Triaxial Chamber

Figure E.5 shows the principal features of the triaxial cell used in the current

testing program. For item identification refer to the corresponding numbers as shown in

the figure and described below.

1

Loading Room This is a 19mm diameter round stainless steel rod. It is used to
transfer the repetitive axial load from the bellofram to the test specimen inside the

cell.

Air Release Valve This valve releases the air pressure from the triaxial cell. It is
also used to indicate when the cell is full with water when this is used as a medium

fro applying the confining pressure.

Rubber O-Rings These rings are used to seal thc specimen with the rubber
membrane and to seal the perspex cylinder to the top and bottom plates of the

triaxial cell.

Loading Cap This a 102mm diameter by 16mm thick aluminum disc with a
depression on its top surface to seat the hemispherical end of the loading ram.
This plate evenly distributes the applied load over the entire surface area of the test

specimen.

Soil Specimen The triaxial chamber used in this study can accommodate a 204mm
high x 102mm diameter cylindrical specimen. The specimen is enclosed within a

rubber membrane and sealed with O-rings at both ends.
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Rubber Membrane Two rubber membranes were used to enclose the test
specimen. The objectives of the membranes were to prevent moisture loss from
the soil sample during testing and to bring the thermocouple assembly in contact

with the specimen to facilitate temperature measurements.

Perspex Cylinder This cylinder is 289mm high with a2 197mm outer diameter and a

178mm inner diameter.

Pressure Transducer Connection Valve This valve enables the connection of a line

to tI:» pressure transducer for the purpose of measuring the confining pressure.

Triaxial Chamber Base Plate This constitutes the base of the triaxial cel. It

contains three inlets. Two of these inlets are equipped with valves that arc used
for supplying and measuring the confining pressure inside the cell. The third inlet

is used as an exit for the load wires of the thermocouples.

Confining Pressure Connection Valve This valve supplies *he confining pressure

to the triaxial chamber.

Thermocouple Assembly The thermocouple assembly consists of a thin plastic

tube that contains two thermocouples. The thermocouples used are type T (i.e.
Copper-constantan) thermocouples with a diameter of 0.508mm and a load wire
length of 1830mm. Temperature measurements were performed at locations 25mm

from each end of the test specimen.

Mounting Screws Three equally spaced 12.7mm diameter threaded rods and three

studs used to seal the triaxial cell.

Top Cap of the Triaxial Chamber The top cap contains the pressure safety valve,

the air release valve, the entrance for the load ram as well as a threaded hole for

the seating of the LVDT core.
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14 Pressure Safety Valve This valve is set to release the cell pressure automatically
when it exceed a certain valve. The threshold pressure used is 175 kPa. This
safety feature is included in the design of the load cell to cater for the fact that
compressed air rather than water is used as the confining pressure medium. In the
absence of such safety precaution, the cell might explode without waring if

something went wrong during testing.

E.3 Automated Data Recording System

A data acquisition system was developed to collect data from the triaxial test. The
raw data was first recorded and stored in the computeg using a data acquisition software.
The recorded data was then processed using other computer programs to compute the
required resilient characteristics of the tested soil. All the coraputer software used for data
recording and processing were developed during the ccurse of this study. Following is a

description of the hardware and software that comprise the data logging system.

E.3.1 Data Acquisition Hardware

The data acquisition hardware consists of an IBM compatible microcomputer, an
EXP-16 board, a DAS-8 board and a solenoid pulser. Figure E.6 shows a schematic
diagram of the overall data acquisition system and how it is connected to the resilient
modulus test equipment (RME). The letters A, B, C and D refer to the RME unit, the

signal conditioner box, the 286 microcomputer and the solenoid puiser, respectively.

(i) Computer Hardware:

The computer used was a 286 PRO-SPEC IBM clone with 1 MB RAM
and a 40 MB hard drive. A 287 math coprocesser chip was installed inside the
computer to speed up the data collection and computation processes. The
computer also comes with one 5.25-in drive and a 3.5-in drive. This enables

storing the test data in either the hard drive or in back up floppy disks.
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MetraByte EXP-16 Board:

The MetraByte Universal Expansion Interface, Model No. EXP-16 is an
expansion multiplexer/amplifier system that can be used with any data acquisition
system. The EXP-16 board can accommodate up to 16 channels of analog
information. This board also amplifies, filters and condition< 1he input signals from
the test. The EXP-16 board then muitiplexes all the collected signals into one
channel (#7 in this system) which is fed to the DAS-8 Board. The EXP-16 also
provides a system for temperature measurements using standard type
thermocouples. This board is installed inside the signal conditioner box and is
connected to the DAS-8 board through a ribbon cable. For further information
pertaining to the EXP-16 board, refer to the EXP-16 Manual published by
MetraByte Corporation.

DAS-8 Board:

The DAS-8 board is an 8 channel 12 bit high speed analog/digital converter
and timer/counter board for the IBM and IBM compatible P.C.'s This board was
used to collect part of the test data in analog form and convert all data collected by
this board and the EXP-16 board from the analog format into a digital format for
use by the computer. The DAS-8 board has a full scale input for each channel of
+5 yolts with a resolution of 0.00244 volts (2.44 millivolts). The AID conversion

time is typically 25 microseconds with 35 microseconds maximum.

The DAS-8 board comes with a pre-programmed software package that
allows the user to configure the board to his/her own needs. The board also has a
programmable counter timer that provides periodic interrupts for the AID
converter. For further information regarding the DAS-8 board and how it can be
programmed for test data collection, refer to the DAS-8 Manual published by the

manufacturer, MetraByte Corporation.
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(iv) Solenoid Pulser
The function and operation of the solenoid pulser have previously been
described in section E2.1. The solenoid pulser box contains two separate
components. A pulser that is used for generating the dynamic repetitive load and a

channel selection multiplexor that is used to activate the designated loading bay.

E.3.2 Data Acquisition Software

The second step in the development of the data acquisition system was the writing
of a computer software to accomplish this objective, QuickBASIC program was written.
This program made use of the software provided with the DAS-8 board and a graphical

library program called Lab Windows.

The software supplied with the DAS-8 board provides the I/O driver routine that
controls the functions of the DAS-8 card. This routine is called " Das8-BIN" and can be
accessed from QuickBASIC using call statements. On the other hand, Lab Windows
software provides extensive graphical libraries that can be used by the QuickBASIC
program to display the collected data on the screen in a graphical from. This feature was

deemed essential to detect any anomalies in the system during repeated load testing.

The program uses the timer built in the DAS-8 board to collect the test data. This
timer is triggered by the solenoid pulser unit. Upon activation of the solenoid pulser unit,
it simultaneously sends two signals, one to the solenoid valve and the other to the DAS-8
board inside the computer. The solenoid valve signal controls the operation of the air
rams that load the specimen while the other signal invokes the DAS-8 board to start
recording the measured data from the load cells, the LVDT's, the pressure transducer and
the thermocouples. This continues for 100 milliseconds which constitutes the on-load
time period. This is then followed by a 900 milliseconds off-load period during which the

A/D converter within the DAS-8 board converts the collected analog information into
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digital information. Further computations done by the software are also performed during
the off-load period to convert the digital information from binary computer code into
engineering units. The collected test data, in engineering units, are then stored temporarily
in the computer RAM. This process is repeated every second until the test ends. Upon
completion of the repeated load test, the collected data is permaﬁently stored in user

specified files.

The QuickBASIC program written for the repeated loading test is illustrated in
section E.5.1. It contains all the information and comments pertaining to the test which

makes it self-explanatory.

E.4 Data Processing and Handling
Several computer programs were used to process the collected test data. These
programs were written in FORTRAN and were used to compute the resilient modulus and

permanent deformation values. The permanent deformation was computed as follows:

{H1 - H2DIF(1)]

Ep =100
P HI
where,
Ep = percent permanent deformation
H1 = initial sample thickness
H2DIF(I) = final sample thickness (as defined in

PDEF-IC-FOR & PDEF-IIc-For
programs in section E.5.2)

The resilient modulus was computed as follows:

Mg = _DSTRS(I)
RSTRN(I)

where,
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Mr = resilient modulus in psi (later

converted into kPa.

DSTRS(I) = Deviator stress in psi (as defined in
the MCALC-IC FOR & MCLC-
IIC.FOR programs in section
E.5.2)

RSTRN(I) = recoverable axial strain (as defined

in the MCALC-IC.FOR & MCLC-
IIC.FOR programs in section
ES5.2)

The listing of these computer programs together with example output files are

displayed in section E.5.2.
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E.S Listing of Computer Programs Used for Repeated Loading Tests

E.S.1 Triaxial Test Data Logging Program (MODULUZZ.BAS)

'‘Program MODULUZZ.BAS Used for Resilient Modulus Testing.

" This program is used to control the repeated triaxial load
‘test and to monitor and record the required test
'‘parameters."

ot o oo o ok o e kol ool o oo o e o o ok ook o 0 R o o o o o ok o o o o ok ok o o ok Ok ok ok ok ok

% *
“*  Program for DAS-8 used in array mode 5 and Lab Windows *
1% *

otk o o 2 i ok ol o ok oo ok ook ok o o ok o ok o o ook o o o ke o o e o ok o o o ook o ook ke ok ok ke ok ok o ok ke ok ok ok

DIM d%(6)
COMMON SHARED d%()
DECLARE SUB DASS (mode%, BYVAL dummy%, FLAG%)

ke a3 ok o ko ok ok o oo ok ok ok ok o o ook e o ke e o s o 2 ok ok ok ok o o o ok ok ok ook ok sk e ok ok ok ok ok ok ok ok ok ok ok ok ok

'( 1] Dimensioning the arrays required to store the collected data

|

GETMEM (45000&)

DIM a%(250)
DIM b%(16)

DIM CHO#(500) 'CJC readings
DIM CH1#(10025) 'LVDT CELL A,BorC
DIM CH4#(10025) 'LOAD CELL A,BorC

DIM CH7#(10025) 'PRESSURE TRANSDIM CH7#(10010) 'PRESSURE

'TRANS

DIM PP#(30) 'LOAD CELL A (RESET EVERY S£C.)

DIM TT(138)
DIM btemp%(16)



'{ I} System selection ( This step involves selecting Bay 1, 2 or 3 for M R testing).

DIM CHEX0#(401)
DIM CHEX1#(401)
DIM CHEX2#(401)
DIM CHEX3#(401)
DIM CHEX4#(401)
DIM CHEX5#(401)
DIM CHEX6#(401)
DIM CHEXT7#(401)
DIM CHEX8#(401)
DIM CHEX94(401)
DIM CHEX10#(401)
DIM CHEX11#(401)
DIM CHEX12#(401)
DIM CHEX13#(401)
DIM CHEX14#(401)
DIM CHEX15#(401)

ok e ok 3k 2 ok ok 3 ok ok ok ok s ok ok ok sk 3k ok ok ok sk 3 e ok ok o ok ok ke ok ok ok ok ok ok sk ok ok ok o ke o ok ok o o ke ok ok oK ok ok ok ok ok

'a%() will be filled with the acquired data. In Rev's earlier than 4.32

'this array would have to be placed in the COMMON area. As a result 'only
small amounts of data could be aquired. In Rev's 4.32, Mode 5 has 'been
changed. Here if d%(0) is a -1 then d%(2) will have the offset and 'd%(3)
will have the segment of the array one wishes to place the data in. 'This

'SAME AS CH7

‘TEMP CELL A

‘TEMP CELL B

‘TEMP CELL C

'NOT USED

‘TEMP DUMMY THICK
'TEMP DUMMY THICK
‘TEMP DUMMY THICK
‘TEMP DUMMY THICK
‘TEMP DUMMY THICK
"TEMP DUMMY THICK
‘TEMP DUMMY THICK
‘TEMP DUMMY THIN
'TEMP DUMMY THIN
‘TEMP DUMMY THIN
NOT USED

allows a user to aquire upto 32k of readings.

'NOTE that is d%(0) is not -1 then Mode 5 wilt operate as before

Faie 3k 3 ok o o 3 e ok ok 3 ok e sk oK ok o 3k ok ok ak o e ok ok ok ok ke ok ke ok o ok e ok ok o ok ok ok ok o o of ok o o ok ok ok ok ok ok ok o ok ok

SCREEN 0, 0, 0
KEY OFF
WIDTH 80

DO
CLS
LOCATE 1, 10

INPUT "Enter System Number (1,2,3) "; sysnum%
LOOP UNTIL sysnum% >= 1 OR sysnum% <= 3

load% = sysnum% + 3

load$ = STR$(load%)
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dis$ = STR$(sysnum%)

ON ERROR GOTO ERROREND
ON KEY(1) GOSUB KEYONE
KEY(1) ON

GOSUB 50000 'LOAD TEMPERATURE LINEARIZATION TABLE
‘Make initial screen announcement

CLS

'{ 111 | Create the graphical display on the screen ( This step involves using the
'LABWINDOWS software to create graphical strip charts and numeric ports on the
'screen for displaying the measured data) .

CALL GrfLReset(0, 0, 1, 1)
CALL SetPlotMode(0)

portsize% = 150 ‘Number of points in strip charts
SCOUNT% =0

port1% = CreatePort(0, 64, 30, 30)
CALL SetAxLbiVis(0, 0)

port2% = CreateStripChart (32, 64, 64, 30, -100.0, 400.0, 0.0, 1.0, portsize% * 25, 1, 1)
CALL SetAxLblVis(0, 0)

port3% = CreateStripChart (50, 32, 50, 30, -5000.0, 5000.0, 0.0, 1.0, portsize% * 25, 1,
1)

CALL SetAxLblVis(0, 0)

port4% = CreateStripChart (0, 32, 45, 30, 0.0, 75.0, 0.0, 1.0, portsize% * 25, 1, 1)
CALL SetAxLblVis(0, 0)

port5% = CreateStripChart (50, 0, 50, 30, -300.0, 500.0, 0.0, 1.0, porisize%, 1, 1)
CALL SetAxLblVis(0, 0)

port6% = CreateStripChart (64, 32, 30, 30, -2047.0, 2047.0, 0.0, 1.0, portsize%, 1, 1)
CALL SetAxLblVis(0, 0)

port7% = CreateStripChart (0, 0, 30, 30, -100.0, 100.0, 0.0, 1.0, portsize%, 2, 1)

CALL SetAxLblVis(0, 0)

port8% = CreateStripChart (32, 0, 30, 30, -2047.0, 2047.0, 0.0, 1.0, portsize%, 1, 1)
CALL SetAxLblVis(0, 0)

port9% = CreateStripChart (64, 0, 30, 30, -2047.0, 2047.0, 0.0, 1.0, portsize%, 1, 1)
CALL SetAxLblVis(0, 0)

portA% = CreateNumericPort(0, 94, 1, 8, 2, ", "")
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portC% = CreateNumericPort(0, 25, 1, 8,2, ", "")
portD% = CreateNumericPort(30, 25, 1, 8, 2, "", ")
portE% = CreateNumericPort(65, 94, 1, 8, 2, "", "")

portF% = CreateNumericPort(30, S, 1, 8,2, "", "")

portB% = CreateStripChart(64, 64, 30, 30, -2047, 2047, 0, 1, portsize%, 1, 1)
CALL SetAxLblVis(0, 0)

CALL SetActivePort(port1%)

CALL SetTitle("Load P (CH " + load$ + ")")
CALL SetGrdFrame(1)

CALL SetAxGridVis(1, 0)

CALL SetAxGridVis(0, 0)

CALL SetActivePort(port2%)

CALL SetTitle("Load Ibs (CH " + load$ + ")")
CALL SetGrdFrame(1)

CALL SetAxGridVis(1, 1)

CALL SetAxGridVis(0, 1)

CALL SetActivePort(port3%)

CALL SetTitle("Presure PSI X 100 (CH 7)")
CALL SetGrdFrame(1)

CALL SetAxGridVis(1, 1)

CALL SetAxGridVis(0, 1)

CALL SetActivePort(port4%)

CALL SetTitle("Dis in. X 1000 (CH " + dis$ + ")")
CALL SetGrdFrame(1)

CALL SetAxGridVis(1, 1)

CALL SetAxGridVis(0, 1)

CALL SetActivePort(port5%)

CALL SetTitle("TEMP (Deg C X 10) SYS #" + dis$)
CALL SetGrdFrame(1)

CALL SetAxGridVis(1, 1)

CALL SetAxGridVis(0, 1)

CALL SetActivePort(port6%)
CALL SetTitle("Channel EX1")
CALL SetGrdFrame(1)

CALL SetAxGridVis(1, 0)
CALL SetAxGridVis(0, 0)
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CALL SetActivePort(port7%)
CALL SetGrdFrame(1)
CALL SetAxGridVis(1, 0)
CALL SetAxGridVis(0, 0)

CALL SetActivePort(port8%)
CALL SetGrdFrame(1)
CALL SetAxGridVis(1, 0)
CALL SetAxGridVis(0, 0)

CALL SetActivePort(port9%)
CALL SetGrdFrame(1)
CALL SetAxGndVis(1, 0)
CALL SetAxGridVis(0, 0)

GOSUB TITLEPAGE ' This command bring in the title page screen
'| IV ] This part sets up the DAS-8 card ( This involves initializing the card, setting the
‘built-in timer rate for channel scanning and select the channels to be scanned).

360"
400 '--- Step 1: Initialize DAS-8 with mode 0
484 CLS
b% = &H300
486
490 d%(0) = b% 'I/O address of DAS-8 (change to suit)
S00 MD% =0 ‘initialize mode
510 FLAG% =0 'declare error variable

520 CALL DAS8(MD%, VARPTR(d%(0)), FLAG%)
530 IF FLAG% <> 0 THEN PRINT "Error in initialization": STOP

540'

600 '--- Step 2. Set timer rate

610 MD% =10 ‘Mode 10 for setting counter configuration
620 d%(0) = 2 'Operate on counter #2

630 d%(1)=3 'Configuration #2 = rate generator

640 CALL DAS8(MD%, VARPTR(d%(0)), FLAG%)

650 IF FLAG% <> 0 THEN PRINT "Error in setting counter 2 configuration": STOP
660"

670 'Prompt user for desired sample rate

680 CLS

690 F = 100

700" Output frequency = 2386.4/N KHz

710 N = 6000

720 IF N<2 OR N > 65535t THEN
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PRINT "Warning! A sample rate of "; F; " samples/sec is outside the range
of Counter 2"

GOTO 690
END IF
730 MD% =11 ‘Mode 11 to load counter
740 d%(0) = 2 '‘Operate on counter #2

750 d%(1) = 7356  '(11.77 MHz/ 2)/ 7,356 = 800 reading / sec.
'OR 80 readings / 100 msec. = 10 readings /channel

760 CALL DAS8(MD%, VARPTR(d%(0)), FLAG%)
770 IF FLAG% <> 0 THEN PRINT "Error in loading counter 2": STOP
780 'Pin 6 (Counter 2 Out) should now be producing the selected frequency.
790"
800 'Now fetch duration of scan
810
DS=.2
820 'Translate duration in a number of conversions for mode S
830 'Number of conversions = duration x sample rate
840 NC=DS *F
850"
900 '--- Step 3: Select the channel to scan
910 Note this program only looks at one channel, but by setting LL% and UL%
920 'to the desired scan imits, the channels will be stored in array A%
930 'in the order scanned, for example if LL%= 1 and UL% = 3 then:-

940" A%(0) = channel 1 data
950" A%(1) = channel 2 data
960" A%(2) = channel 3 data
970" A%(3) = channel 1 data etc.

980 'The rest of the program can be modified to handle multiple channel
990 'graphs and data files.

1000 MD% = 1 'Set scan limits, mode 1
LL% =0

1010 d%(0) = LL%

1020 UL% =7
d%(1) = UL% 'sample on one channel only

1030 CALL DAS8(MD%, VARPTR(d%(0)), FLAG%)
1040 IF FLAG% <> 0 THEN PRINT "Error in setting channel scan limits": STOP
1050’

GOTO 4000
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ModeS5:

1250 MD% =5  'Mode S, do conversions direct to array
1260 d%(0) = -1 'Set to -1 to indicate that d%(2) will have offset
‘and d%(3) will have segment of array
1261 d%(2) = VARPTR(a%(0))
1262 d%(3) = VARSEG(a%({(0))
NC =200
1270 d%(1) = NC "‘Number of conversions NC = .2 * 100
1280
1290 CALL DAS8(MD%, VARPTR(d%(0)), FLAG%)
1300 IF FLAG% <> 0 THEN
BEEP
GOTO 1250
'PRINT "Error in setting mode 5": STOP
END IF

'| V | Data conversion within the DAS-8 card ( This step involves converting the data
'‘collected by the DAS-8 card from a binary format into engineering units of load,
'displacement and degree Celcius).

COUNT% =0
1305
FOR COUNT% =0 TO 24

CHO#(lop%) = a%(0 + (COUNT% * 8))

IF sysnum% = 1 THEN
CH4#(COUNT% + SCOUNT%) = (.71345029 * (a%(3 + sysnum¥% + (COUNT%
*8)))
CHI#(COUNT% + SCOUNT%) = (.12754 * (a%(sysnum% + (COUNT% * 8))))
END IF

IF sysnum% =2 THEN
CH4#(COUNT% + SCOUNT%) = (.68732394 * (a%(3 + sysnum% + (COUNT%
* 8)))
CH1#(COUNT% + SCOUNT%) = (.12726 * (a%(sysnum% + (COUNT% * 8))))
END IF
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IF sysnum® = 3 THEN
CH4#(COUNT% + SCOUNT%) = (.67403314 * (a%(3 + sysnum% + (COUNT%

i)
CH1#(COUNT% + SCOUNT%) = (.12896 * (a%( sysnum% + (COUNT% * 8))))
END IF

CH7#(COUNT% + SCOUNT%) = (2.44 * (a%(7 + (COUNT% * 8))))
PP#(COUNT%) = a%(3 + sysnum% + (COUNT% * 8)) 'channel 4 load cell

NEXT COUNT%

1306

SCOUNT% = SCOUNT% +25 'INCREMENT SCAN COUNT 25 FOR 25
READINGS EVER SEC.

1310 RETURN
’

[ V1] Reading and plotting collected data (This step invoives reading channels 0 to 7
'on DAS-8 and channels 0 to 15 on EXP-16 cards and displaying the collected data
‘graphically on the screen. This include axial repetitive load, axial displacement,
‘confining cell pressure and temperature measurements in actual engineering units).

4000
CALL SetPlotMode(0)
CALL GrfPrint(0, 0, "Press F1 to stop test! ")
DO
PLT = TIMER

GOSUB ModeSs 'Reads DAS-8 channels 0 to 7
GOSUB MODE22 'Reads EXP-16 channels 0 to 15

40072



'---- Displa, ' . on screen and return to menu

'st=TIMER + 1

GOSUB PLOT1
GOSUB PLOT2
GOSUB PLOT3
GOSUB PLOT4
GOSUB PLOT5

IF grferr <> 0 THEN GOTO GRPHERR

'EPLT = TIMER
GOSUB PLOTA
GOSUB PLOTC
GOSUB PLOTD
GOSUB PLOTE
GOSUB PLOTF

lop% = lop% + 1

IF lop% >= 299 THEN GOTO KEYONE

LOOP

END

4010 CLS

4020 LOCATE 25, 1: PRINT "Press any key to STOP/START display, <ESC> key to
return to data storage menu "; : LOCATE 1, 1

4030 PRINT "Time
4040 FOR1=0TO NC

4050 PRINT I/ F, a%(I) * 5 /2048
4060 a$ = INKEY$
4070 IF 2% = CHR$(27) THEN I=NC +3
4080 IF a$ < "" THEN GOTO 4140
4090 NEXT 1
4100 IF I = NC + 3 GOTO 1400
4110 COLOR 0, 7: PRINT " Press any key to return to data storage menu "; : COLOR 7,

0

-PLT

Channel data (volts)"

4120 IF INKEY$ = "" GOTO 4120
4130 GOTO 1400
4140 FOR K =1 TO 50: NEXT K ‘delay
4150 IF INKEYS = "" GOTO 4150

4160 GOTO 4090

419
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4170 END
KEYONE:

CALL SetDisplayMode(0) ' This return the display back to QuickBASIC
text screen
‘| VI ] This part saves the test data to two ASCII files ( The first file, called
xxxxxxxx.dat, contains the load-deformation data while the second, named
xxxxxxxx.tmp, contains the temperature data).

FILEDATA:
CLS
LOCATE 3, 1
INPUT "Enter Data File Name "; DAFNS
IF LEN(DAFNS$) > 7 THEN GOTO FILEDATA

LOCATE 5, 1

INPUT "Enter Drive (A, B, C) "; DRNUM$
LOCATE 7, 1

INPUT "Enter Sub Directory "; SUB$

IF LEN(SUBS) > 0 THEN SUBS$ = SUB$ + "\"

LOCATE9, 1
OPFLS$ = DRNUMS + ":\" + SUBS$ + DAFN$
PRINT "Data will be saved to files "; OPFLS; " .DAT and . TMP "

LOCATE 11, 1

INPUT "Is this file name and drive correct (Y/N) 7 "; YN$
YN$ = UCASES$(YNS)

IF YN$ = "N" THEN GOTO FILEDATA

TBS$ = CHR$(9)

CLS

PRINT "SAVING DATA FILE"

OPEN OPFLS$ + ".DAT" FOR OUTPUT AS #1
PRINT #1, "SYSTEM NUMBER"; TB$; sysnum%
PRINT #i, "Displacement”; TBS; "Applied Load"; TB$; "Cell Pressure”
FOR SCAN% =0 TO lop% * 25

LOCATES, 1
PRINT "PERCENTAGE DONE ";



PRINT USING "###"; (SCAN% / (lop% * 25) * 100)
PRINT #1, CH1#(SCAN%), TBS,;
PRINT #1, CH4#(SCAN%); TBS; CHT#(SCAN%)
NEXT SCAN%
CLOSE 1
CLS
PRINT "SAVING TEMPERATURE FILE "

OPEN OPFLS + " TMP" FOR OUTPUT AS #1
PRINT #1, "SYSTEM NUMBER"; TB$; sysnum%
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PRINT #1, "Temp A"; TBS; "Temp B"; TBS, "Temp C"; TBS$; "Temp Dumb

1"; TB$; "Temp Dumb 2"; TB$; "Temp Dumb 3";

PRINT #1, TBS; "Temp Dumb 4"; TBS$; "Temp Dumb 5"; TBS; "Temp Dumb

6"; TBS; "Temp Dumb 7";
PRINT #1, TBS; "Temp Dumb 8"; TB$; "Temp Dumb 9"
FOR SCAN% = 0 TO lop%
LOCATE 5, 1
PRINT "PERCENTAGE DONE *;
PRINT USING "###"; (SCAN% / (lop% * 10) * 1000)

PRINT #1, CHO#(SCAN%); TB$; CHEX1#(SCAN%); TBS;
CHEX2#(SCAN%); TB$; CHEX3#(SCAN%); TB$;
PRINT #1, CHEX4#(SCAN%); TB$; CHEX5#(SCAN%); TB$,
CHEX6#(SCAN%); TB$; CHEXT#(SCAN%); TBS,
PRINT #1, CHEX8#(SCAN%); TBS$; CHEX9#(SCAN%); TBS$;
CHEX10#(SCAN%); TBS;
PRINT #1, CHEX11#(SCAN%);, TBS$; CHEX12#(SCAN%); TBS;
CHEX13#(SCAN%); TBS;
PRINT #1, CHEX14#(SCAN%); TB$; CHEX15#(SCAN%); TBS;
NEXT SCAN%
CLOSE 2
END
RETURN

PLOTI:
CALL SetActivePort(port1%)
CALL SetPlotMode(0)
CALL SetLblColor(15)

'CALL SetYDataType (1)
CALL SetAxAuto(1, 0)



CALL SetAxRange(1, -100, 400, 10)

CALL RemovePlots(port1%)
CALL GrfYCurv2D(PP#(), 25)
RETURN

PLOT2:

CALL SetActivePort(port2%)

CALL GrfStrip(port2%, CH4#(), (lop% * 25), 25, 0)
RETURN

PLOT3:

CALL SetActivePort(port3%)

CALL GrfStrip(port3%, CH7#(), (lop% * 25), 25, 0)
RETURN

PI.OT4:

CALL SetActivePort(port4%)

CALL GrfStrip(port4%, CH1#(), (lop% * 25), 25, 0)
RETURN

PLOTS:
CALL SetActivePort(port5%)
SELECT CASE sysnum%
CASE 1
CALL GrfStrip(port5%, CHEX1#(), lop%, 1, 0)

CASE 2
CALL GrfStrip(purt5%, CHEX2#(), lop%, 1, 0)

CASE 3
CALL GrfStrip(port5%, CHEX3#(). lop%, 1, 0)
END SELECT

RETURN

PLOT6:

CALL SetActivePort(port6%)

'CALL GrfStrip (port6%, CHS#(), lop%, 1, 0)
RETURN

PLOTTY:
CALL SetActivePort(port7%)
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'CALL GrfStrip (port7%, CHPL7#(), 0, 2, 0)
RETURN

PLOTS:

CALL SetActivePort(port8%)

CALL GrfStrip(port8%, CH7#(). lop%, 1, 0)
RETURN

PLOT9:

CALL SetActivePort(port9%)

CALL GrfStrip(port9%, CH7#(), lop%, 1, 0)
RETURN

PLOTA:
CALL SetActivePort(portA%)
CALL GrfNumeric(portA%, lop%)
CALL GrfLReset(0, 0, 0, 0)
RETURN
PLOTC:
CALL SetActivePort(portC%)

CALL GrfNumeric(portC%, CH1#(lop% * 25))

CALL GrfLReset(0, 0, 0, 0)
RETURN

PLOTD:
CALL SetActivePort(portD%)

CALL GrfNumeric(portD%, CH7#(lop% * 25))

CALL GrfLReset(0, 0, 0, 0)
RETURN

PLOTF:
CALL SetActivePort(portF%)
IF sysnum% = 1 THEN
CALL GrfNumeric(portF%, CHEX1#(lop%))
END IF

IF sysnum% = 2 THEN
CALL GrfNumeric(portF%, CHEX2#(lop%))
END IF

IF sysnum% = 3 THEN
CALL GrfNumeric(portF%, CHEX3#(lop%))
END IF

423
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CALL GrfLReset(0, 0, 0, 0)
RETURN

PLOTE:
CALL SetActivePort(portE%)
CALL GrfNumeric(portE%, CH4#(lop% * 25))
CALL GrfLReset(0, 0, 0, 0)

RETURN

MODE22:

MD% = 1

d%(0) = 7

d%(1) =7

CALL DAS8(MD%, VARPTR(d%(0)), FLAG%)
NC =16

LO% =0

U0% = 15

AV% = 10

MD% = 22

d%(0)=3 +0 'INTERRUPT LEVEL 3

d%(1) = -1

d%(6) = VARPTR(b%(0))

d%(7) = VARSEG(b%(0))

d%(2) =NC 'NUMBER OF CONVERTIONS

d%(3)=L0% 'EXP-16 CHANNEL LOW

d%(4) =UO% 'EXP-16 CHANNEL HIGH

d%(5)=AV% 'NUMBER OF AVERAGES PER CHANNEL

CALL DAS8(MD%, VARPTR(d%(0)), FLAG%)

IF FLAG% <> 0 THEN
PRINT "ERROR IN MODE 22"
STOP

END IF

SSTIME = TIMER + 2

DO
MD% = 20
CALL DAS8(MD%, VARPTR(d%(0)), FLAG%)



IF FLAG% <> 0 THEN
BEEP
STOP
END 'F
'PRINT d%(1), FLAG%, NC

LOOP UNTIL d%(1) >= NC

FOR CONTEMP% =1 TO 15

CONTEMPDATA% = b%(CONTEMP%)

GOSUB TEMPC

btemp%(CONTEMP%) = INT(TC * 10)

NEXT CONTEMP%

CHEXO0#(lop%) = b%(0)

CHEX1#(lop%) = btemp%(1)
CHEX2#(lop%) = btemp%(2)
CHEX3#(lop%) = btemp%(3)
CHEX4#(lop%) = btemp%(4)
CHEX5#(lop%) = btemp%(5)
CHEX6#(iop%) = btemp%(6)
CHEX7#(1op%) = btemp%(7)
CHEX8#(lop%) = btemp%(8)
CHEX9#(lop%) = btemp%(9)

CHEX10#(lop%) = btemp%(10)
CHEX11#(lop%) = btemp%(11)
CHEX 12#(lop%) = btemp%(12)
CHEX 13#(lop%) = btemp%(13)
CHEX 14#(lop%) = btemp%(14)
CHEX15#(lop%) = btemp%(15)

MD% = 1
d%(0) = 0
d%(1) =17

'pressure measurement
'The rest are Tempurature T type
'thermocouple measurements

CALL DAS8(MD%, VARPTR(d%(0)), FLAG%)

RETURN
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5110

'[ VII ] This part is a subroutine used for displaying a title page on the screen at the
'beginning of the test. The title page contains the name of the software developed
'together with further instructions as what to do next.

TITLEPAGE:

CLS

LOCATE 1, 12

PRINT "University of Alberta, Department of Civil Engineering"
LOCATE 2, 28

PRINT "Transportation Division"

LOCATE 4, 2%

PRINT "RESILIENT MODULUS TESTING SOFTWARE"
LOCATE 6, 30

PRINT "Written by Dale Lathe"

LOCATE 21, 26

PRINT "PRESS ANY KEY TO START TEST!"

DO
LOOP UNTIL INKEY$ <>""

RETURN
ERROREND:

CALL SetDisplayMode(0)

CLS

PRINT "ERROR #"; ERR; " ON LINE "; ERL
PRINT "Press any key to continue "

DO

LOOP UNTIL INKEY$ <>""

GOSUB FILEDATA
STOP

GRPHERR:
CALL SetDisplayMode(0)
CLS
PRINT "ERROR # "; grferr
PRINT "Press any key to continue "
DO
LOOP UNTIL INKEY$ < "
END
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*

'[ IX | This part involves convertiny temperture data from binary format into degree
‘Celcius.
TEMPC:

CJC = CHO#(lop%) / 10

V = CONTEMPDATA% / ©:920
'VT = (1000 * Vj +.992 + ((CIJC - 25) * .040667)'VT in mV
GOSUB 51000

RETURN

50000 '--------- Table lookup data for T type thermocouple
50010 'Run this subroutine only in the initialization section of your program
50020 Number of points, voltage step interval (mV), starting voltage (mV)

NT =138
SIT = 2
SVT =-64

50050 'Temperature at -6.4mv, -6.2mV, -6.0mV etc.

50060 DATA -324.6,-253.7,-229.4,-213.5,-199.8,-187.8,-176.8,-166.6,-157.0,-147.9
50070 DATA -139.2,-131.0,-123.0,-115.4,-108.0,-100.8, -93.8, -87.0, -80.4, -74.0
50080 DATA -67.7, -61.5, -55.4, -49.4, -43.6, -37.9, -32.2, -26.7, -21.2, -15.8
50090 DATA -10.5, -5.2, -0.0, 5.1, 10.2, 15.3, 20.3, 25.2, 30.1, 349

50100 DATA 39.7, 44.5, 49.2, 53.8, 584, 63.0, 67.6, 72.0, 76.5, 80.9
50110 DATA 85.3, 89.7, 94.0, 98.3,102.6, 106.8, 111.1, 115.3,119.4, 123.6
50120 DATA 127.7, 131.8, 135.9, 139.9, 143.9, 148.0, 151.9, 155.9, 159.9, 163.8
50130 DATA 167.7,171.6, 175.5, 179.3, 183.2, 187.0, 190.8, 194.6, 198.4, 202.1
50140 DATA 205.9, 209.6, 213.3, 217.0, 220.7, 224.4, 228.1, 231.7, 235.4, 239.0
50150 DATA 242.6, 246.2, 249.8, 253.4, 256.9, 260.5, 264.0, 267.6, 271.1, 274.6
50160 DATA 278.1, 281.6, 285.1, 288.6, 292.1, 295.5, 299.0, 302.4, 305.8, 309.3
50170 DATA 312.7,316.1, 319.5, 322.9, 326.3, 329.6, 333.0, 336.4, 339.7, 343.1
50180 DATA 346.4, 349.7, 353.0, 356.4, 359.7, 363.0, 366.3, 369.6, 372.8, 376.1
50190 DATA 379.4, 382.6, 385.9, 389.2, 392.4, 395.6, 398.9, 402.1

50200
50210 FORI=0TONT - 1
READ TT(I)
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NEXT I

50220 RETURN
50230

51000 '---eem- Interpolation routine to find T thermocouple temperature -----
51010 'Entry variables:-

51020' CIJC = cold junction compensator temperature in deg. C.

51030' V =thermocouple voltage in volts

51040 'Exit variables:-

51050' TC = temperature in degrees Centigrade

51060' TF = temperature in degrees Fahrenheit

51070 'Fxecution time on std. IBM P.C. = 46 milliseconds

51080 'Perform CJC compensation for T type

51090 VT = (1000 * V) +.992 + (CJC - 25) * .040667 'VT1 .V
51100
51110 'Find look up element

S1120 ET = INT(VT+64)/2) 'SIT=2 SVI=-64

51130 IF ET <0 THEN
TC = TT(0)
GOTO 51170  'Out of bounds, round to lower limit
END IF

51140 IF ET > NT - 2 THEN
TC = TT(137)
GOTO 51170  'Out of bounds,round to upper limit
END IF

51150 Do interpolation

51160 TC = TT(ET) + (TT(ET + 1) - TT(ET)) * (VT - ET * SIT - SVT)/
SIT'Centigrade

51170 'TF =(TC * { 8}~ 32 'Fahrenheit

51180 RETURN
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Table E.1: Typical Resilient Modulus Raw Data File

SYSTEM NUMBER 2

Displacerent Applicd Load Cell Pressure
37.66896 24.05634 631.96001
37.54170 27.49296 636.84001
37.79622 32.99155 634.40001
38.30526 43.30141 619.76001
39.70512 51.54930 631.96001
39.83238 52.92394 639.28001
40.46868 56.36056 627.08001
40.46868 52.92394 636.84001
40.34142 54.29859 631.96001
40.34142 55.67324 636.84001
40.72320 52.92394 627.08001
40.59594 52.92394 636.84001
40.34142 46.73803 624.64001
39.32334 36.42817 634.40001
38.68704 31.61690 629.52001
38.94156 31.61690 636.84001
38.43252 32.99155 631.96001
38.55978 30.92958 634.40001
38.05074 25.43099 627.08001
37.79622 24.74366 636.84001
37.79622 25.43099 634.40001
37.79622 26.80563 634.40001
37.79622 27.49296 627.08001
37.79622 25.43099 639.28001
37.66896 27.49296 631.96001
37.54170 28.18028 622.20001
37.79622 35.05352 636.84001
38.81430 45.36338 624.64001
39.83238 50.17465 631.96001
40.21416 52.92394 631.96001
40.34142 52.92394 634.40001
40.72320 52.92394 631.96001
40.59594 54.98592 631.96001
40.59594 53.61127 629.52001
40.59594 52.92394 629.52001
40.85046 52.92394 627.08001
40.97772 4467606 634.40001
39.45060 33.67887 636.84001
37.79622 29.55493 624.64001
38.30526 30.92958 636.84001
38.30526 30.24225 634.40001
38.17800 28.18028 619.76001
37.79622 25.43099 634.40001

37.92348 25.43099 622.20001



37.92348
37.54170
37.79622
37.79622
37.66896
37.66896
37.92348
37.54170
37.66896
38.30526
39.32334
39.83238
40.34142
40.72320
40.34:42
40.34142
4097772
40.97772
40.59594
39.57786
38.81430
38.81430
38.30526
38.30526
38.05074
37.79622
37.66896
37.92348
37.79622
37.92348
37.54170
37.28718
37.79622
37.79622
38.30526
39.06882
40.08690
40.46868
40.46868
40.34142
40.85046
40.72320
40.72320
40.85046
40.34142
39.06882
38.43252
38.55978
38.30526
38.17800
37.79622
37.79622

25.43099
24.74366
25.43099
28.86761
25.43099
25.43099
25.43099
27.49296
32.30423
40.55211
49.48732
52.92394
55.67324
52.92394
55.67324
36.36056
53.61127
52.92394
47.42535
35.05352
29.55493
32.99155
31.61690
29.55493
27.49296
27.49296
24.74366
24.05634
24.74366
25.43099
25.43099
25.43099
26.80563
30.92958
39.17746
49.48732
52.92394
55.67324
55.67324
54.29859
53.61127
54.98592
54.98592
51.54930
43.98873
32.99155
30.92958
34.36620
28.18028
25.43099
26.11831
25.43099

639.28001
634.40001
619.76001
636.84001
617.32001
636.84001
634.40001
627.08001
631.96001
627.08001
636.84001
631.96001
629.52001
636.84001
631.96001
624.64001
631.96001
636.84001
617.32001
631.96001
634.40001
624.64001
636.84001
631.96001
619.76001
631.96001
629.52001
619.76001
636.84001
631.96001
622.20001
627.08001
634.40001
631.96001
634.40001
636.84001
636.84001
634.40001
636.84001
636.84001
627.08001
631.96001
631.96001
622.20001
639.28001
631.96001
627.08001
624.64001
636.84001
636.84001
634.40001
624.64001

430



37.79622
37.79622
37.79622
37.79622

KEY:

[1] System Number refers to the load bay used in test 2 is the middle bay in Figure E.1)

24.74366
24.74366
24.05634
25.43099

634.40001
636.84001
631.96001
617.32001

(2] Displacement refers ts the LVDT readings. (inch /1000)

[3] Applied Load refers to the repetitive axial load readings. (Ib)
[4] Cell Pressure refers to the confining pressure readinds. (psi x 100)

Note:

* This is a typical stress-strain data file that is produced by MODUL UZZ.BAS Program
(1) The data shown in the table above are those pertaining to only four load cycles.
(2) Every load cycle contains three sets of test data , i.e. displacement, axial load

and confining pressure, of twenty five readings each.
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E.5.2 Triaxial Test Data Processing Programs
(I) Permanent Deformation Programs

Two programs, PDEF-IC and PDEF-IIC, are used for permanent deformation
computatior  The two progarms are identical with only one exception. PDEF-IC is used
to analyze ... iirst load sequence data where the initial sample height is to be input
manually whereas PDEF-IIC program is used to analyze the test data for the remaining
load sequences utif'zing soil sataple height(s) computed from previous runs of either
PDEF-IC or PDEF-.IC.

(a) Program PDEF-IC.for nsed for Computation of Fermanent Deformation

" IMPLICIT REAL*t . »Z)"
"  CHARA TER *12Fi. »,FILE7FILES FILE6FILE4"
" CHARACTER *80 TITLE1, TITLE2"
CHARACTER *4 NUMBERS
CHARACTER *1 CH(4)
" DIMENSION HF(200), HFA(200),HFINAL(4),DIF(4) HQART(4)"
" DIMENSION H2DIF(4),DLDIF(4),HFFDIF(4)"
" WRITE(*,201)"
201 FORMAT (' ENTER GROUP NUMBER AND LOAD SEQUENCE NUMBER ')
" READ (**) NUMBERS"
" READ (NUMBERS,11) (CH(I),]=1,4)"
11 FORMAT(12(Al))
IF(CH(4).EQ.'") THEN
IF(CH(3).EQ.') THEN
" WRITE(FILES,11) 'G,CH(1),-,CH(2), ' D'/A",'T"
" WRITE(FILE7,11)'D",CH(1),-,CH(2),"'D' A" 'T"
" WRITE(FILES,11) 'D'H'F"/A'CH(1),-,CH(2),""' D", A", T"
" WRITE(FILEG,11) 'D'/H',CH(1),-,CH(2),",\ D A", T"
" WRITE(FILE4,11) 'D''D'T,F,CH(1),-,CH(2),",'D' /A" T"
ELSE
" WRITE(FILES,11) 'G'CH(1),-,CH(2),CH(3),"\D'}A" ‘T"
" WRITE(FILE7,11) 'D',CH(1),,CH(2),CH(3),", D'/ A" [
" WRITE(FILES,11) D''H''F'/A"CH(1),-,CH(2),CH(3),", D' /A"
L] &O’lT'"
" WRITE(FILE6,11) ‘D' /H',CH(1),-,CH(2),CH(3),", D' A" T"
" WRITE(FILE4,11) D' /DT, F,CH(1),",CH(2),CH(3),"", D' A"
" &l,'Tl"
ENDIF
ELSE
" WRITE(FILES,11) 'G',CH(1),-,CH(2),CH(3),CH(4),",D'/A\) T"
" WRITE(FILE7,11) 'D',CH(1),-,CH(2),CH(3),CH(4),,'D'A"'T"
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" WRITE(FILES,11) 'D'/H''F''A"' CH{1),-,CH(2),CH(3),CH(4),".,"
" &DA,T"
" WRITE(FILE6,11) 'I',H',CH(1),-',CH(2),CH(3),CH(4),"., D', A","
&T
" WRITE(FILE4,11) 'D',D'T,F,CH(1),-,CH(2),CH(3),CH(4),","
" &'D'"A’,!T!ll
ENDIF
" OPEN (UNIT=5,FILE=FILES,STATUS='OLD")"
" OPEN (UNIT=7,FILE=FILE7,STATUS=NEW')"
" OPEN (UNIT=8,FILE=FILE8, STATUS=NEW")"
" OPEN (UNIT=6FILE=FILE6, STATUS=NEW")"
" OPEN (UNIT=4,FILE=FILE4,STATUS=NEW") "
" READ (5,220)TTiLEl"
" READ (5,220)TITLE2"
220 FORMAT(A80)
" WRITE(*,203)"
203 FORMAT (' ENTER NUMBER OF DATA SETS')
" READ (**) NSETS"
" WRITE(*204)"
204 FORMAT (' ENTER NUMBER OF POINTS ')
" READ (**) NVARS"
" WRITE(*230)"
230 FORMAT(' ENTER H1 )
" READ (**) HI1"
" WRITE(*,290) "
290 FORMAT(' ENTER PBALANCE )
" READ (**) PBAL"
" WRITE(7,221)"
" 221 FORMAT( LV1 , LV25 , LCl , LC25 , LV25-LV1"
" &,LC25-LC1 , LVCUM , HF(I) , HFA(l), LCCUM, "
& P3AVG )
ACUM=0.0
BCUM=0.0
CCUM=0.0
CCUMT=0.0
" DO 100 I=1,NSETS"
" DO 101 J=1,NVARS"
" READ(5,*) A,B,C"
IFJ.EQ.1) Al =A
IFJ.EQ.1)B1 =B
IF(J.EQ.NVARS) A25 = A
IF(J.EQNVARS) B25 =B
CCUM=CCUM+C
CCUMT=CCUMT+C
101 CONTINUE
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DIFA = A25-Al
DIFB = B25-Bi
ACUM=ACUM-+DIFA
BCUM=BCUM+DIFB
P3AVG=CCUM/NVARS
HF(I) = H1-(ACUM/1000.0)
IF(LEQ.1) HFA(1) = (H1+HF(1))/2.0
IF(LNE. 1) HFA(I) = (HF(I-1)+HF(I))/2.0
" WRITE(7,223)A1,A25,B1,B25 DIFA,DIFB,ACUM,HF(I), HFA(I),BCUM,P3AVG"
IF(1.EQ.1) AINIT = Al
IF(L.EQ.25) DIF(1) = A25-AINIT
IF(1.EQ.50) DIF(2) = A25-AINIT
IF(1.EQ.75) DIF(3) = A25-AINIT
IF(1.EQ.100) DIF(4) = A25-AINIT
CCUM=0.0
100 CONTINUE
CCUMTA=((CCUMT/NSETS/NVARS)-PBAL)/100
" 223 FORMAT(11(F11.5,,))"
" WRITE(7,224)ACUM,BCUM,CCUMTA"
" 224 FORMAT(LVCUM ="F15.9,, LCCUM =", F15.9,', P3GA =", F15.9)"
H2=H1 - (ACUM/1000.0)
DL= 100*((H1 - H2)/H1)
HFF = (H1 + H2)/2.0
" DO113I=14"
H2DIF(1)= H1 - (DIF(I)/1000.0)
DLDIF(I)= 100*((H1 - H2DIF(I))/H1)
HFFDIF(I) = (H1 + H2DIF(I))/2.0
113 CONTINUE
" WRITE(7,231)H2,HFF,DL"
" 23] FORMAT(' H2 ='F15.9,, HFF =*, F15.9,", DL =", F15.9)"
" DO 102 I=1,NSETS"
" WRITE(8,236)HFA(I)"
102 CONTINUE
236 FORMAT(F15.9)
" WRITE(8,236)"
" DO1101=14"
HFINAL(I)=H1-DIF(I)/1000.0
" WRITE(6,238) HFINAL(I)"
110 CONTINUE
238 FORMAT(F15.9)
" WRITE(7,250)"
250 FORMAT(QUARTER  DIF(])")
" WRITE(4,251)"
251 FORMAT(QUARTER  H2DIF() DLDIF(I)  HFFDIE(I))
" DO 115I=1,4"
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" WRITE(7,246)I,DIF()"
" WRITE(4,247)], H2DIF(I), DLDIF(1), Hi FDIF(I)"
115 CONTINUE
" 246 FORMAT(I3,5X,F15.9)"
" 247 FORMAT(13,3(3X,F15.9))"
STOP
END
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(b) Program PDEF-IIC.for used for Computation of Permanent Deformation

" IMPLICIT REAL*8(A-H,0-Z)"
" CHARACTER *12 FILES,FILE7 FILES,FILE6,FILE4 FILE3 "
" CHARACTER *80 TITLE1,TITLE2"
CHARACTER *4 NUMBERS3
CHARACTER *1 CH(4)
" DIMENSION HF(200), HFA(200),HINIT(4), DIF(4),HINITF(4)"
" DIMENSION H-DIF(4), DLDIF(4),HFFDIF(4)"
" WRITE(*,201)"
201 FORMAT (' ENTER GROUP NUMBER AND LOAD SEQUENCE NUMBER )
" READ (*,*) NUMBERS"
" READ (NUMBERS,11) (CH(I).I=1,4)"
11 FORMAT(12(A1))
" WRITE(*270)"
270 FORMAT (' ENTER INPUT FILE NAME FOR HINITIAL "
" READ (*,(A)) FILE4"
IF(CH(4).EQ.') THEN
IF(CH(3).EQ.'") THEN
" WRITE(FILES,11) 'G,CH(1),-,CH(2),"",) D', A", T*"
" WRITE(FILE7,11) 'D',CH(1),-,CH(2),., D', A", T"
" WRITE(FILES,11) 'D''H''F"/A" CH(1),-,CH(2),", D', A"\ T"
" WRITE(FILE6,11) 'D'/H',CH(1),-,CH(2),", D', A", "
" WRITE(FILE3,11) 'D''D"T,'F,CH(1),- CH(2), D', A" T"
ELSE
" WRITE(FILES,11) 'G,CH(1),-,CH(2),CH(3),"", D'/ A", T""
" WRITE(FILE7,11) ‘D',CH(1),-,CH(2),CH(3)," D'} A" ' T"
" WRITE(FILES,11) 'D''H'/F'A",CH(1),-,CH(2),CH(3)," ' D',/ A"
" &|’|Tm
" WRITE(FILE6,11) 'D'H,CH(1),-,CH(2),CH(3),",D',} A", T"
" WRITE(FILE3,11) 'D''D"T,'F,CH(1),-CH(2),CH(3), D' A"
" &l,le
ENDIF
ELSE
" WRITE(FILES,11) 'G\,CH(1),-,CH(2),CH(3),CH(4), D', A", T""
" WRITE(FILE7,11) 'D',CH(1),-CH(2),CH(3),CH(4), . 'D"/ A", T"
" WRITE(FILES,11) 'D'/H,F'A",CH(1),-,CH(2),CH(3),CH(4),"","
# &va’lA-’va
" WRITE(FILEG,11) 'D'H\CH(1),-,CH(2),CH(3).CH(4),, D' A","
&T
" WRITE(FILE3,11) D'/D\T,'F,CH(1),-,CH(2),CH(3),CH(4),"."."
L] &lDU’!A','THI
ENDIF
" WRITE(*,271) .
271 FORMAT(' ENTER THE QUARTER OF HINIT TO BE USED (1 TO 4))



" READ(** QUART"
" OPEN (UN{T=5,FILE=FILES,STATUS='OLD")"
" OPEN (UNIT=4,FILE=FILE4,STATUS='OLD") "
" OPEN (UNIT=7,FILE=FILE7,STATUS=NEW')"
" OPEN (UNiT=8 FILE=FILE8,STATUS=NEW')"
" OPEM (UNIT=6FILE=FILE6,STATUS=NEW")"
" OPEN (UNi1=3,FILE=FILE3,STATUS=NEW")
" READ (5,220)TITLE1"
" READ (5,220)TITLE2"
" DO 110 1=1,4"
" READ (4,*) HINIT(])"

110 CONTINUE

220 FORMAT(A$0)
" WRITE(*,203)"

203 FORMAT ( ENTER NUMBER OF DATA SETS')
" READ (**) NSETS"
" WRITE(*,204)"

204 FORMAT (' ENTER NUMBER OF POINTS )
" READ (**) NVARS"
" \WRITE(*,290)"

290 FORMAT (' ENTER PBALANCE ')
" READ (**) PBAL"
" YRITE(7,221)"
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v 221 FORMAT( LVl , LV25 , LC1 , LC25 , LV25-LVI"

" & LC25-LC1 , LVCUM , HF(l) , HFAQD ,
& P3AVG )
ACUM=0.0
BCUM=0.0
CCUM=0.0
CCUMT=0.0

" DO 100 I=1 NSETS"

" DO 101 J=1,NVARS"

" READ(5,*) A,B,C"
IFJ.EQ.1)Al = A
IFJ.EQ.1)B1 =B
IF(1. EQ.NVARS) A25 = A
IF(J.EQ.NVARS) B25 =B
CCUM=CCUM+C
CCUMT=CCUMT+C

101 CONTINUE
DIFA = A25-Al
DIFB = B25-B1
ACUM=ACUM+DIFA
BCUM=BCUM+DIFB
P3AVG=CCUM/NVARS

LCCUM "
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HE(I) = HINIT(IQUART)-(ACUM/1000.0)
IF(L.EQ.1) HFA(1) = (HINIT(IQUART)+HF(1))/2.0
IF(I.NE.1) HFA(I) = (HF(I-1)+HF(1))/2.0
" WRITE(7,223)A1,A25,B1,B25 DIFA DIFB,ACUM,HF(I) HFA(I),BCUM, P3AVG"
IF(LEQ.1) AINIT = Al
IF(LEQ.25) DIF(1) = A25-AINIT
IF(LEQ.50) DIF(2) = A25-AINIT
IF{L.EQ.75) DIF(3) = £75-AINIT
IF(LEQ.100) DTF(4) = A25-AINIT
CCUM=0.0
100 CONTINUE
CCUMTA=((CCUMT/NSETS/NVARS)-PBAL)/100
" 223 FORMAT(11(F11.5,,"))"
" WRITE(7,224)ACUM,BCUM,CCUMTA"
" 224 FORMAT(LVCUM = 'F15.9,, LCCUM ="', F15.9, P3GA ="', F15.9)"
H2= HINIT(IQUART) - (ACUM/1000.0)
DL= 100*((HINIT(IQUART) - H2)/HINIT(IQUART))
HFF = (HINIT(IQUART) + H2)/2.0
" DO 113 I=1,4"
H2DIF(I)= HINIT(IQUART) - (DIF(I)/1000.0)
DLDIF(I)= 100*((HINIT(IQUART) - H2DIF({))/HINITUQUART))
HFFDIF(I) = (HINIT(IQUART) + H2DIF(1))/2.0
113 CONTINUE
" WRITE(7,231)H2,HFF,DL"
" 231 FORMAT( H2 ="F15.9,, HFF =', F15.9,, DL =", F15.9)"
" DO 102 I=1,NSETS"
" WRITE(8,236)HFA(I)"
102 CONTINUE
236 FORMAT(F15.9)
" WRITE(8,236)"
" WRITE(7,291)"
291 FORMAT( IQUART DIF(I)")
" WRITE(3,292)"
292 FORMAT(' IQUART  H2DIF(I) DLDIF(I)  HFFDIF(I)")
" DO 1121=1,4"
HINITF(1)= HINIT(IQUART)-DIF(1)/1000.0
" WRITE(6,238) HINITF(l)"
" WRITE(7,246)I,DIF(I)"
" WRITE(3,251),H2DIF(I), DLDIF(I), HFFDIF(I)"
112 CONTINUE
“ 251 FORMAT(I3,3(3X,F15.9))"
" 246 FORMAT(I3,5X,F15.9)"
238 FORMAT(F15.9)
STOP
END
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(IT} Resilient Modulus Programs

Two programs, MCALC-IC and mCLC-IIC, are used for resilient modulus computations.
The two progarms are identical with only one exception. MCALCL-IC is used to analyze
the fir:: load sequence data where the initial sample height is to be input manually whereas
MCL.C. {IC program is used to analyze the test data for the remaining load sequences
utilizii~ scil sample height(s) computed from previous runs of either MCALC-IC or
MCLZC-IC.

(a) Prog.- : m MICALC-IC.for used for Computation of Resilient Modulus

" IMPLIC!T REAL*8(A-H,0-Z)"
" CHARACTER *12 FILES FILE6 FILE7 FILES"
" CHARACTER *80 TITLE1,TITLE2"
CHARACTER *4 NUMBERS
CHARACTER *1 CH(4)
" DIMENSION HFA(200),AF(200),DSTRS(200), RSTRN(200)"
" DIMENSION RM(200),DST(200),RST(200),RMM(200),P3(200)"
" WRITE(*,201)"
201 FORMAT (' ENTER GROUP NUMBER AND LOAD SEQUENCE NUMBER ")
" READ (*,*) NUMBERS"
" READ (NUMBERS,11) (CH(I),I=1,4)"
11 FORMAT(12(Al))
IF\CH(4).EQ.'") THEN
IF(CH(3).EQ.'") THEN
" WRITE(FILES,11) 'G',CH(1),-,CH(2),"'D'; A", T"
" WRITE(FILE6,11) 'D',D"T,'F,CH(1),-,CH(2), ., D'/ A", T"
" WRITZ(FILE7,11) M, 'R',CH(1),-,CH(2), ") D' A", T"
" WRITE(FILES,11)'M,'R''Q,CH(1),-",CH(2),"",' D", A", T"
ELSE
" WRITE(FILES,11) 'G',CH(1),-,CH(2),CH(3),",, D', A", T"
" WRITE(FILE6,11)'D',D',T,F,CH(1),- ,CH(2),CH(3),"" D", A"
" &l,lTl"
" WRITE(FILE7,11) 'M''R',CH(1),-,\CH(2),CH(3),"", D' /A" T"
" WRITE(FILES,11) 'M''R,Q",CH(1),-',CH(2),CH(3),".,)D'' A", T""
ENDIF
ELSE
" WRITE(FILES,11) 'G',CH(1),-,CH(2),CH(3),CH(4),",\D',A",'T""
" WRITE(FILE6,11) 'D',D'I,'F ,CH(1),,CH(2),CH(3),CH(4),".,"
" &'DO’IAO,IT'"
" WRITE(FILE7,11) 'M'/R',CH(1),-,CH(2),CH(3),CH(4),"",D',A","
&T
" WRITE(FILES,11)'M''R',Q",CH(1),-,CH(2),CH(3),CH(4),"'D","
" &o A"on
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ENDIF
" OPEN (UNIT=5,FILE=FILES,STATUS='OLD")"
" OPEN (UNIT=6,FILE=FILE6,STATUS='OLD)"
" OPEN (UNIT=7,FILE=FILE7,STATUS=NEW""
" OPEN (UNIT=8,FILE=FILE8,STATUS=NEW') "
" READ (5,220)TITLE1"
" READ (5,220)TITLE2"
220 FORMAT(A80)
" READ (6,220)TITLE2"
" WRITE(*,203)"
203 FORMAT (' ENTER # OF DATA SETS AND # OF POINTS))
" READ (**) NSETS,NVARS"
" WRITE(*,204)"
204 FORMAT (' ENTER SAMPLE DIAMETER)
" READ (**) DIA"
" WRITE(*,240)"
240 FORMAT ( ENTER INITIAL SAMPLE HEIGHT ")
" READ(*,*) H1"
" WRITE(*,276)"
276 FORMAT( ENTER QUARTER TO BE USED FOR ANALYSIS')
" READ(**) IQUART"
" WRITE(7,222)"
" 222 FORMAT( AMIN , BMIN , AMAX , BMAX , A25 "
" & B25, DIFAR, DIFBR . DIFAP , DIFBP, "
" &AF(I) , RSTRN , DS"XS , RM , P3 )"
" DO 102 I=1,JQUART"
" READ (6,*) I1,R1,R2 HFF .[F"
102 CONTINUE
" DO 300 I=1,200"
RSTRN(1)=0.0
DSTRS(I)=0.0
RM(1)=0.0
RST(1)=0.0
DST(1)=0.0
RMM(1)=0.0
300 CONTINUE
CCUM=0.0
PGRAND=0.0
" DO 100 I=1,NSETS"
AMAX=-1000000
BMAX=-1000000
AMIN=1000000
BMIN=1000000
CCUM=0.0
" DO 101 J=1,NVARS"
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" READ(5,*) A.B,C"
IFJEQ.1) Al=A
IF £Q.1) B1=B
IF().EQ.NVARS) A25=A
IF(J EQNVARS) B25=B
IF(A.LT.AMIN) AMIN = A
IF(A.GT. AMAX) AMAX = A
IF(B.LT.BMIN) BMIN =B
IF(B.GT.BMAX) BMAX =B
CCUM=CCUM+C
101 CONTINUE
DIFAR = AMAX-A25
DIFBR = BMAX-B25
DIFAP = A25 - Al
DIFBP = B25 - Bl
P3(I) = CCUM/NVARS
PGRAND=PGRAND+P3(I)
RSTRN(I) = DIFAR/HFFDIF/1000.0
AF(I) =H1 * DIA * DIA *3.14159265359/HFFDIF/4.0
DSTRS(I) = DIFBR/AF(I)
RM(I) = BSTRS(1)/RSTRN(I)
" WRITE(7,200) AMIN,BMIN,AMAX,BMAX A25B25 DIFAR,DIFBR,"
" &DIFAP,DIFBP,AF(I),RSTRN(I),DSTRS(I), RM(I),P3(I)"
100 CONTINUE
P3AVGF=PGRAND/NSETS/100.0
" 200 FORMAT(13(F11.5,."),F11.0," F11.5)"
RST(1)=(RSTRN(25)+RSTRN(24)+RSTRN(23)+RSTRN(22)+RSTRN(21))/5.0
RST(2)=(RSTRN(50)+RSTRN(49)+RSTRN(48)+RSTRN(47)+RSTRN(46))/5.0
RST(3)=(RSTRN(75)+RSTRN(74)+RSTRN(73)+RSTRN(72)+RSTRN(71))/5.0
RST(4)=(RSTRN(100)+RSTRN(99)+RSTRN(98)+RSTRN(97)+RSTRN(56))/5.0
DST(1)=(DSTRS(25)+DSTRS(24)+DSTRS(23)+DSTRS(22)+DSTRS(21))/5.0
DST(2)=(DSTRS(50)+DSTRS(49)+DSTRS(48)+DSTRS(47)+DSTRS(46))/5.0
DST(3)=(DSTRS(75)+DSTRS(74)+DSTRS(73)+DSTRS(72)+DSTRS(71))/5.0
DST(4)=(DSTRS(100)+DSTRS(99)+DSTRS(98)+DSTRS(97)+DSTRS(96))/5.0
RM(1)=(RM(25)+RM(24)+RM(23)+RM(22)+RM(21))/5.0
RM(2)=(RM(50)+RM(49)+RM(48)+RM(47)+RM(46))/5.0
RM(3)=(RM(75)+RM(74)+RM(73)+RM(72)+PM(71))/5.0
RM(4)=(RM(100)+RM(99)+RM(98)+RM{97)+RM(96))/5.0
K=NSETS/25
" DO 105I=1,K"
RMM(I)=DST(I)/RST(I)
105 CONTINUE
" WRITE(8,255)"
" 255 FORMAT( DST{), RST(), R\M(I) , RMM(I), P3AVGF")"
" DO 106 I=1,K"
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" WRITE(8,250) DST(I),RST(I), RM(I), RMM(I), P3AVGF"
106 CONTINUE
" 250 FORMAT(2(F11.5,.),2(F11.0,",),F7.1)"
" WRITE(7,277)HFFDIF"
" 277 FORMAT('HFFDIF = 'F15.9)"
STOP
END
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(b) Program MCLC-IIC.for used for Computation of Resilient Modulus

" IMPLICIT REAL*$(A-H,0-Z)"
" CHARACTER *12 FILES FILE6,FILE7,FILES FILE4"
"  CHARACTER *80 TITLE1,TITLE2"
CHARACTER *4 NUMBERS
CHARACTER *1 CH(4)
" DIMENSION AF(200),DSTRS(200),RSTRN(200),P3(200)"
" DIMENSION RM(200),DST(200),RST(200),RMM(200)"
" WRITE(*,201)"
201 FORMAT (' ENTER GROUP NUMBER AND LOAD SEQUENCE NUMBER )
" READ (**) NUMBERS"
" READ (NUMBERS,11) (CH(I),I=1,4)"
11 FORMAT(12(A1))
IF(CH(4).EQ.' ') THEN
IF(CH(3).EQ.'') THEN
" WRITE(FILES,11) 'G',CH(1),-,CH(2), " D''A", T"
" WRITE(FILE6,11) 'D"'D'T,F,CH(1),,CH(2),"'D' A" T""
" WRITE(FILE7,11) 'M',R',CH(1),-,CH(2),".'D' A", T""
" WRITE(FILES,11) 'M''R',QCH(1),-,CH(2), /D' A"'T"
ELSE
" WRITE(FILES,11) 'G',CH(1),-,CH(2),CH(3),". D', A", T"
" WRITE(FILES,11) 'D',D'T,'F,CH(1),-,CH(2),CH(3),",D' /A"
" &l,lTHl
" WRITE(F:_.." ., ™ CH(1),-,CH(2),CH(3)," 'D','A",'T"
" WRITE(FILEE,.:; *. "' Q.,CH(1),-,CH(2),CH(3), . D' A" 'T"
ENDIF
ELSE
" WRITE(FILE:,. i} 'G',CH(1),-,CH(2),CH(3),CH(4), "D, A", T"
" WRITE(FILE6,11) 'D'/D"I','F,CH(1),-,CH(2),CH(3),CH(4),","
" &'D','A','Tm
" WRITE(FILE7,11) 'M,'R',CH(1),-,CH(2),CH(3),CH(4),"" D' A","
&T
" WRITE(FILES,11) 'M','R''Q ,CH(1),-,CH(2),CH(3),CH(4),"",D","
" &IA"'THI
ENDIF
" WRITE(*261)"
261 FORMAT (' ENTER INPUT FILE NAME FOR INITIAL HEIGHT ')
" READ (*'(A)) FILE4"
" OPEN (UNIT=5,FILE=FILES,STATUS='OLD")"
" OPEN (UNIT=6 FILE=FILE6,STATUS='OLD")"
" OPEN (UNIT=4,FILE=FILE4,STATUS='OLD) "
" OPEN (UNIT=7,FILE=FILE7,STATUS=NEW')"
" OPEN (UNIT=8 FILE=FILE8,STATUS=NEW') "
" WRITE(*265)"
265 FORMAT(' ENTER QUARTER NUMBER FOR HINITIAL TO BE USED ')



" READ (*,*) IQUART"
" READ (5,220)TIT_E1"
" READ (5,220)TiTLE2"
" READ (6,220)TITLE2"
" DO 115 I=1,JQUART"
" READ (4,*) HQART "
" READ (6,*) I1,R1,R2,HFFDIF"
115 CONTINUE
220 FORMAT(A80)
" WRITE(*,203)"
203 FORMAT (' ENTER # OF DATA SETS AND # OF POINTS))
" READ (*,*) NSETS,NVARS"
" WRITE(*,204)"
204 FORMAT (' ENTER SAMPLE DIAMETER)
" READ (*,*) DIA"
" WRITE(7,222)"
" 222 FORMAT( AMIN, BMIN, AMAX, BMAX, A25, B25, DI'
" &FAR, DIFBR, DIFAP, DIFBP, AF() , RSTRN , DSTRS"
" & , RM , P3 )"
" DO 300 I=1,200"
RSTRN(1)=0.0
DSTRS(i)=0.0
RM(1)=0.0
RST(1)=0.0
DST(1)=0.0
RMM(1)=0.0
300 CONTINUT
CCUM=0.0
PGRAND=0.0
" DO 100 I=1,NSETS"
AMAX=-10000C0
BMAX=-1000000
AMIN=1000000
BMIN=1000000
CCUM=0.0
" DO 101 J=1,NVARS"
" READ(5,*) A,B,C"
IF(J.EQ.1) Al=A
IF(J.EQ.1) R1=B
IF(J EQ NVAKS) A25=A
IF(J EQ.NVARS) B25=B
IF(A.LT.AMIN) AMIN = A
IF(A.GT.AMAX) AMAX = A
IF(B.LT.BMIN) BMIN =B
IF(B.GT.BMAX) BMAX =B
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CCUM=CCUM+C
101 CONTINUE
DIFAR = AMAX-A25
DIFBR = BMAX-B25
DIFAP = A25-Al
DIFBP = B25-B1
P3(I) = CCUM/NVARS
PGRAND= PGRAND+P3(I)
RSTRN(I) = DIFAR/HFFDIF/1000.0
AF(I) = HQART * DIA * DIA *3.14159265359/HFFDIF/4.0
DSTRS(I) = DIFBR/AF(])
RM(I) = DSTRS(IRSTRN{I)
" WRITE(7,200)
AMIN,BMIN,AMAX,BMAX,A25,B25 DIFAR DIFBR,DIFAP,DIFBP,"
" & AF(I),RSTRN(I),DSTRS(I),RM(D),P3(I)"
100 CONTINUE
P3AVGF=PGRAND/NSETS/100.0
" 200 FORMAT(13(F11.5,"),F11.0,, F11.5))"
RST(1)=(RSTRN(25)+RSTRN(24)+RSTRN(23)+RSTRN(22)+RSTRN(21))/5.0
RST(2)=(RSTRN(50)+RSTRN(49)+RSTRN(48)+RSTRN(47)+RSTRN(46))/5.0
RST(3)=(RSTRN(75}+RSTRN(74)+RSTRN(73)+RSTRN(72)+RSTRN(71))/5.0
RST(4)=(RSTRN(100)+RSTRN(99)+RSTRN(98)+RSTRN(97)+RSTRN(96))/5.0
DST(1)=(DSTRS(25)+DSTRS(24)+DSTRS(23)+DSTRS(22)+DSTRS(21))/5.0
DST(2)=(DSTRS(50)+DSTRS(49)+DSTRS(48)+DSTRS(47)+DSTRS(46))/5.0
DST(3)=(DSTRS(75)+DSTRS(74)+DSTRS(73)+DSTRS(72)+DSTRS(71))/5.0
DST(4)=(DSTRS(100)+DSTRS(99)+DSTRS(98)+DSTRS(97)+DSTRS(96))/5.0
RM(1)=(RM(25)+RM(24)+RM(23)+RM(22)+RM(21))/5.0
RM(2)=(RM(50)+RM(49)+RM(48)+RM(47)+RM(46))/5.0
RM(3)=(RM(75)+RM(74)+RM(73)+RM(72)+RM(71))/5.0
RM(4)=(RM(100)~RM(99)+RM(98)+RM(97)+RM(96))/5.0
K=NSETS/25
" DO 105 I=1,K"
RMM(I)=DST(I)/RST(I)
105 CONTINUE
" WRITE(8,255)"
" 255 FORMAT( DST{I), RST(), RM(I) , RMM() , P3AVGF"
&)
" DO 166 I=1 X"
" WRITE(8,250) DST(I),RST(I), RM(I),RMM(I),P3AVGF"
106 CONTINUE
" 250 FORMAT(2(F11.5,.),2(F11.0,"),F7.1)"
" WRITE(7,277)HFFDIF"
" 277 FORMAT(HFFDIF="F15.9)"
STOP
END
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(III) Temperature Computation Program (ARRTEMPF.FOR)

This is a program that is used to calculate the temperature of the soil sample at two
locations i.e. at one inch from each end of the specimen. An example output file is also
displayed as output file G1-11.TP.

" IMPLICIT REAL*8(A-H,0-2)"
" CHARACTER *12 FILE4,FILESFILE7"
" CHARACTER *80 TITLE1 TITLE2"
" DIMENSION A(1600),CJC(200), TTEMP(200),BTEMP(200)"
" WRITE(*,201)"

201 FORMAT (' ENTER INPUT FILE NAME ')
" READ (*(A)) FILE4"
" WRITE(*,202)"

202 FORMAT( ENTER OUTPUT FILE NAME))
" READ (*, ((A)) FILE7 "
" WRITE(*,*) ENTER NAME OF ARRANGED FILE"
" READ(*(A)) FILES"
" OPEN {LNIT=4,FILE=FILE4,STATUS='OLD""
" OPEN (UNIT=5FILE=FILE5,STATUS=NEW""
" OPEN (UNIT=7,FILE=FILE7,STATUS=NEW)"
" READ (4,203)TITLE1"
" READ (4,203)TITLE2"
" WRITE(S5,203)TITLE1"
" WRITE(S,203)TITLE2"

203 FORMAT(A80)
" WRITE(*,204)"

204 FORMAT (' ENTER NUMBER OF DATA SETS))
" READ (**) NSETS"

NUM=16*NSETS

" READ(4,*) (A(K),K=1,NUM)"
" DO 110 !=1 NSETS"
" WRITE(5,208}(A((I-1)* 16+1),]=1,16)"

110 CONTINUE

208 FORMAT(16(F8.0))

CLOSE(UNIT=5)

" OPEN(UNIT=5 FILE=FILE: 5TATUS='OLD')"
" READ (5,203)TITLE1"
" READ (5,203)TITLE2"
" WRITE(*,205)"

205 FORMAT( ENTER THE NUMBER OF 3 CCLUMNS TO BE USED (1 TO 16)

" READ (*,*)I1,12,I3"
" WRITE(7,206)"
" 206 FORMAT( CJC ,TOPTEMP ,BOTTEMP )"



" DO 100 I=1,NSETS"
" READ(5.*) (AK),K=1,16)"
" WRITE(7,20M)A(11),A(12). A(13) "
CIC(I)=A(I1)
TTEMP(1)=A{12)
BTEMP(I)=A(I3)
" 207 FORMAT(3(F6.1,4X,.,))"
100 CONTINUE
ACUM=C.0
BCUM=0.0
CCUM=0.0
" DO 101 I=1,NSETS"
ACUM=ACUM+CIC(I)
BCUM=BCUM+TTEMP(])
CCUM=CCUM+BTEMP(I)
101 CONTINUE
ABAR=ACUM/NSET:/10.0
BBAR=BCUM/NSETS/10.0
CBAR=CCUM/NSETS/10.0
CSS=0.0
TSS=0.0
BSS=0.0
" DO 102 I=1,NSETS"
CSS=CSS+(CIC(I)/10.0-ABAR)*(CIC(1)/10.0-ABAR)
TSS=TSS+(TTEMP(I)/10.0-BBAR)*(TTEMP(I)/10.0-BBAR)
BSS=BSS+(BTEMP(1)/10.0-CBAR)*(BTEMP(1)/10.0-CBAR)
102 CONTINUE
CICSD=DSQRT(CSS/(NSETS-1))
TTMPSD=DSQRT(TSS/(NSETS-1))
BTMPSD=DSQRT(BSS/(NSETS-1))
" WRITE(7,210)"
" 210 FORMAT( CJCBAR, TTEMPBAR , BTEMPBAR , CICSD, TTMPSD,
BTMPSD')"
" WRITE(7,209)ABAR BBAR,CBAR,CICSD,TTMPSD,BTMPSD"
" 209 FORMAT(6(F6.1,5X))"
STOP
END
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Table E.S: Typical Computed Temperature Output File (File G1-1 1.tp)

ciC TOPTEMP BOTTEMP
377 132 230
377 132 230
377 © 132 227
377 132 227
377 132 227
378 133 228
377 132 227
378 133 228
377 135 227
377 135 227
376 131 226
377 i32 227
377 i32 230
3 i 230
378 150 228
378 1.5 228
377 132 227
377 132 227
378 136 228
377 135 227
377 132 230
3N 132 230
3 132 227
377 132 227
377 132 227
377 132 227
N 129 230
377 129 230
377 132 227
377 132 227
3N 132 227
377 132 227
378 133 228
377 132 227
378 133 228
377 132 227
377 132 230
3N 132 230
377 132 224
378 133 225
377 132 230
378 133 231
378 i33 228
378 133 228
378 133 231

378 133 231



377
3717
378
378
378
377
377
378
378
n
377
377
377
378
378
378
377
377
378
377
377
3N
37
377
378
377
378
mn
377
378
N
377
378
377
377
377
378
3N
3N
378
378
3N
378
378
M
377
37s
377
N
377
378
377

132
132
133
133
136
135
132
133
133
132
i35
135
132
132
133
133
132
132
133
132
132
132
132
132
133
132
133
132
132
133
135
135
133
132
135
135
130
129
132
133
133
132
133
133
132
132
133
132
132
132
133
132

227
227
228
228
228
227
230
231
225
224
230
230
224
225
231
231
227
227
228
227
227
227
227
227
228
227
228
227
227
228
227
227
231
230
230
230
228
227
227
228
225
224
228
228
227
227
228
227
227
227
228
227
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n 132 227
N 132 227
CIJCBAR TTEMPBAR  BTEMPBAR CICSD TTMPSD BTMPSD
37.7 13.3 22.8 0 0.1 0.2

KEY:

CIC is the temperature reading of the cold junction compensation circuit within the

EXP-16 board.

121
31
4]
5]
61
171
18]
19
19

TOPTEMP is the temperature reading at the top end of the sample.

BOTTEMP is the temperaturc reading at the bottom end of the sample.

CJCBAR is the average temperature reading of all CJC measurements.
TTEMPBAR is the average temperature reading of all TOPTEMP measurements.
BTEMPBAR is the average temperature reading of all SOTTEMP measurements.
CJCSD is the standard deviation of the CJC measurements.

TTMPSD is the standard deviation of the TOPTEMP measurements.

BTMPSD is the standard deviation of the BOTTEMP measurements.

BOTTEMP measurements arz found to be in error and are thus not considered.

All temperaure measurements are in degree Celcius x 10
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(IV) Compilation Programs

These are programs tliat are used to group all the test data pertaining to each test
specimen together. [wo programs are listed here, namely MRCOMPL2.FOR and
TEMPCOMP.FOR. The MRCOMPL2 FOR is used to compile stress-strain-modulus data
whereas the TEMPCOMP FOR is used to compile the temperature data. Example output
fues for each program are also displayed at the end of this section.

(a) Program MRCOMPL2.FOR

" IMPLICIT REAL*$(A-H,0-Z)"
" CHARACTER *12 FILES,FILE6"
CHARACTER *80 TITI E1
" DIMENSION DST(80),RST(80),RM(80) RMM(80)"
" WRITE(*,239)"
239 FORMAT(' ENTER OUTPUT FILE NAME"
" READ (*,'(A)) FILE6"
" OPEN (UNIT=6,FILE=FILE6,STATUS=NEW ) "
" WRITE(*,290)"
290 FORMAT(' ENTER NUMBER OF DATA FILFS))
" READ(*,*) NFILES"
" DO 190 IFILE=1,NFILES"
© WRITE(*,201)"
201 FORMAT (' ENTER INPUT FILE NAME )
" READ (*'(A)) FILES"
" OPEN (UNIT=5 FILE=FILES,STATUS='OLD")"
" READ (5,220)TITLE!"
" DO191I=1,4"
ICOUNT=4*(IFILE-1)+1
m READ(S,*)DST(ICOUNT),RST(ICOUNT) RM(ICOUNT),RMM(ICOUNT)"
191 CONTINUE
CLOSE(UNIT=5)
190 CONTINUE
220 FORMAT(A80)
" WRITE(6,221)"
" 221 FORMAT(QUART DET(I) , RST(d) . RM{) , RMM(®)")"
" DO 192 I=1,4"
" DO 193 J=1 NFILES"
ICOUNT=4*(J-1)+]
IF(J EQ.1) THEN
" WRITE(6,300)L,DST(ICOUNT),RST(ICOUNT),RM(ICOUNT),RMM(ICOUNT)"
ELSE
" WRITE(6,301)DST(ICOUNT),RST(ICOUNT),RM(ICOUNT),RMM(ICOUNT)"
ENDIF



193 CONTINUE
" WRITE(6,302)"
302 FORMAT(' /")
192 CONTINUE
" 300 FORMAT(12,,,4(F15.9,.))"
" 301 FORMAT(2X,'," 4(F15.9,.))"
STOP
END
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(b) Program TEMPCOMP.FOR

" IMPLICIT REAL*8(A-H,0-Z)"
" CHARACTER *12 FILE4 FILES"
" CHARACTER *80 TITLEl, TITLE2"
DIMENSION A(16)
" WRITE(*,*) 'ENTER NUMBER OF INPUT FILES"
" READ(**) NFILES"
" WRITE(*202)"
202 FORMAT( ENTER OUTPUT FILE NAME')
" READ (*,'(A)) FILES"
" OPEN (UNIT=5,FILE=FILES,STATUS=NEW') "
" WRITE(S,260)"
" 260 FORMAT(' CJCBAR, TTEMPBAR , BTEMPBAR , CICSD, TTMPSD,
BTMPSD") "
" DO 240 J=1,NFILES"
" WRITE(*,201)"
201 FORMAT (' ENTER INPUT FILE NAME ')
" READ (*'(A)) FILE4"
" OPEN (UNIT=4,FILE=FILE4,STATUS="OL D'y
" DO 2201=1,102"
" READ (4,203)TITLE1"
220 CONTINUE
203 FORMAT(A80)
" READ(4,*) B,
" WRITE(5,25¢
CLOSE(UN
240 CONTI}
" 250 FOR}
STOP
END



Table E.6: Typical Output File Produced by MRCOMPL.2 (File G1-1.dat)

QUARTER DST(1)

1

2.35
4.09
5.94
8.30
9.86
2.26
4.13
5.96
7.80
9.76
2.12
3.94
5.75
7.55
9.86

227
4.10
5.85
8.18
9.85
2.32
4.15
6.03
7.96
9.76
229
4.01
5.69
7.56
9.77

235
4.09
585
827
9.86
2.34
4.16
6.02
7.8%
9.78
2.32
4.02
5.77
7.53

RST()

0.00045
0.00091
0.00166
0.00289
0.0035¢
0.00067
0.C0151
0.00245
0.00330
0.00396
0.0007>
0.00166
0.00267
0.00354
0.00437

0.00046
0.00095
0.00168
0.00287
0.00362
0.00062
0.00149
0.00245
0.00328
0.00398
0.00068
0.00167
0.00270
0.00360
0.00438

0.00045
0.00092
0.00168
0.00291
0.00361
0.00063
0.00148
0.00246
0.00328
0.00398
0.00071
0.00165
0.00269
0.00357

RM(D

5284
4487
3585
2874
2770
3389
2741
2428
2364
2464
2828
2382
2153
2130
2254

4952
4342
3493
2848
2719
3746
2788
2463
2430
2450
3340
2394
2105
2098
2231

5281
4466
3494
2845
2736
3715
2802
2447
2410
2456
3267
2434
2146
2108

RMM()

5278
4485
3583
2874
2769
3389
2739
2428
2364
2464
2825
2382
2153
2130
2254

4944
4339
3492
2847
2718
3740
2787
2462
2430
2450
3339
2394
2108
2098
2230

5278
4467
3492
2845
2735
3708
2802
2447
2410
2456
3263
2433
2146
2109

P3

6.0
6.0
6.0
6.0
6.0
4.0
4.0
4.0
4.0
4.0
2.0
2.0
2.0
2.0
2.0

6.0
6.0
6.0
6.0
6.0
4.0
4.0
4.0
4.0
4.0
2.0
2.0
2.0
2.0
2.0

6.0
6.0
6.0
6.0
6.0
4.0
40
4.0
4.0
40
20
20
20
2.0
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9.83 0.00436 2254 2254 20
4 237 0.00046 5134 5115 6.0
4.06 0.00095 4293 4293 6.0
587 0.00166 3539 3538 6.0
8.28 0.00289 2867 2867 6.0
9.79 0.00361 2712 2712 6.0
2.30 0.00064 3610 3597 40
4.09 0.00150 2731 2731 4.0
6.03 0.00245 2459 2459 4.0
8.01 0.00328 2444 2444 4.0
9.78 0.00397 2463 2462 4.0
224 0.00069 3260 3258 20
393 0.00164 2402 2402 20
5.74 0.00268 2141 2140 2.0
7.48 0.00355 2107 2107 2.0
9.80 0.00436 2249 2249 20

KEY:

[1] QUARTER is as defined before.
[2] DST(!) refers to the average deviator stress calculated fr~m the last five
stress values at the end of each quarter e.g. for quarter 1,

DST(!) = {DSTRS(21) + DSTRS(22) + DSTRS(23) + DSTRS(24) + DSTRS(25)}/5

[3] RST(I) refers to the average recoverable strain calculated from the last five
strain values at the end of cach quarter ¢.g. for quarter 1,

RST(I) = {RSTRN(21) + RSTRN(22) + RSTRN(23) + RSTRN(24) + RSTRN(25)}/5

[4] RM(I) refers to the resilient modulus calculated from the last five

moduli valucs at the end of each quarter ¢ g. for quarter 1,

RM(I) = {RM(21) + RM(22) + RM(23) + RM(24) + RM(25)}/5

15] RMM(I) refers to the resilient modulus calculated from the average stress to
strain values of the last five load cycles within each quarter e.g. for quarter 1,
RMM(]) = [{DST(1)/RST(21)} + {DST(22)/RST(22)} + {DST(23)/RST(23)} +
{DST(24)/RST(24)} + {DST(25)/RST(25)}}/5

[6] P3 is the cell confining pressure

Note:

i) Each quarter in the above table contains 15 values of the calculated parameters.
These 15 values correspond to the 15 loading sequences specified by the test
protocol followed in conducting the laboratory tests.

ii) Two averaging inethods were used to obtain the resilient modulus value for
cach load sequence {i.e. RM(P 2ad RMM(]'} this was done to sce whether this
will have any effect on the value obtained. Fiom the table, it is evident that this
is not the case.

iti) Dimensions applicable to parameters in above table are:
psi for DST, RM, RMM and P3 & in/in for RST.
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Table E.7: Typical Output File Produced by Prgram TEMPCOMP (File G1-1.tpc)

Load Sequ¢ ice
i

Thoe W N

[« N o))

o]

10

12
13
14
15

KEY:

[1] All the parameters are as defined in output file G1-11.tp
{2] Load sequence refers to the loading condition(s) used during the test.

All temperaure measurements are in degree Celcius x 10

CICBAR TTEMPBAR BTEMPBAR

371
3.8
38.1
38.1
382
384
385
38.5
386
38.8
389
38.9
389
39.0
39.2

13.3
13.3
13.5
13.5
13.5
13.7
13.8
15.8
13.8
14.0
14.1
14.1
14.1
14.2
14.4

228
228
230
23.1
23.1
23.2
233
234
234
23.5
23.6
23.6
23.6
23.7
23.8

CICSD
0.0
0.1
0.1
0.0
0.1
0.0
0.0
0.1
0.1
0.1
0.1
0.0
0.1
0.1
0.0

TTMPSD
0.1
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.1
0.2
0.2

BTMPSD
0.2
0.2
02
0.2
0.2
0.2
0.2
0.2
0.2
0.1
0.2
0.2
0.1
0.2
0.2
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Drili 6.35 mm Dia.

Tap 12.7 mm - 20 127 mm
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EK 12.7 mm
| Y

Figure E.2: Cross Sectional and Plan View of the Axial Load Cell Compression Transducer



Output Voltage (Volts)

35—

3.0

2.5

Note:
11b=0.455kg
® [ (Loading) : Slope 0.00355
A U (Unloading) : Slope 0.00355

Load (Ibs)

Figure E.3: Calibration Curve for Load Cell "B"

1000
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NOTE:

Red, Blue, Green and Black refer to
lead wires.
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Figure E.4(a): Schematic Diagram of A Typical LVDT - Model DC-DC series 240



VDC Output (Volts)

6 —_
Note:
1 inch = 25.4mm
4 —
2 —
T & T I
-0.1 00 0.0 0.2
-2
-4
6 J

LVDT Travelling Distance (inches)

Figure E.4(b): Calibration Curve for LVDT #2
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Figure E.5: Repeated Load Triaxial Chamber
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Figure E.6: Schematic Diagram of the Data Aquisition System
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Plate E.2: Loading Frame - T¢2-xix! Chambers Assembly
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Plate E.4: Loading Panel Used for Setting applied Deviator Stress
and Confining Pressure



