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EXECUTIVE SUMMARY

Introduction

As part of the SPR-4327 Development of Compaction Control
Guidelines for Aggregate Drainage Layers and Evaluation of In Situ
Permeability Testing Methods for Aggregates project, two 20" X
60’ testing strips (6-10"-thick (15.2-25.4 cm) #53 aggregate layer
over either untreated or cement-treated subgrade) were con-
structed at Purdue’s S-BRITE facility in West Lafayette, IN. An
extensive program of automated cyclic plate loading tests (APLT)
was conducted at the site, including multistage resilient modulus
(MR) tests, and extended cyclic performance tests with random
distributed loading (RDL) on both the subbase and the underlying
subgrade. Two of the RDL tests were performed at locations
where a nonwoven geotextile was placed between the subgrade
and subbase. In addition, three static plate load tests were
performed on #53 aggregate compacted ina 9’ x 18’ x 2.5’ deep
(2.7m x 5.5m x 0.76 m) neighboring testing pit.

The trove of in-situ measurements emanating from these tests,
coupled with the extensive site characterization performed as part
of SPR-4327, were an invaluable opportunity to improve our
understanding of the behavior of subbase and subgrade materials
under cyclic loading and to advance the state of pavement design
practice at INDOT. The research study summarized in this report
was conducted to capitalize on this data, with a specific focus on
advancing knowledge of the following.

® The resilient and permanent deformation properties of the
unbound aggregate layer and the cement modified subgrade.

® The impact of the foundation layer on the cyclic loading
response and resilient modulus of the overlaying granular
layer.

® The effect of the presence of a geotextile fabric separator on
permanent deformations.

® The parameters required to assess the stability of pavement
subbases to construction loading.

® The suitability of automated plate load tests for measuring
the resilient modulus of pavement materials in-situ.

Findings
The work performed included the following.

® Review of the literature pertaining to geomaterial resilient
modulus and permanent deformation.

® Documentation of the S-BRITE test strip site conditions and
the plate load testing equipment, protocols, and results.

® Elastic finite element analyses emulating the plate load test
setup to investigate factors affecting the prediction of
resilient moduli from plate load tests.

® Analysis of the extended cycle performance RDL tests and
evaluation of the applicability of existing models for
describing the relationship between accumulated permanent
deformation and number of loading cycles.

® Analysis of the static plate load tests and determination of
ranges of the internal angle of friction for compacted #53
aggregate.

The work performed generated findings relevant to the
interpretation of MR tests, performed both directly on the

subgrade and on the two-layer system comprised of subbase and
subgrade. For tests on the untreated subgrade layer, use of the
Boussinesq-based solution with a constant shape factor leads to
values of M, that are consistently lower than those derived from
FE analyses conducted using the same hypotheses of homogeneity
and isotropic behavior. The shape factor, which is conventionally
assumed to be a constant value, is found, based on elastic FE
analyses, to decrease with increasing stress level, which indicates
that factors other than plate stiffness and stress distribution
underneath the plate influence this parameter. Consideration of
material anisotropy as measured by the modulus anisotropy ratio
(n = Eu/E,) impacts the moduli derived from the FE analyses. Use
of the Boussinesq-based solution also leads to underestimating M,
in the case of tests on the cement treated subgrade, since
consideration is not given to the presence of the softer underlying
natural soil.

When interpreting the tests performed on the compacted
aggregate layer overlaying the untreated or cement treated
subgrade, the expression commonly used in practice and included
in AASHTO (1993) for deriving the M, of the subgrade from
surface elastic deflections measured away from the plate results in
inaccurate predictions. The value of M, for the untreated subgrade
back calculated using FE from off-center surface deflection
measurements exceeds those obtained from tests performed
directly on the subgrade, which are considered more reliable.
The assumed degree of anisotropy (as measured by the modulus
anisotropy ratio, n) of the aggregate subbase impacts the values of
M;subgrade a0d Misybbase derived from the FE analyses, with both
of these moduli increasing with increasing n.

The values of M suppase derived from the tests performed on the
untreated strip are significantly lower (in some cases by almost an
order of magnitude) than those estimated for the same aggregate
from the tests on the cement-treated strip. This discrepancy
appears to be in part due to inaccurate predictions of M, of the
untreated subgrade derived from off-center surface deflections.
Foundation conditions also play a role, as discussed in the
following.

Overall, a number of factors and assumptions impact the
interpretation of plate load tests, including APLTs, which leads to
significant uncertainty in the values of the resilient moduli of the
tested layers derived from the plate load test data. Compounded
with their high cost, this level of uncertainty indicates that plate
load tests are not suitable for performing fundamental behavioral
studies or to derive M, values of pavement materials for use in
design.

Regarding the resilient behavior of the geomaterials tested,
estimates of M, of compacted #53 aggregate derived from the
plate load test data are found to vary broadly (3,000-72,000 psi
(20.7-496.4 MPa)) depending on the nature of the subgrade
(cement treated versus untreated), the testing location, the applied
cyclic stress, the assumed modulus anisotropy ratio, and the
approach used to derive M, from the test data. Significant
variation is also observed in the values of M, of the cement treated
subgrade derived from the plate load tests. In all cases, they are
significantly higher than the Level 3 values (12,500-15,000 psi
(86.2-103.4 MPa)) used in current INDOT guidelines and they
exceed the values provided in the MEDPG Manual of Practice
(AASHTO, 2020).

Finally, analysis of the MR and RDL tests performed on the
two strips yields insights into the impact of the foundation layer.
Differences in the foundation layer appear to play a role in the
observed discrepancy in the values of the M, of the #53 subbase
layer derived from the MR tests performed on the two strips, with
a stiffer underlying layer promoting more effective compaction.



The permanent deformation behavior of the two-layer system is
also affected by the subgrade foundation layer, with significantly
higher permanent deformations accumulated in the tests on the
untreated strip (by a factor as large as 4.5-5 over the duration of
the tests performed in this research) compared to the tests on the
cement treated strip.

The permanent deformations measured in the RDL test on the
untreated strip are primarily due to deformations within the
subgrade, with negligible contribution from the aggregate layer.
In contrast, the subbase layer appears responsible for the larger
fraction (60%—70%) of the accumulated permanent deformations
measured in the test on the cement treated strip.

In general, the results of the tests performed on the cement-
treated strip display less spatial variability than those on the
untreated strip, i.e., cement treatment contributes to more
homogeneity in both the subgrade and the overlying compacted
aggregate.

RDL tests indicate that at least for the cyclic stresses and the
number of loading cycles (<10,000) applied in the tests, the
accumulated permanent deformation behavior under repeated
loading of the subbase and subgrade (untreated and cement
treated) is, in most cases, best modeled using a logarithmic growth
model.

As expected, the Class 1 nonwoven geotextile used in the
construction of the two strips did not provide any mechanical
contribution. Moreover, examination of samples retrieved after
completion of the plate load testing program showed evidence of
significant damage (tearing, bursting, abrasion), indicating that
the filtration and separation functions were compromised by
compaction of the overlying aggregate and/or the repeated loading
during the RDL tests.

Implementation

Based on the work performed, the following recommendations
for implementation are provided.

Plate Load Tests vs. Laboratory Tests

® Given the assumptions that impact the interpretation of
plate load tests, including APLTs, laboratory tests—in which
boundary conditions are clearly defined and specimen
density can be carefully controlled—are deemed more
appropriate for investigating fundamental aspects of mate-
rial behavior, including resilient and permanent deformation
behavior.

Interpretation of Plate Load Tests

® Use of the Boussinesq-based solution with a constant shape
factor is not recommended for interpreting MR plate load
tests on the subgrade. Elastic finite element analyses are
preferred. Tests on the cement-treated subgrade should
consider the presence of the softer underlying untreated soil.

® For plate load tests on two-layer (subbase over subgrade)
systems, M, of the bottom subgrade layer should not be
derived from off-center surface deflections. Tests performed
directly on the subgrade should be used to obtain more
reliable estimates of M;gupgrade-

® Once a reliable estimate of the subgrade M, is obtained,
finite element analyses should be the preferred method for
deriving M, of the overlying aggregate subbase layer, when
possible, accounting for material anisotropy.

Plate Load Testing Protocols

® When performing plate load tests on both subbase and
subgrade, the position of the plate should be sufficiently
offset in the two tests to ensure that the results of the tests
performed on the subgrade are not impacted by the loading
history produced by the test previously performed on the
overlying layer.

® Off-center measurements of surface deflections should be
included in all plate load tests whenever possible to inform
the interpretation of the tests (e.g., to assess whether the
analysis of the test data requires consideration of the
deformation of softer underlying layers or, as in the case
of static plate load tests, to confirm the bearing capacity
failure mechanism).

Selection of Parameters for Use in Design

® Under conditions like those encountered at the S-BRITE soil
(A-6 (CL) natural soil, slurry cement stabilization with 4%
cement), 25,000 psi (172.4 MPa) represents a conservative
estimate for the resilient modulus of the cement modified
soil, i.e., type IBC subgrade treatment.

® Based on the static plate load tests conducted in this work,
values of the angle of internal friction in the 48°-50° range
may be used for estimating the stability of medium-dense
#53 aggregate subbases.

Construction Procedures

® Under conditions like those encountered at the S-BRITE
site, the subgrade should be cement treated in order to
obtain better performance in terms of increased resilient
modulus, reduced permanent deformation, and less variable
conditions. The results from the S-BRITE site also suggest
that the presence of the stiffer cement treated layer promotes
more effective compaction of the overlying aggregate.

® A higher-class geotextile product compared to the one
used in this project is recommended for use between
subgrade and #53 aggregate to provide separation and
filtration functions.

The study also highlighted areas where additional research is
warranted. It is suggested that future efforts be directed towards
the following.

® Comparing the results of the plate load testing program to
FWD and LWD data collected at the S-BRITE site.

® Comparing M, estimates obtained from the plate load tests
to M, values derived in the laboratory for the same aggregate
and subgrade soil as part of separate investigations.

® Interpreting the S-BRITE APLT data using models devel-
oped for the analysis of triaxial tests once the full data for
individual cycles are made available.
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1. INTRODUCTION
1.1 Background and Problem Statement

The Mechanistic Empirical Pavement Design
(MEPDG) method used by INDOT requires input of
the resilient modulus (M,) for all unbound layers of the
pavement structure and the underlying subgrade.
Laboratory measurement of the resilient modulus poses
some challenges especially for coarser materials, and
there remains uncertainty in deriving reliable estimates
of M, from prediction models based on soil type and
from field methods such as falling weight deflectometer
(FWD), light weight deflectometer (LWD), and
dynamic cone penetrometer (DCP).

For coarser materials, current practice in Indiana
most often relies on a fixed (Level 3) input value (30,000
psi for a material such as the No. 53 aggregate
extensively used as a separator/subbase layer in the
state). In the case of subgrades, experience with soils in
Indiana suggests that values routinely used in design
may be overly conservative, especially for untreated
soils.

As part of SPR-4327 (Development of Compaction
Control Guidelines for Aggregate Drainage Layers and
Evaluation of In Situ Permeability Testing Methods for
Aggregates), two 20" x 60’ testing strips (6—10" thick
#53 aggregate layer over either untreated or cement-
stabilized subgrade) and a 9’ x 18’ x 2.5’ deep trench
were constructed in summer 2020 at Purdue’s S-BRITE
facility in West Lafayette, IN. A geotextile fabric was
used as a separator between the subgrade and the #53
aggregate over a 15’ length of each strip.

An extensive program of static and cyclic plate
loading tests was conducted at the site. As discussed
in later sections of this report, the testing program
included a number of multi-stress, cyclic Automated
Plate Load Tests (APLT), which allow for the
application of conditioning cycles in situ, adjustable
and controlled load pulse durations and frequencies,
multi-stress test sequences while measuring peak,
rebound and permanent deformations, all under auto-
mated load control.

The trove of in situ stress-strain measurements
emanating from the APLT tests coupled with the
extensive site characterization performed as part of
SPR-4327 were deemed an invaluable opportunity to
improve the understanding of the behavior of subbase
and subgrade materials under cyclic loading, mitigate
ambiguities regarding the performance of subbase and
subgrade materials, and provide confidence on the M,
values that are currently used in design, ultimately
advancing the state of pavement design practice at
INDOT. The research study summarized in this report
was conducted to capitalize on the data afforded by
SPR-4327 and the APLT testing.

1.2 Research Objectives

This research study aimed to improve INDOT’s
pavement design process. To accomplish this goal, the

scope of work for the research study centered around
addressing the following objectives.

® Ascertain stress level dependence of the resilient modulus
of No. 53 aggregate.

® Verify resilient modulus design values for subgrade
treatment types of IBC (14" chemical modification with
cement) and IC (12" No. 53 aggregate) currently used in
INDOT pavement design.

® Establish the impact of the foundation layer on the cyclic
loading response and resilient modulus of the overlaying
granular layer.

® Quantify the degradation in the modulus of the aggregate
layer and the cement treated subgrade with traffic.

® Quantify the effect of the presence of a geotextile fabric
separator on permanent deformations.

® Characterize the permanent deformation and rutting
potentials of unbound aggregates, soil subgrades, and
cement modified subgrades.

® Gain insight into input parameters required to assess the
stability of pavement subbases to construction loading.

® Assess the suitability of automated plate load tests for
measuring the resilient modulus of pavement materials
in-situ.

1.3 Activities and Organization of Report

To address the previously outlined research objec-
tives, the research team developed a work plan
involving rigorous analysis of pavement subbase and
subgrade mechanistic behavior. The scope of work
included the following activities, which are described in
the subsequent sections with additional information
provided in Appendices A to D.

® Review literature pertaining to geomaterial resilient
modulus (Section 2.2 and Appendix A) and permanent
deformation (Section 2.3).

® Document S-BRITE test strip and test pit site conditions
(Sections 3.2-3.4), APLT equipment (Section 3.5), testing
protocols (Section 3.6), and results of APLT testing
(Section 3.7).

® Conduct finite element analyses emulating the APLT test
setup to investigate factors affecting the prediction of
resilient moduli from plate load tests (Chapter 4 and
Appendix B).

® Analyze the extended cycle performance tests and
examine the applicability of existing models for describ-
ing the relationship between accumulated permanent
deformation and number of loading cycles (Section 5.3
and Appendix C and Appendix D).

® Analyze the static plate load tests and determine ranges
of the internal angle of friction for compacted #53
aggregate (Section 5.2).

2. BACKGROUND
2.1 Introduction

As discussed in the introductory chapter, the primary
objective of the work performed for this research
project was to explore the use of automated plate
load tests (APLT) for determining the resilient and
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permanent deformation behavior of unbound aggregate
layers.

This chapter is aimed at providing some background
on key concepts examined in this work. It is organized
into three main sections. The first (Section 2.2) reviews
the significance of the resilient modulus (Section 2.2.1),
the factors that affect it (Section 2.2.2) and the
approaches for its evaluation in practice (Section
2.2.3). As the primary focus of this work was on
unbound aggregates, and, in particular, on materials
with characteristics similar to those of Indiana #53,
a database of resilient modulus values for these
materials obtained from a review of the literature is
presented in Section 2.2.4.

Section 2.3 focuses on the permanent deformation
behavior of aggregates, again discussing its significance,
and summarizing the primary factors that affect it
based on a review of the literature. Finally, Section 2.4
provides a brief overview of the conventional approach
used to interpret plate load test results, based on the
theory by Boussinesq (1885). The assumptions implicit
in this approach and the factors influencing test
interpretation are reviewed.

2.2 Resilient Modulus

2.2.1 Definition and Significance

INDOT uses the Mechanistic Empirical Pavement
Design Guide (MEPDG) for the design and analysis of
new and renovated pavement structures. The most
important input parameter required for the unbound
and foundation layers is the resilient modulus (M,).
According to AASHTO T 307-99 (2021a) the resilient
modulus (M,) is defined as “the ratio of the amplitude
of the repeated axial stress to the amplitude of the
resultant recoverable axial strain.”

M, =29 (Eq.2.1)
r
where,
o.yc = repeated axial stress, and
¢, = axial resilient (recoverable) strain.

The term resiliency was first introduced in pavement
design by Hveem and Carmany (1949) and Hveem
(1955). It originated from a study of a large number of
deflection data obtained from 43 projects on California
highway pavements. This work provided evidence that
the majority of cracks and fatigue failures occurring in
bituminous pavements originated from repeated elastic
deflections generated by moving loads. Hveem (1955)
introduced a new term for these deflections referring
to them as “resilient.” It was argued that to improve
existing pavement design practices, resilient deforma-
tions needed to be measured and the resilient behavior
of soil incorporated in design procedures.

Seed and Fead (1960) first introduced the concept
of resilient modulus and developed the first testing
procedure and apparatus for testing the resilient

properties of soil. The repeated loading test (RLT)
was performed in a triaxial cell. Several testing methods
subsequently emerged in the literature to determine the
resilient modulus of unbound pavement materials. The
requirement for using the resilient modulus in pavement
analysis and design procedures was introduced in the
AASHTO 1986 Guide for the Design of Pavement
Structures. This standard provided guidelines on the
loading protocol (magnitude, duration, and frequency)
and on the procedures and measurements required to
derive the recoverable strain at the end of each loading
sequence from which the resilient modulus could be
evaluated. Updated versions of the standard include
AASHTO T 294-94 and the current testing standard
AASHTO T 307-99 (AASHTO, 202la), which was
adopted in 2000. A summary of the advancements of
the testing procedures for measuring resilient modulus
is provided in Figure 2.1.

Apart from laboratory tests, several authors have
investigated means to evaluate the resilient modulus of
unbound granular materials from in-situ tests (e.g.,
Abu-Farsakh et al., 2004; Hoffman, 2004; Lenke et al.,
2003; Petersen & Peterson, 2006; Siekmeier et al., 2000).
Some of the most common procedures include plate
load tests, falling weight deflectometer (FWD) tests,
light weight deflectometer (LWD) tests and the
dynamic cone penetrometer, and rely on data from
the load-deformation curves, back-calculation proce-
dures, and empirical relationships to evaluate M,.

2.2.2 Factors Affecting Resilient Modulus of Unbound
Aggregates

The resilient modulus of granular materials is
influenced by a number of factors of varying impor-
tance. These include stress level, density, aggregate
gradation, loading conditions, and water content.
The following paragraphs briefly review the impact of
these factors based primarily on the results of cyclic
laboratory tests reported in previous studies. A more
in-depth discussion of these influences is provided in
review articles such as the one by Lekarp et al. (2000).

Stress level: As discussed by Lekarp et al. (2000),
stress level is one of the most important factors
affecting the resilient behavior of granular materials.
Stress level effects refer to two distinct influences: that
of the confining stress and that of the applied deviatoric
(cyclic) stress. Starting with early work by Seed et al.
(1967) and Allen and Thompson (1974), a number of
studies have established the significant influence that
both confining stress and deviatoric stress have on the
resilient modulus. The work by Hicks and Monismith
(1971) represents one of the earliest investigations in
this area. Based on triaxial cyclic tests on both dry and
saturated specimens of well-graded partially crushed
gravel and crushed rock aggregates, these authors
showed that, in general, M, increases with an increase
in confining stress (Figure 2.2). Other authors (e.g.,
Hicks, 1970; Mabher et al., 2000; Puppala et al., 2011;
Rada & Witczak, 1981; Trollope et al., 1962; Uzan,
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Test Procedure Details

Earliest AASHTO test procedure: No details on the sensitivities of displacement measurement devices
were given: Criticisms on test procedure. test duration (5 hours long test) and probable failures of soil
sample during conditioning phase: testing stresses are too severe.

AASHTO T-274-1982

AASHTO procedure introduced in 1991 Internal measurement systems are recommended: Testing
sequence is criticized owing to the possibility of stiffening effects of cohesive soils.

AASHTO modified the T-292 procedure with different sets of confining and deviatoric stresses and
their sequence: Internal measurement system is followed: 2-parameter regression models (bulk stress
for granular and deviatoric stress model for cohesive soils) to analyze test results: Criticism on the
analyses models.

AASHTO T-292-1991

AASHTO T-294-1992

Procedural steps of P-46 are similar to T-294 procedure of 1992: External measurement system was
allowed for displacement measurement: Soil specimen preparation methods are different from those
used in T-292.

T-307-1999 was evolved from P-46 procedure: recommends the use of external displacement
measurement system. Different procedures are followed for both cohesive and granular soil specimen
preparation.

Strategic Highway Research
Program P-46-1996

AASHTO T-307-1999

This recent method recommends a different set of stresses for testing. Also. a new 3-parameter model

NCHRP 1-28 A: Harmonized

L5 R R ) 2
Method-2004 ( 55 recommended in this method.

is recommended for analyzing the resilient properties. The use of internal measurement system is

Figure 2.1 Evolution of AASHTO testing procedures for measuring resilient modulus (Puppala, 2008).

@ Dry Specimen

Dry

10

Resilient Modulus, 1000 psi

Mg=8036 o4

Specimen
.60

*Partially Saturated Specimen

- £ 0.59
M‘ 6?8. o3 -

Confining Pressure,

100

psi

Figure 2.2 Effect of confining stress on the resilient modulus of partially crushed gravel aggregate (Hicks & Monismith, 1971).

1985) have subsequently reported similar results from
laboratory investigations on a range of aggregate
materials.

Lekarp et al. (2000) report that the deviatoric stress
has a secondary effect on the resilient modulus
compared to the confining stress. Similar observations
have also been made by Allen and Thompson (1974),
Papagiannakis and Masad (2008), Uthus (2007), Zeghal
(2004), while Trollope et al. (1962) reported no increase
in resilient modulus with variations of axial stress (o, <
Orailure) fOr repeated cyclic tests conducted on a sandy
material.

Hicks and Monismith (1971) showed that the
resilient modulus slightly increases with an increase in
deviatoric stress for high principal stress ratios (Figure
2.3). Other studies, such as those by Mabher et al. (2000),

Malla and Joshi (2006), Puppala et al. (2011), and by
Nguyen and Mohajerani (2016) have documented
similar variation in resilient modulus with deviatoric
stress. According to Maher et al. (2000) the mechanism
responsible for the increase in modulus is the reorienta-
tion of grains into a denser state with an increase in
deviatoric stress. However, other studies (e.g., Morgan
(1966), Uzan (1985), Pan et al. (2006)) have reported an
opposite effect of the deviatoric stress, with M, shown
to decrease slightly with an increase in the applied cyclic
stress. Pan et al. (2006) argues that the increase in dila-
tion of soil with increasing deviatoric stress is the mecha-
nism responsible for the observed strain softening.
Several mathematical models have been proposed to
describe the stress level dependency of the resilient
modulus of granular materials. A summary of some
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Figure 2.3 Effect of principal stress ratio on the resilient modulus of partially crushed gravel aggregate in dry and partially

saturated conditions (Hicks & Monismith, 1971).

commonly used models is presented in Table 2.1
(Nguyen & Mohajerani, 2016). In the earliest models
the resilient modulus is expressed as a function of either
deviatoric stress or confining stress (sum of principal
stresses), while both stresses are considered in later
models. While all the equations presented in Table 2.1
follow a log-log relationship, throughout the years
models based on a semi-logarithmic structure between
M, and stress (e.g., Andrei et al., 2004) have also been
proposed. The model developed through NCHRP
Project 1-37A (NCHRP, 2004b), also referred to as
the “universal model,” is employed by NCHRP for
pavement materials in the Guide for Mechanistic-
Empirical Design.

Density: A number of studies have shown that the
resilient modulus of granular materials increases with
an increase in density (e.g., Kalcheff & Hicks, 1973;
Kolisoja, 1997; Lekarp et al., 2000; Tanimoto & Nishi,
1970; Trollope et al., 1962), although this influence is
considered to be small compared to other factors such
as stress level and water content (Rada & Witczak,
1981). The effect of density is attributed to the increase
in the number of interactions between grains and thus
the reduction in the intergranular contact stresses that
occur as the soil system is compacted. As a result, the
deformations that the grains experience diminish and
the resilient modulus increases (Lekarp et al., 2000).
Several researchers have proposed relationships
between resilient modulus and physical properties,
one of them being density, for a variety of granular
materials. A review of these models is presented by Titi
and Matar (2018).

The impact of density on the resilient behavior of
granular soils is affected by other factors. In particular,
all parameters, such as fines content, stress level,
particle angularity and mineralogy that affect the
distribution of the intergranular stresses within the

aggregate mass and the degree of particle crushing, play
an important role. For example, it has been shown that
the effects of density on M, decrease with increasing
fines content (Lekarp et al., 2000) and are almost
insignificant for fully crushed aggregate materials and
at high stress levels.

Aggregate gradation and fines content: Seed et al.
(1967) and Hicks (1970) were some of the earliest
authors to investigate the influence of these factors on
the resilient modulus of granular materials. In parti-
cular, Seed et al. (1967) evaluated laboratory resilient
modulus data from 7 different previous studies, and
concluded that a variation in fines content in the 2%-—
10% range had a negligible impact on M,. In contrast,
other researchers have reported a decrease of the
resilient modulus with increasing fines content (Hicks
& Monismith, 1971; Kamal et al., 1993, Witchmann
et al., 2015). This effect is consistent with observations
reported in the literature regarding the effect of fines
on the initial shear modulus of granular materials.
As discussed by Lekarp et al. (2000), the impact of
gradation and fines content is also influenced by other
factors such as water content and aggregate type.

Several studies have compared the resilient modulus
of well graded and uniformly graded aggregate
materials. For example, based on laboratory triaxial
tests, Shaw (1980) showed that well graded materials
have higher resilient modulus than uniformly graded
materials.

Loading rate: Laboratory tests have also highlighted
the effect of load frequency and load duration on M,.
Seed and Chan (1964) investigated the impact of load
duration on the resilient modulus of a silty sand
through triaxial repeated loading tests in which the
loading period varied between 0.3 s and 20 min. This
work showed an approximately 18% increase in
resilient modulus as the loading duration decreased in
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TABLE 2.1

Models for Resilient Modulus Reported in Literature (Nguyen & Mohajerani, 2016)
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Dunlap (1963), Monismith et al. (1967)

Moossazadeh & Witczak (1981)

Seed et al. (1967)

Uzan (1985)

Raad & Figueroa (1980), Thompson & Robnett (1979)
Witczak & Uzan (1988)

Johnson et al. (1986)

Tam & Brown (1988)

Pezo (1993)

Hopkin et al. (2001)

Ni et al. (2002)

NCHRP 1-37A (NCHRP, 2004b) “universal model”

NCHRP 1-28A (NCHRP, 2004a)

Ooi et al. (2006)

Gupta et al. (2007)

Note:

ky, ko, k3, ka, ks, oy, oy = regression coefficients.
o3 = confining stress.

o, = deviator stress.

Ogum = sum of principal stresses.

Toer = Octahedral shear stress.

P, = reference stress.

(i — 1) = matric suction.

this range. Coffman et al. (1964) investigated the
influence of load frequency on the resilient modulus
of granular materials used for base and subbase layers
in the AASHO Road Test. A general trend of
increasing resilient modulus with load frequency was
observed, but the amount of stiffening experienced was
reported to be dependent on saturation and density.
The results of repeated load triaxial tests on a subbase
material reported by Tanimoto and Nishi (1970) also
showed that the variation of resilient modulus with load
frequency is a function of other properties of the
material, and that for a sufficiently large number of
load applications the impact of frequency on the
resilient properties of unbound aggregate materials is

negligible. According to Lekarp et al. (2000), the overall
conclusion from the studies available in literature
(e.g., Lashine et al., 1971, Robinson, 1974) is that load
duration has a small to negligible impact on the
measured resilient modulus. The same conclusion is
reached regarding the effect of loading frequency, with
the exception being close to saturated materials in which
excess pore pressures may develop at higher loading
frequencies leading to a reduction of the modulus.
Water content and degree of saturation: The effect of
these parameters, which are inherently linked, is
generally acknowledged to be significant, as illustrated
by the very early study by Haynes and Yoder (1963).
These authors investigated the variation in resilient
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modulus of gravel and crushed stone aggregates for
different values of moisture content. They reported
that the resilient modulus of gravel aggregates experi-
enced an approximately 50% decrease as the degree
of saturation increased from 70% to 100%. A similar
effect (20% change in the resilient modulus with
degree of saturation going from 70 to 80%) was
observed in tests on crushed stone aggregates. Similar
observations have been reported by other researchers
(e.g., Heydinger et al., 1996; Hicks & Monismith, 1971;
Seed et al., 1967). According to Lekarp et al. (2000)
different explanations have been put forth in the
literature for this behavior. The general view is that
with increasing water content and degree of saturation,
excess pore pressures can be generated during cyclic
loading. This has a direct impact on the effective stress
state which controls the overall strength and deforma-
tion behavior of the material.

2.2.3 Evaluation of Resilient Modulus in Design Practice

According to NCHRP 1-37A (Guide for Mechanistic-
Empirical Design of New and Rehabilitated Pavement
Structures), the resilient modulus of unbound materials
can be obtained from laboratory tests, as well as, from
correlations with other material properties such as
CBR. These options are reflected in the three “levels of
input” available in the MEDPG.

In Level 1, M, is determined from laboratory tests
performed on the unbound aggregate material. The
recommended standards for evaluating the resilient
modulus are NCHRP 1-28 A (NCHRP, 2004a; Witczak,
2003) and AASHTO T307 (AASHTO, 2021a). The tests
performed in the laboratory are cyclic triaxial tests
performed according to the recommended standards
under a range of stresses that are intended to be
representative of the in-situ loading conditions. NCHRP
1-28A  recommends determination of the resilient
modulus from a generalized model known as the
“universal” model. Linear or nonlinear regression
analysis is used to analyze the data obtained from the
laboratory tests and determine the regression constants
shown in the model of Equation 2.2 (see also Table 2.1).

0 k Toct ks
M,=kP,| — 1
! (Pa> <Pﬂ + >
where,

P, = atmospheric pressure,
0 = bulk stress = o1 + 65 + 03,
Toe; = octahedral shear stress

1
— (0100 + (01— 037 + (02— 03" - 5, and
ki, k>, k3 = constants derived from regression
analyses.

(Eq.2.2)

k;, which is necessarily greater than zero, reflects the
effect of packing, stress history and particle character-
istics. Both k, and k3 represent the relationship between
M, and bulk (volumetric) stress and octahedral
(deviatoric) stress, respectively. For aggregate materi-

als, increasing bulk stress and decreasing octahedral
stress cause stiffening of the material. Thus, k, and k3
are expected to be greater than and less than zero,
respectively (NCHRP, 2004a).

The model in Equation 2.2 is a derivative of a more
general one that is described by the following equation,
which includes two additional constants, k¢ and k-,
which must be less than zero, and greater than 1,
respectively.

0 —3ks k2 Toct ks
MR—kIPa( 7. ) (Pa +k7)

(Eq.2.3)

As documented in NCHRP 1-28A (2003), which
analyzed 14 different constitutive models for predicting
M, values from tests performed on a range of unbound
materials, this model was found to provide the overall
best goodness of fit statistics. While the two additional
parameters, k¢ and k7 increase the accuracy of the
model, the simplified model in Equation 2.2 which
assumes kg = 0 and k; = 1, has been adopted in the
Mechanistic Empirical Pavement Design Guide for
unbound aggregate materials, and is more commonly
used.

Level 2 of design is based on correlations of M, with
soil index and strength properties such as CBR
(California Bearing Ratio). Level 2 of design is used
when resources or testing equipment are not available
for resilient modulus determination as required in Level
1. The following empirical equation, which comes from
the from the UK Transportation Research Laboratory
(TRL) relates M, to CBR:

M, =2,555(CBR)"*%* (Eq.2.4)

Other soil properties used in Level 2 in correlations
with the resilient modulus are PI (plasticity index), DCP
(dynamic cone penetrometer) index, P200 (percent
passing no. 200 sieve). In the case of PI and DCP
index, there is no direct relationship with M,. Instead,
PI and DCP index are first correlated to CBR (see
Figure 2.4), which is in turn correlated with M,.
A summary of the empirical correlations used in
Level 2 of design is presented in Figure 2.4. PI is used
in M, correlations of coarse-grained soils that contain
more than 12% fines and exhibit some plasticity. For
clean granular materials (PI = 0), M, is correlated to
Dgo (NCHRP, 2004b).

Level 3 of design requires the input of a single M,
value that represents the entire foundation. Usually
these are default values that come from local agency
historical records. Recommended values of M, for a
wide range of unbound granular and subgrade materi-
als are provided in the MEDPG Manual of Practice
(AASHTO, 2020). M, values are in the 16,000-40,000
psi (110-276 MPa) range for granular materials (A-1-a
to A-2-7 classification) and vary between 8,000 and
16,500 psi (55-114 MPa) for fine grained materials
(A-3-a to A-7-6 classification). For coarse materials,
current practice in Indiana most often relies on a fixed
(Level 3) input value (30,000 psi (207 MPa)) for a
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Figure 2.4
2004b).

material such as the #53 aggregate extensively used as a
separator/subbase layer in Indiana).

2.2.4 Resilient Modulus Data for Granular Materials
Meeting INDOT No. 53 Specifications

Several studies in literature have investigated the
resilient modulus of aggregates. As part of this project,
resilient modulus data from laboratory tests performed
on 58 different materials from six independent studies
conducted in Kentucky (Hopkins et al., 2007), North
Carolina (Chow et al., 2014), Oklahoma (Hossain et al.,
2015), Nevada (Hajj et al., 2018), Utah (Jackson, 2015),
and Alaska (Li et al., 2011) were compiled. As shown in
Figure 2.5, these materials, which are herein referred
using a symbol that includes the abbreviation for the
state of origin and a sequential number (e.g., KY-1),
meet INDOT No. 53 particle size distribution specifica-
tions. The objective of this review was to generate a
database of values of M, and of the universal model k
regression coefficients for materials with characteristics
similar to INDOT No. 53. Table 2.2 summarizes key
information for each of these studies, including the
number of materials tested, gradation and compaction
characteristics (maximum dry density, water content,
method of compaction) and, when available, character-
istics (water content and dry density) of the specimens
tested. For all materials in Table 2.2, regression
analyses were performed to derive the ki, ks, ks
coefficients appearing in the universal model.

Additional data were retrieved from a 2002 FWHA
report (Yau & Von Quintus, 2002), which compiles
laboratory data for the over 2000 unbound aggregate
materials and soils tested as part of the Long-Term
Pavement Performance Program. All resilient modulus
data in this study were derived from laboratory cyclic
triaxial tests performed following AASHTO-T307
(AASHTO, 2021a), which recommends 200 conditioning

Examples of empirical correlations of M, with index and strength soil properties used in Level 2 of design (NCHRP,

loading cycles followed by 16 loading stages consisting
of 100 loading cycles each. The 423 sets of data
pertaining to unbound aggregate base and subbase
materials were extracted from the results included in
the 2002 FWHA report and added to the database for
this project. The FWHA report provides statistical
data on the k parameters for these 423 materials. Note
that the FHWA report provides only the k-values
determined from nonlinear regression analyses of the
M, data, but not the original M, data.

Examples of the variation of M, with confining stress
and deviatoric stress are presented in Figure 2.6 for 12
of the materials in the database generated. While this
data pertains to tests conducted at a single confining
stress (10 psi ~ 69 kPa—Figure 2.6b) and a single value
of deviatoric stress (15 psi ~ 103 kPa—Figure 2.6a),
similar trends are observed for other loading condi-
tions. The figures highlight how unbound aggregate
materials having similar gradation and compaction
characteristics can exhibit a broad range of resilient
modulus values under the same loading conditions.

Finally, Figure 2.7a—c present box whisker plots for
parameters ki, k,, and ks for the universal model. Each
figure contains two plots, one pertains to values
obtained best fitting the data from the six sources
shown in Table 2.2 (database compiled in this study);
the second shows the values reported in the 2002
FHWA report. Tables summarizing key statistical
indicators for each of the fitting parameters are
included with each figure. In general, the values from
the FHWA report show less dispersion than those for
the database compiled for this project (compare ranges
and COV). Overall, these plots and the associated
statistics highlight the broad range in the values that
the fitting parameters k;, k,, and k; can attain, even
for materials of very similar gradation. As k; reflects
differences in particle characteristics and in their
packing, a wide range for this parameter may be
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TABLE 2.2
Summary of Gradation, Compaction, and Specimen Characteristics of the Database Materials

Gradation Compaction Characteristics Specimen Characteristics
Optimum
Passing No. Max Dry Water Method of Dry Density
Symbol Reference 200 (%) Ds¢ (mm) Cu Density (pcf) Content (%) Compaction (pcf) w (%)
KY Hopkins 0.00-13.00 3.50-9.52  51.67-142.22 142.50-144.80 5.50-6.90 Shaker Table, 128.50-140.90 3.5-4.9
et al. (2007) Standard Proctor
Test: Method D
NC Chow et al. 8.00 6.00 90 131.30-153.50 4.20-7.40 Standard Proctor  131.60-159.50 3.9-7.4
(2014) Test: Method A
OK Hossain 4.80-6.30 6.00-10.4  52.78-123.08 133.00-149.00 4.60-7.50
et al. (2015)
AK Li et al. (2011)  6.00-10.00 4.71-5.00 34.44-88.00 146.10-156.80 5.20-6.00 Impact Compaction 145.16-156.83 5.2-6.3
Method
uT Jackson (2015)  4.80-10.20 3.50-5.20 18.52-92.86 137.40-142.20 5.40-6.60
NV Hajj et al. 5.30-10.00 3.2-8.00 31.25-140.0 129.70-147.50 3.50-8.40 Standard Proctor
(2018) Test: Method
A, D
expected. However, k, and especially k; also show ,
. . . . . . 8 _ ﬂ
s1gn1ﬁcant variation. For }(:g, several studies generated 3p =Py ki (ﬂ)e (%) eh (Eq.2.5)
physically implausible positive values. &r
where,

2.3 Permanent Deformation

2.3.1 Significance

As discussed in Section 2.2.2, individual soil grains
tend to rearrange themselves into denser configurations
in response to applied compressive stresses. The
compressive stresses induce straining of the soil matrix
that involves frictional slip between grains and com-
pression at grain contacts. Upon removal of the
compressive stress, the soil matrix will attempt to revert
to its original loose configuration. However, the matrix
will only experience a partial rebound (i.e., resilient
strain) since a portion of the energy input from the
compressive stress will have been dissipated through
individual soil grain rearrangement. The difference in
soil matrix configurations before and after compression
is therefore an irrecoverable or so-called permanent
strain. Repeated permanent strains accumulate as
permanent deformations that manifest in flexible
pavements as ruts, which lead to pavement structural
failures and increased potential for hydroplaning.

The Indiana Design Manual requires that MEPDG
predicted pavement rutting (i.e., total pavement perma-
nent deformation) for new and rehabilitation hot mix
asphalt (HMA) pavements not exceed 0.75 in. Total
pavement permanent deformation equals the summa-
tion of permanent deformations from each pavement
layer (e.g., asphalt surface course, aggregate base,
subgrade, etc.). The MEPDG software predicts perma-
nent deformations of aggregate base and subgrade
layers using Equation 2.5 from Tseng and Lytton
(1989).

0, = permanent deformation for the layer (in.),

N = number of traffic loading repetitions,

&, P, and p =material properties,

¢, = resilient strain from laboratory testing used to
determine material properties—¢,, f, and p,

¢, = average computed vertical resilient strain in the
layer,

h = layer thickness (in.),

Bs; = INDOT calibration factor (equals 0.12), and
k; = national calibration factor (equals 0.965 for
aggregate bases and coarse-grained soils, 0.635 for
sand soils and 0.675 for fine-grained soil according to
AASHTO (2020)).

MEPDG users do not input values for ¢, f, p, and ¢,,
rather the software computes the values using empirical
expressions (Equation 2.6-Equation 2.10) developed
from NCHRP Project 1-37A (NCHRP, 2004b).

—0.3586 GWT"!12

M, \7&
14/—51.712{(2’555> } (Eq.2.6)
log f= —0.61119—0.017638w (Eq.2.7)
C —1n<“‘M"bl) (Eq.2.8)
= ao M q. 2.
100 / (Eq.2.9
a [1(109)/‘} 429
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Figure 2.5 Particle size distributions of materials included in the database and reference gradation band for Indiana #53.

{al exp(p”) M, +ag exp [(1%;9) ﬁ] M,b"} (Eq.2.10)

where,
w = moisture content (%),
M, = layer resilient modulus (psi),
GWT = groundwater table depth (ft),

a; = 0.15,

b[ = 00,

ao = 20.2, and
bg = 0.0.

2.3.2 Factors Affecting Permanent Deformation

Permanent deformation is largely the function of
applied loading conditions and soil shear strength. The
following paragraphs provide a general overview of
these factors, though a more comprehensive discussion
can be found in Tseng and Lytton (1989) and in Thom
(2014).

Loading Magnitude: Greater magnitude loadings
induce higher amounts of strains in soils. Since
permanent strain is proportional to the induced strain,
it is expected for greater magnitude loadings to result in
greater amounts of permanent deformation. Indeed,
a heavier loading will contribute a greater amount of
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Figure 2.6 Variation of M, with (a) confining stress (15 psi deviatoric stress), and (b) deviatoric stress (10 psi confining stress) for
aggregates that meet INDOT No. 53 particle size distribution specifications.

energy that can more easily induce interparticle slip
within a soil matrix.

Number of Loading Cycles: Total permanent defor-
mation tends to increase logarithmically with an
increasing number of loading cycles. With each addi-
tional loading cycle individual grains within a soil
matrix become more resistant to interparticle slip that
causes permanent strain. As a result, the amount of
permanent deformation per loading cycle will decrease
to a limit of zero. This limit is referred to as the
“shakedown limit” where plastic strain ceases altogether
(Thom, 2014).

Shear Strength: Because permanent strain is largely
the result of frictional slip across soil grains, soils with
greater shear strength are more resistant to accumulat-
ing permanent deformations. Therefore, stronger soils
are expected to experience lowers amounts of perma-
nent deformation. Soil shear strength is a function of
several other factors including soil type (granular versus

fine-grained), confining stress, stress history, moisture
content, density, particle angularity.

2.4 Interpretation of Plate Load Tests

2.4.1 Boussinesq Solution

Conventional interpretation of the plate load test
makes use of Boussinesq’s (1885) half space solution
(Equation 2.1) for evaluating the elastic modulus of the
tested soil material, which assumes homogeneous
isotropic linear-elastic material behavior.

E=(1_v2#-f (Eq.2.11)

where,
E = elastic modulus,
d, = resilient (elastic) deflection of the plate,
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(@)

k,
Statistical Database
Indicators in Table 2.2 FHWA
Maximum 4.368.6 1,847.4
Quartile 1,287.0 1,049.8
Median 942.2 852.7
Quartile 747.6 677.8
Minimum 511.0 280.9
Mean 1,131.9 873.2
Standard 642.0 272.6
Deviation
cov 56.7% 31.2%
N 60 423
(b)
. ] k
Statistical Database
Indicators  in Table 2.2 FHWA
Maximum 1.718 1.062
~ Quartile 1.188 0.7
Median 0.712 0.628
Quartile 0.543 0.565
Minimum 0.138 0.174
Mean 0.837 0.626
Standard 0.413 0.133
Deviation
COV (%) 493 21.2
N 60 423
(©)
ks
Statistical Database
Indicators in Table 2.2 FHWA
Maximum 0.89 0
Quartile 0.077 0
Median -0.067 -0.129
Quartile -2.71 -0.261
Minimum -4.606 -2.898
Mean -0.975 -0.170
Standard 1.687 0.215
Deviation
COV (%) 173.0 126.5
N 60 423
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Figure 2.7 Statistics for universal model parameters (a) ki, (b) k,, and (c) k3 for aggregates that meet INDOT No. 53 particle size

distribution specifications.

v = Poisson’s ratio,

q = applied contact stress,
r = radius of bearing load plate, and

f = shape factor.
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The value of the shape factor f that appears in
Equation 2.11 is intended to reflect the stress distribu-

tion beneath the plate. The earliest definition of the

shape factor assumed uniform distribution of stress
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beneath the plate, which corresponds to f = 2
(Timoshenko & Goodier, 1970). Ullitdz (1987) subse-
quently proposed that the distribution of the stress
under a loaded rigid plate has a parabolic shape, which
varies depending on the properties of the underlying
material: parabolic and inverse parabolic, for a plate
resting on a cohesionless and cohesive soil, respectively.
These stress distributions correspond to values of the
shape factor of 8/3 and n/2, respectively.

Use of the Boussinesq solution for interpreting
plate load test data is founded on a number of assump-
tions (material homogeneity, isotropic linear-elastic
response) that may not be realistic particularly in the
case of tests on layered pavement systems. Additional
uncertainty is associated with the selection of values of
both the Poisson ratio (v) and the shape factor. The
subsequent sections provide a brief review of the effect
of Poisson ratio and plate stiffness and discuss the
impact that consideration of material non-homogeneity
and anisotropy have on the interpretation of plate load
test data based on previous work.

2.4.2 Factors Affecting Interpretation of Plate Load
Tests

2.4.2.1 Influence of Poisson’s ratio. Use of the
Boussinesq equation (Equation 2.11) requires an input
of the soil’s Poisson ratio, v. When using plate load
tests for pavement design, a value of 0.4 is commonly
used for both subbase and subgrade layers (White &
Vennapusa, 2017; White et al., 2016, 2019). However,
the Poisson ratio is a complex soil property that
depends on a number of factors including confining
pressure, deviatoric stress and soil physical properties,
and values reported in the literature fall in a broad
range (0.1-1, e.g., Brown & Hyde, 1975; LeKarp et al.,
2000, Morgan, 1966). Isotropic elasticity theory
provides an upper bound of 0.5 for the Poisson ratio
value used in analyses, as the increase in volume
associated with v > 0.5 does not comply with elasticity
theory. Nevertheless, even a variation of this property
in a narrower range has a significant impact. For
example, keeping all other parameters constant, as v
varies between 0.2 and 0.5, the factor (1-v?) accounts
for almost a 30% difference in the predicted modulus.

2.4.2.2 Influence of plate stiffness. A key assumption
involved in the interpretation of plate load test data is
related to the stiffness of the plate. Flexible plates, such
as rubber tires, generate a uniform pressure distribution
on the loaded surface. However, steel plates that are
typically used in plate load tests are better modeled
as rigid. Given the high stiffness of the material
constituent of the plate, a large portion of the
structural capacity of the system comes from the plate
itself (Yoder & Witczak, 1975). Moreover, variations in
plate rigidity bring about differences in the distribution
of stresses beneath the loaded area and as a result, in
the soil settlement.

Boussinesq’s theory for flexible plates was further
extended to rigid plates by Burmister, and the
respective equations, here expressed in terms of
settlement, are shown in Equations 2.12 and 2.13.

2
S = w (flexible plate) (Eq.2.12)
1— 2
Sy = ”(271;)‘” (rigid plate) (Eq.2.13)

where,
E = elastic modulus of the material,
r = radius of the loaded bearing area,
q = the applied load at the surface,
v = Poisson’s ratio of the soil material, and
0, = deflection at the axis of the load.

Based on these equations, the predicted settlement
under a perfectly rigid plate is approximately 0.8 times
that predicted for the same conditions under a perfectly
flexible plate.

Several authors in the literature have examined the
influence of plate (or foundation) stiffness (Arnold
et al., 2010; Brown, 1969; Horikoshi & Randolph, 1997;
Lemmen et al., 2017; Poulos, 1968) on settlement. An
illustration of this effect is provided by the work of
Mayne and Poulos (1999), who incorporate a rigidity
correction factor I in the expression used for calculat-
ing the settlement of foundations. I depends on the
modulus and geometry of the plate, as well as on the
modulus of the soil, through a plate flexibility factor K¢
defined as shown in Equation 2.14.

E, late 2t 3
K, = [ =2 =
/ (Esoil) (d)
where,

E, ;. = elastic modulus of the plate material,

E,,; = elastic modulus of the soil located beneath the
plate (at a depth equal to the radius of the plate),

d = diameter of the plate, and

t = thickness of the plate.

(Eq.2.14)

This formula was generated as an approximation
after Brown (1969), who used finite-element analyses to
investigate the effect of plate rigidity. The relationship
between Ir and Ky is shown in Figure 2.8. The figure
shows both the original results from Brown (1969), as
well as the approximate expression by Mayne and
Poulos (1999). The rigidity correction factor Ig is

.. T
observed to vary between a minimum value of 1 for

low values of Ky and a maximum value of 1 (high Ky),
which correspond to ideal rigid and flexible conditions,
respectively.

Similar to what is seen in the solutions provided by
Burmister and Bousinessq (Equation 2.12 and Equation
2.13), the settlement predicted under a perfectly rigid
plate is approximately 0.8 times that predicted under a
perfectly flexible plate. Note that for a rigid circular
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Figure 2.8 Effect of plate rigidity on the settlement of a
vertically loaded circular foundation (Mayne & Poulos, 1999).

plate the settlements calculated at the center, corner and
edge of the plate are equal, while for a flexible plate the
settlement calculated at the center of the plate is 3/2 the
settlement calculated at the edge.

2.4.2.3 Influence of material non-homogeneity. As
discussed previously, the use of Boussinesq’s equation is
based on a homogeneous infinite half space. The
assumption of material homogeneity is questionable
in the case of pavement systems, which consist of layers
that have distinct mechanical properties. This was first
recognized by Burmister (1945), who developed
solutions based on elastic, isotropic material response
for calculating the settlement of a two-layer pavement
system. The solutions account for two different
interface conditions: full continuity (i.e., no slippage)
between the two layers or zero shear stress at the
interface. For the first interface condition, the solution
by Burmister (1945) is shown in Equation 2.15.

1.5gr [h E; 1.5¢gr
- Fl|-,=—| = F, Eq.2.1
5 E2 |:}" E2:| E2 ( 1 5)
where,
E,, E, = elastic moduli of top and bottom layer,
respectively,

r = radius of the loaded bearing area,
q = the applied load at the surface,
h = thickness of top pavement layer, and

F,, = settlement coefficient (function of ﬁ and %)
2
Influence curves for determining F,, for the case of a
stiffer upper layer are shown in Figure 2.9. The figure
shows that, as expected, relative to the homogeneous
case (constant value of £ = E,), the presence of a top
stiffer layer reduces the predicted settlement. The
greater the contrast in the values of the elastic modulus
between the two layers, the more significant the impact.

For a given value of fl’ the settlement coefficient
2

. h E
decreases with pe For example, for El =10 and h >,
2

F,, falls below 0.5. This implies that for such conditions
the assumption of homogeneity would lead to over-
predict the settlement by 50% or more (or, alterna-
tively, underpredict the modulus of the bottom layer
soil from the measured surface settlement by the same
amount).

Through the use of finite element analyses, a number
of authors, starting with Clough and Rashid (1965) and
Wilson (1963), have further investigated the role played
by stratification and material non-homogeneity. This
issue is further examined in Chapter 4 of this report.

While Equation 2.15 quantifies the effect on plate
settlement, the presence of stratification clearly also
influences the stress distribution in the loaded soil
(Burmister, 1945). This effect can be examined using the
KENLAYER software developed for the design of
flexible pavements (Huang, 2004). The software, which
incorporates Burmister’s solution for an elastic multi-
layered system under a circular load, assumes two
boundary conditions (contact stress = q, surface free of
shear stress) and four continuity conditions (continuity
of vertical stress, vertical displacement, shear stress and
radial displacement through each interface), and allows
computation of stress and deformations throughout the
system (Huang, 2004). Figure 2.10 shows the variation
of the depth of influence (based on 90% attenuation
under the centerline of the plate) for a two-layer model
in which the stiffness of the top layer (with thickness
equal to ~1.5 times the radius of the loading plate)
was varied, so that the layer modulus ratio R
(R: B _ _Ew ) ranged between 0.01 and 50.

E, Eb()ttom

As illustrated in Figure 2.10, when the top layer
is underlain by a stiffer layer (R < 1), the influence
depth does not vary significantly even as R changes by
two orders of magnitude (0.01 to 1). In the case of a
weaker underlying layer, instead, the effect of R is
significant, with the depth of influence markedly
decreasing with increasing value of R. For a sufficiently
high value of R, it is seen to not extend into the
underlying softer layer.

Overall, these results demonstrate that neglecting
material non-homogeneity in the interpretation of plate
load test data can lead to inaccurate predictions of
moduli.

2.4.2.4 Influence of material anisotropy. Another
significant assumption incorporated in the evaluation
of elastic modulus from field data is that of isotropic
material behavior for all Ilayers. However, the
anisotropic properties of soils and in particular of
granular materials used for subbase and base layers have
been long documented in the literature. Casagrande and
Carillo (1944) were some of the earliest authors to
distinguish two forms of anisotropy in granular
materials: inherent and induced anisotropy. The first
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Figure 2.9 Influence curves of settlement coefficient F,, for a two-layer system (Burmister, 1945).
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Figure 2.10 Variation of influence depth for different values of layer modulus ratio (R = E1/E2).

comes as a result of the deposition of the material, while
the latter is a result of loading. While of relevance to this
work is the effect of anisotropy on the stress-strain
behavior, other properties such as permeability and
thermal and electrical conductivity are also known to be
affected (e.g., Kuhn et al., 2015).

The sources of anisotropy during loading come from
the mechanisms of load transfer in granular media.
Unlike continuous media, the distribution of stresses
in granular media is not uniform but concentrated
along continuous chains of particles (Tutumluer,
2009). Given this mechanism of load transfer, granular
materials can distribute the load by means of
compression and shear forces between aggregates.
For this reason, there is a preferred orientation of

particle contacts along the direction of compressional
loading. This directional dependency of the contacts
leads to a directional dependency of the material’s
stiffness (Gu et al., 2020).

Some of the earlier studies on the influence of
anisotropy on stress and strain field produced by the
application of a surface load include the work by
Koning (1957), Barden (1963), and Hanna (1965).

The work by Barden (1963) quantifies the effect of
the degree of anisotropy of a homogeneous medium,
as measured by the modulus anisotropy ratio n

n=—], on the vertical stress produced by a
v
concentrated load applied at the surface. The results

of this work are summarized in Figure 2.11 for n
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Figure 2.11 Variation of vertical stress with distance from a concentrated load applied at the surface (adapted from Barden, 1963).

varying from 0.25 to infinity, with the bands for each n
represent variations in the values of the Poisson ratio.
The figure demonstrates that the anisotropy ratio of the
loaded material significantly influences its load spread-
ing capacity. This, as a result, would affect the
deformations produced by the applied load. For
example, focusing on the vertical stress generated
directly below the applied load, it is seen that at any
given depth, as n varies between 0.25 and 6, the vertical
stress increase is, respectively, almost twice and less
than half of the value derived assuming isotropy.

As the work presented in this report was focused on
the interpretation of plate load tests conducted on
compacted aggregate layers, the anisotropy ratio of
these materials is of particular interest. A number of
laboratory studies have investigated the anisotropic
properties of aggregates and other granular materials.
Some key studies are summarized in Table 2.3. The last
column in this table summarizes the values of n derived
from each study. These are found to vary within a
broad range, from less than 0.1 to almost 2. Of
significance is the study by Bellotti et al. (1996) based
on seismic wave propagation measurements. While
conduced on a silty sand, the study indicates a
relationship between the measured anisotropy ratio, n,
and the consolidation stress ratio K (= o'y/o’y). This is
relevant to compacted granular materials in which
higher values of K may be developed as a result of
compaction.

The first row in Table 2.3 refers to a publication by
Tutumluer et al. (2016) which includes data for 113
aggregate materials obtained from repeated triaxial
tests performed using the UI-FastCell that allows
measurement of the resilient modulus in both the
horizontal and vertical direction. As shown in the
table, values of n derived from this study alone varied
from 0.08 to 1.51. By testing a broad range of

materials, Tutumluer et al. (2016) were also able to
identify the effect of various parameters on n. They
show that the anisotropy modulus ratio n increases
with increasing compaction effort, fines content,
particle angularity and particle texture roughness.
The results presented by Tutumluer et al. (2016) on
the influence of aggregate texture and angularity on n
are in accordance with the results presented by
Ashtiani and Little (2009) based on tests on 56
granular aggregate samples (Figure 2.12).

The effect of the fines content is illustrated by the
resilient modulus data presented in Figure 2.13. This
data pertain to tests performed for a range of confining
and deviatoric stresses on crushed gravel with fines
content of 8% and 16%. For the gravel with 8% fines,
the horizontal modulus data fall, for the most part,
below the corresponding vertical modulus data, reflect-
ing values of the anisotropy ratio, n, smaller than 1. In
contrast, with 16% fines the horizontal moduli are
consistently greater than the vertical moduli for all
stress conditions examined, resulting in values of n that
exceed 1.

Finally, with regard to the effect of compaction
effort, Tutumluer et al. (2016) report that the modulus
anisotropy ratio n of two crushed aggregates with 12%—
13% fines increased with increasing compaction effort.

The effect of the deviatoric stress level on n is less
straightforward. For example, Figure 2.13b shows that
for the gravel with 16% fines, the horizontal modulus
decreased with increasing deviatoric stress, while the
vertical modulus remained constant or decreased
slightly, reflecting a reduction in n. Results by Seyhan
and Tutumluer (2002) for other aggregate materials
show the opposite trend. Seyhan and Tutumluer note
that trends of increasing modulus with increasing
deviatoric stress are generally associated with good
quality materials.

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2023/22 15



$10BIU0D
60 saje)s ssans ordonosy — = [oARIS BQIUYD soponaed jo sontadoad
80-SH0 s91e)s ssans ordonosiuy ot - ‘[oA®I3 QwiIy ‘pues BINOAO], Uuo paseq [opouwr dNISe[q 900 ‘Suey) 29 IOYIIH
1£9°0—82°0 s9je)s ssaxs ordonosiuy - $1S9) OI[OAD [BIXBLI],
S0 soje)s ssans ordorosy ¢ - [oAeIS Apuesg $189) uoIssaIdwod [eIXBLL], 1661 “Te 19 Suelp
6'1-6L0 - 9¢ §s0 pues oumL], §159) OIWISIds A101BI0qRT 9661 & 19 mojeg
uols—paysnid 200T
S 1-8€°0 [9A9] SSaIs YSIY/01BIPIULIDIUL/MO 6¢€ - [oABID) eDIsed-1N ‘ronpuning, 29 ueyLkeg
(1oA®IS ©1OSOUUIIA) [9ARIS
Apues [RIOR[S Popunoy
(1oA®I3 sexa])
911 1-9S1°0 S[eLId)eW papeIS oul] [9ae13 11d popunoy
9°0-9¢°0 S[BLIQ)BW 3SIBOD) QUOISAWI| PAYSTLID SBXI],
(oyuead
8C'1-S1°0 S[ELI2IEW PopRIS-[oA 801 - BIWIOJI[ED) YOOI Paysnid) LLed 100T “'Te 39 SO-NpVY
(VDY) so1e3aisse
7€ 1-S0°0 (ed3 9L < Po) [9A9] ssaxs YSIH 9)210U0D PI[OAIY
Quo3ls paysni)
€€ 1-80°0 (ed>] 8€1 < PO) [9AJ] SSOIIS 9JBIPIULIAIU] QuojsawI|
9)IWo[Op PAYsNID
ISTT-LT°0 (BdY 69 < Po) [9A9] ssans MO 144! 01-¢ [oA®IS paysniou() [POIseA-1N 910¢ “Te 12 1onjuming,
(AF/qA) u Jo d3uey vje( Jo Pqumy  (ww) Sq PIISAL, S[BLIDIBIAI 1S91, Jo adA ], loyny

S[RLIDIEIA] [0S IB[NURIL) I0J JINJBINIT ) ur pajroday (u) oney Adonosiuy snOPoJAl JO SIN[BA
€C d14dV.L

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2023/22

16



» o w
= wn o

More Angular
Measure of Aggregate Angularity (Aa)
w
wn

Figure 2.12 Effect of aggregate angularity and texture on the anisotropy ratio n (Ashtiani & Little, 2009).
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Figure 2.13 Horizontal and vertical resilient moduli of uncrushed gravel material with (a) 8% non-plastic fines, and (b) 16%

non-plastic fines (Tutumluer et al., 2016).
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3. SITE DESCRIPTION AND PLATE LOAD
TESTING PROGRAM

3.1 Introduction

This chapter describes the methods used to construct
the aggregate strips (Section 3.2) and testing pit
(Section 3.4) where the plate load testing program
was conducted, provides an overview of the conditions
at the testing locations (Section 3.3), the plate load
testing equipment (Section 3.5) and the testing proto-
cols (Section 3.6), and presents examples of the data
obtained from the different types of tests performed
(Section 3.7).

3.2 S-BRITE Strip Construction and Testing

The plate load testing program was performed at
locations on two 60 ft by 20 ft (18 m by 6 m) unbound
aggregate test strips (Figure 3.1) constructed at the
Purdue University Steel Bridge Research Inspection
Training and Engineering Center (S-BRITE), part of
Purdue’s Center for Aging Infrastructure (CAI) in West
Lafayette, IN. The testing strips were constructed
during the summer of 2020 as part of a separate
JTRP project (SPR-4327 Control Guidelines for
Aggregate Drainage Layers and Evaluation of In Situ
Permeability Testing Methods for Aggregates). This
same project involved extensive additional testing of the
strips including light weight deflectometer (LWD) and
nuclear density tests.

Figure 3.1 identifies the location of the site, where
soil conditions under the vegetated organic layer
include 3.5 to 6 ft (1.1-1.8 m) of silty or sandy clay

Stedl lBridge/Research
Inspecnon Trammu

VAT oA y

underlain by silty or clayey sands. The water table lies
approximately 18 ft (5.5 m) below the ground surface
(Patriots Engineering and Environmental Inc, 2014).

After removal of the topsoil and excavation of an
additional 6” (15.2 cm) thick layer of the natural soil
throughout the site, different procedures were followed
for construction of the two strips.

On the northern strip, the aggregate layer was
constructed in a single lift (average thickness = 5.5 in
(14.0 cm)) on the compacted natural soil, a clayey sand
with 48%-49% fines, and average liquid limit and
plastic limit of 27.9% and 14.6%, respectively (CS and
A-6 classification according to USCS and AASHTO).
Target values of water content and dry unit weight were
8.3% and 129.1 pcf (20.1 kN/m?). Subgrade compac-
tion was performed by an independent contractor
(Specialties Company LLC of Indianapolis, IN).

Slurry cement stabilization with a cement application
rate of 50.8 Ib/yd®> was performed by the same
contractor to a depth of 14 in (35.6 cm) on the
footprint of the second southern strip targeting 8%
water content and 125.1 pcf (19.6 kN/m?) dry unit
weight. Subgrade compaction and soil stabilization
specifications were based on laboratory compaction
and unconfined compression tests performed according
to INDOT design procedures (INDOT, 2022).
Construction of the aggregate layer on the cement
treated subgrade was performed in two lifts, with a final
average thickness of 8.7 in (22.1 cm).

INDOT #153 aggregate sourced from US Aggregates
(Delphi, IN) was selected for both strips. The particle
size distribution for this aggregate, which is widely used
by INDOT as a pavement subbase layer, is shown in

TEStmﬁ
strips

Figure 3.1 Location of the S-BRITE facility in West Lafayette, IN.
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Figure 3.2 along with the band that identifies the limits
for the Indiana #53 designation. In both strips the
aggregate was placed and graded using a loader, and
then compacted using a CAT CS44B compactor,
following a sequence of 4 static, 4 vibratory (f = 30
Hz) and four additional static passes. To limit
segregation of the material, care was placed in mixing
the aggregate stockpile.

A grid of perpendicular lines with a uniform spacing
of 3 feet (0.9 m) was established for identifying the
testing locations on both strips. For each strip, the grid
lines parallel to the east-west direction were labeled
with numbers from 1-7 (starting from north), while the
grid lines parallel to the north-west direction were
labeled with letters from A-T (starting from west) as

shown in Figure 3.3. Prior to placement of the
aggregate, a geotextile (GEOTEX® 601 6 oz nonwoven
geotextile fabric manufactured by Propex) was placed
on the subgrade on the eastern most side of both strips
(overlapping rows P-T on the grid).

Elevation readings at all points on the 3 by 3 ft grid
were collected using a rotary laser after each construc-
tion stage, allowing determination of the thickness of
the individual lifts. Figure 3.4 presents maps of the
thickness of the full aggregate subbase layer for the two
strips herein referred to as UNT (untreated) and CT
(cement treated) strips.

Light weight deflectometer (LWD) and nuclear
density (ND) tests were performed at locations on each
of the two test strips to determine the in-situ material

100% T—

5-BRITE No. 53 Aggregat%

80% 1
60% 1
40% 1

20% 1

Percent Passing

0% -HHH-———

Limits for No. 53 Aggregatg
(INDOT 904.03)

T T T T T T

100 10

T T T T T T T

1 0.1 0.01

T T T T T

Sieve Opening Size (mm)
Figure 3.2 Particle size distribution of S-BRITE No. 53 aggregate.

Nonwoven
geotextile fabric
at subgrade/base
interface

\

Figure 3.3 Plate load testing locations on S-BRITE strips.
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Figure 3.4 Thickness of aggregate subbase layer on (a) UNT, and (b) CT strips (maps based on measurements at grid points;

black circles identify plate load testing locations).

characteristics of the layers. LWD tests were performed
at all grid points on the two strips (over 125 points on
each strip) with both a small (LWD-S: D = 0.150 m,
drop height = 0.165 m) and a large (LWD-L: D =
0.300 m, drop height = 0.720 m) platen.

Nuclear density tests were performed only after
completion of strip construction at points offset from
the grid (39 and 37 locations on the UNT and CT
strips, respectively).

The LWD testing procedure followed the ASTM
E2583-07 (ASTM, 2020) standard test method for
measuring deflections of paved and unpaved surfaces.
In this test a mass is dropped from a specific height
generating a force pulse which is transmitted by means
of a plate resting on the surface of the loaded layer.
Depending on the manufacturer, different sensors are
used to measure the surface deflection produced by the
applied impulse load. LWD tests for this research
project were performed using the Zorn ZFG 3.0 light
weight deflectometer (wWww.zorn-instruments.com).
With this apparatus, surface deflections are derived by
twice integrating readings from the accelerometer built
into the loading plate.

While several models are commonly used to trans-
form LWD readings into moduli, in order to reduce the
bias created by the assumptions associated with the use
of such models, only average deflections are reported in
this document.

Nuclear density testing procedures followed the
ASTM D6938-17a standard test method for measure-
ment of in-place density and water content of soil by
means of nuclear gauges (ASTM, 2017). Nuclear

20

density tests were performed by Earth Exploration
(a Terracon Company) of Indianapolis. The equipment
used was a Troxler 3430 Nuclear Density Gauge. The
direct transmission method, which is the preferred
procedure, involves the extension of a probe through
the base of a nuclear gauge into a vertical hole to a
specific depth. The nuclear gage system includes gamma
and neutron radiation sources and detectors which can
measure the radiation and quantify the total (wet)
density and moisture content of the soil. The in-situ
density of the soil is calculated using the detected rate
of gamma radiation at the surface of the soil. The
moisture content of the soil is measured using a
backscatter gauge that allows the neutron sources and
detectors to be placed both in the same plane. The
recorded attenuation of the fast neutrons at the surface
of soil allows the determination of water mass per unit
volume, from which the gravimetric water content can
then be calculated. Dry density and degree of saturation
are then calculated from these parameters. The latter
calculation requires knowledge of the specific gravity of
the aggregate which was assumed to be equal to 2.77
based on measurements performed following ASTM
C127-15 as part of a previous research project (Getchell
et al., 2020).

Finally, pictures of the finished surface of the
aggregate layer were taken at all grid points and were
processed using custom developed software (Garzon-
Sabogal et al., 2024). The key output of the routine,
which relies on detection of the two-dimensional projec-
tions of grains as features, is an index termed median
feature size, which is found to effectively represent the
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Figure 3.5 Images of aggregate surface at various locations on strips. The number at the center of each image represents the value

of the median feature size (in mm) derived from image analysis.

differences in gradation observed visually. This is
illustrated in Figure 3.5, which shows examples of
values of the index (in mm) derived from the analysis of
images at visually contrasting locations on the aggre-
gate surface.

Key statistical indicators for the thickness of the
aggregate layer for both strips, as well as for additional
parameters discussed previously, are summarized in
Table 3.1.

3.3 Identification and Overview of Conditions at Plate
Load Testing Locations

Based on the significant range of variation of the
strip layer properties observed from the LWD and ND
tests, nine testing locations were chosen for the Auto-
mated Plate Load Tests (APLT): four on the UNT strip
and five on the CT strip. The testing locations, which
are identified in Figure 3.3, are herein referred using the
following notation: CT or UNT to denote a location on
the strip constructed on the cement treated or the
untreated subgrade, followed by a letter (A to T) and a
number (1-7) that identify the coordinates of the point
on the grid shown in Figure 3.3.

As discussed in more detail in the rest of the report,
two types of cyclic APLT tests were performed for
this project. In the first, the loading protocol
mimicked that used for laboratory resilient modulus
tests. Hence the tests are referred to here as resilient
modulus (MR) tests. The symbol MR is used to
differentiate the test from the maetrial property (Mr)
that the test is designed to measure. The second set of
tests involved a larger number of loading cycles that
followed a randomly distributed load, and that are
thus referred to as RDL tests.

A summary of the tests performed at each location
is presented in Table 3.2. In the table, MR tests
performed on the subbase (aggregate) layer are referred
to as resilient modulus tests with multi radius measure-
ments to reflect that they involved measurement of the
surface deflection not only on the plate but at distances
of 2r, 3r, and 4r from the center of the plate. In most
cases after completion of the test on the subbase, the
aggregate was removed and the same test (with
measurement of the deflection only on the plate) was
repeated at the same location on the underlying
subgrade. As noted in the table, two of the RDL tests
were conducted on the subbase at locations (CTQ2 and
UNTQ?3) where a geotextile had been placed below the
aggregate.

The testing locations for this project were selected
by the research team to reflect the range of material
conditions existing in the field. Key data obtained at
each testing location during construction (thickness of
subbase layer) and during the preliminary testing
program (LWD deflections measured on both subgrade
(large plate) and subbase (large and small plate), dry
density and water content of subbase from ND tests,
median feature size of subbase from image analyses) are
summarized in Table 3.3 along with the mean values,
standard deviations and the range calculated for each of
these parameters from measurements at all grid points
on each strip.

LWD deflection data for each strip are also
shown in the form of histograms in Figure 3.6
(subbase—CT strip), Figure 3.7 (subbase-UNT strip)
and Figure 3.8 (subgrade-both strips). Finally,
Figures 3.9, 3.10, and 3.11 show 3D maps of LWD
deflections and dry unit weight data. Measurements
obtained in correspondence to the individual testing
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TABLE 3.1
Key Statistical Indicators of Data for CT and UNT Strips

No.
Strip X o CvV Skewness Kurtosis  Measurement Range
LWD-L (mm) UNT 0.48 0.29 0.60 1.61 5.45 138 0.12-1.61
CT 0.26 0.08 0.28 1.48 5.69 133 0.57-0.16
LWD-S (mm) UNT 0.40 0.16 0.41 1.00 3.45 138 0.16-0.89
CT 0.20 0.07 0.34 2.17 9.53 133 0.12-0.57
LWD-L Subgrade (mm) UNT 1.44 1.32 0.92 1.62 4.80 129 0.07-0.54
CT 0.16 0.07 0.45 1.97 8.67 126 0.22-6.03
CT 4.48e3 3.62e3 0.80 3.35 19.70 132 9.42¢2-2.70e4
Thickness (in) UNT 5.48 1.95 0.35 -0.63 2.49 129 1.15-8.60
CT 8.70 1.82 0.20 -1.22 4.28 126 3.00-11.55
Median Feature Index (mm) UNT 5.97 0.82 0.14 -0.30 2.31 137 4.14-7.83
CT 4.36 0.67 0.15 1.26 4.23 132 3.41-6.56
va (pcf) UNT 133.0 2.50 0.02 -0.84 3.40 39 126.1-138.0
CT 138.0 2.50 0.02 -0.00 1.68 37 128.6-142.3
w (%) UNT 3.50 0.33 0.09 0.27 3.10 39 2.90-5.90
CT 4.62 0.57 0.12 0.22 2.04 37 3.30-5.80
S (%) UNT 0.36 0.05 0.13 0.08 2.44 39 0.25-0.50
CT 0.58 0.10 0.17 0.40 1.92 37 0.36-0.76
TABLE 3.2
Overview of Tests Conducted at Each Testing Location
Strip Testing Location Layer Type of Test Test ID.
Cement - Treated CTCS Subbase Resilient Modulus Test w/ multi radius MR-CTCS5-SB
(CT) measurements
Subgrade Resilient Modulus Test MR-CTCS5-SG
CTM2 Subbase Resilient Modulus Test w/ multi radius MR-CTM2-SB
measurements
Subgrade Resilient Modulus Test MR-CTM2-SG
CTJ2 Subbase Resilient Modulus Test w/ multi radius MR-CTJ2-SB
measurements
Subgrade Resilient Modulus Test MR-CTJ2-SG
CTO4 Subbase Extended Cycle Performance Test RDL-CTO4-SB
w/ Random Distributed Loading
Subgrade Extended Cycle Performance Test RDL-CTO4-SG
w/ Random Distributed Loading
CTQ2! Subbase Extended Cycle Performance Test RDL-CTQ2-SB
w/ Random Distributed Loading
Untreated (UNT) UNTJ6 Subbase Resilient Modulus Test w/ multi radius measurements MR-UNTJ6-SB
Subgrade Resilient Modulus Tests MR-UNTJ6-SG
UNTL3 Subbase Resilient Modulus Test w/ multi radius measurements MR-UNTL3-SB
Subgrade Resilient Modulus Tests MR-UNTL3-SG
UNTI2 Subbase Extended Cycle Performance Test RDL-UNTI2-SB
w/ Random Distributed Loading
Subgrade Extended Cycle Performance Test RDL-UNTI2-SG
w/ Random Distributed Loading
UNTQ3! Subbase Extended Cycle Performance Test RDL-UNTQ3-SB

w/ Random Distributed Loading

"Location where geotextile was placed below aggregate layer.

locations are identified on both the histograms and
the 3D plots.

With few exceptions, the selection of the testing
locations focused on points where the parameters
reported in Table 3.3 fell within +/-1 standard
deviation of all data for that strip. Moreover, where
possible, an effort was made to choose locations that

facilitated isolation of the effect of one or more
parameters. For example, on the untreated strip, MR
tests were performed at locations UNTJ6 and
UNTL3, which showed a large difference in all the
LWD results. In particular, the LWD deflection
measured on the subgrade at UNTIJ6 is over five
times greater than that measured at UNTL3,
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TABLE 3.3

Summary of Layer Characteristics at Testing Locations and Statistics from All Measurements on Each Strip

LWD Deflection Data (mm)

Subb Subbase Subbase Median
Subbase Subbase Subgrade Layer Dry Unit Water Feature
Location Large Plate Small Plate  Large Plate Thickness (in) Weight (pcf) Content (%) Size (mm)
CTC5 0.274 - 0.154 6.65! 139.2 4.65 4.69
CTJ2 0.279 0.123! 0.108 9.95 137.3 4.42 4.36
CTM2 0.304 0.186 0.116 9.50 134.8! 4.52 5.12
CTO4 0.229 0.133 0.146 9.75 134.8! 4.54 4.11
CTQ2 0.279 0.176 0.153 8.40 137.3 4.3 4.18
CT (all grid Ave 0.26 0.2 0.16 8.7 138.0 4.62 4.36
points) o 0.08 0.07 0.07 1.82 2.50 0.57 0.67
Range 0.16-0.57 0.12-0.57 0.07-0.54 3.0-11.55 128.6-142.3 3.3-5.8 3.41-6.56
UNTIJ6 0.575 0.419 2.214 5.90 133.6 3.64 6.45
UNTL3 0.300 0.321 0.430 7.55! 133.0 2.98! 6.20
UNTI2 0.384 0.283 2.368 7.00 133.0 3.19 4.94
UNTQ3 0.375 0.399 1.412 6.85 131.7 3.21 .24
UNT (all grid Ave 0.48 0.4 1.44 5.48 133.0 3.5 5.97
points) 4 0.29 0.16 1.32 1.95 2.50 0.33 0.82
Range 0.12-1.61 0.16-0.89 0.22-6.03 1.15-8.60 126.1-138.0 2.9-5.9 4.14-7.83
Identifies values that fall outside +/- 1 standard deviation range.
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Figure 3.6 Histograms of LWD data on the subbase of CT strip: (a) LWD-L, and (b) LWD-S.
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Figure 3.7

providing an opportunity to assess the impact of
contrasting subgrade conditions on the results of the
plate loading test. Similarly, to permit comparisons
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Histograms of LWD data on the subbase of UNT strip: (a) LWD-L, and (b) LWD-S.

between the two strips, one of the testing locations on
the CT strip was chosen in correspondence to a point
(CTC5) where the subbase thickness was comparable
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Figure 3.8 Histograms of LWD-L data on subgrade: (a) CT strip, and (b) UNT strip.
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Figure 3.9 3D maps of LWD deflection data for CT strip: (a) LWD-L (subbase), (b) LWD-S (subbase), and (¢c) LWD-L
(subgrade).

to those measured on the UNT strip (while outside having cross-section area of 9 ft x 18 ft (2.7 m X
the +/-1 standard deviation for the CT strip). 5.4 m). The aggregate layer was constructed in 7 lifts on
the compacted natural soil with a final average

3.4 Test Pit for Static Plate Load Tests thickness of 3.6 ft. The aggregate was placed and
graded using a loader, and then compacted using a

Static plate load tests were performed in proximity to SPF3000 vibratory plate compactor. In the test pit area,
the strips, at three locations on a thick (3.6 ft ~110 cm) nonwoven geotextile was installed at the contact surface
layer of the same #53 aggregate compacted in a pit between the subgrade and aggregate layer. The images
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Figure 3.10 3D maps of LWD deflection data for UNT strip: (a) LWD-L (subbase), (b) LWD-S (subbase), and (c) LWD-L

(subgrade).
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Figure 3.11 3D maps of dry unit weight data from ND tests: (a) CT, and (b) UNT strip.

in Figure 3.12 illustrate the steps followed for
construction of the test pit. Elevation readings were
collected using a rotary laser after each lift at the
locations shown in Figure 3.13.

Standard Penetration Tests (SPT) were performed at
three locations in the test pit (see Figure 3.13). The SPT
tests were performed as per ASTM DI1586 (ASTM,
2011). The borehole was advanced to a depth of 8 in to

perform the test at a depth (~diameter of the plate) that
was expected to be affected by the bearing capacity
mechanism. The sampler was inserted into the soil by
dropping a 140-lb hammer from a 30-in height. The
measured values were corrected to a 60% energy level.
For the overburden correction, a soil unit weight of
134.9 pcf (21 kN/m?) was used. This data is discussed in
Section 5.2.
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Test Pit Area

Figure 3.12 Test pit construction sequence: (a) aerial view of test pit area, (b) markup of elevation reading’s locations,
(c) nonwoven geotextile installation at the interface between subgrade and aggregate base layer, and (d) aggregate layer

compaction by means of a vibratory plate compactor.

p ® G
F
c* H
E
s @ @

X/,
s
® ~gg ©
X
P K
[u]
Q N QL
0
R g9 M

Elevation Readings . .
SPT Locations *

Figure 3.13 Schematic view of test pit locations used for
elevation readings and SPT testing.

3.5 Plate Load Testing Equipment

All plate load tests were performed by Ingios
Geotechnics using the trailer mounted automated plate
load test (APLT) system shown in Figure 3.14a. It uses

an advanced electronic-hydraulic control system to
apply controlled static or cyclic loading through a
circular bearing plate and allows application of
complex loading patterns and control of loading
frequency, pulse duration and dwell time (resting period
between cycles). The loading system is compatible with
plates of different dimensions. In this testing program
12 in (30 cm) and 18 in (46 cm) plates were used for the
cyclic tests, while the static tests were performed using
8, 9.75 and 12 in (20, 25, 30 cm) plates. All plates had
thickness of ~1 in (2.54 cm). As recommended by
ASTM DI1195/AASHTO T221 (AASHTO, 202lc;
ASTM, 2021b), in all tests a thin bed of fine sand was
placed between the loading plate and the ground
surface to facilitate levelling. Settlement of the plate
generated with every load step was measured via
three proximity sensors positioned on the edge
of the plate and mounted at 120° to each other
(Figure 3.14c). The average settlement values
obtained from each increment and the corresponding
mean normal stress generate the load-deflection
curve and provide measurements of the permanent
and resilient deformation for each cycle, allowing
calculation of stiffness parameters including the
resilient modulus (Figure 3.15). The resilient defor-
mation used in the stiffness derivation is the deflec-
tion of the plate during the unloading portion of
the cycle calculated as the average value of the
three measurements at the plate edge. As shown in
Figure 3.14b, which illustrates the setup for the MR
tests performed on the subbase layer, three additional
proximity sensors were used in these tests to measure
the deflection of curved beams seated on the ground
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Figure 3.14 (a) APLT trailer and setup for automated plate load test (APLT), (b) on aggregate subbase with multi-radii
deflection measurements, and (c) on subgrade after removal of aggregate, and (d) setup for static load tests.
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Figure 3.15 Derivation of resilient modulus from APLT
cyclic plate load tests (White & Vennapusa, 2019).

at distances equal to 2r, 3r and 4r (r = radius of
loading plate) from the center of the plate and
covering approximately one third of the circumfer-
ence of the circle at these values of the radius. As
discussed by White and Vennapusa (2017) the use of
this “layered analysis sensor kit” represents an
improvement on previous point measurements of
the deflection basin. Resilient deformations derived
from these measurements are used in elastic layered
analysis to derive stiffness parameters of underlying
layers (White & Vennapusa, 2017).

3.6 APLT Testing Protocols

The plate load testing protocols followed in the
testing program, especially those for the cyclic tests,
differed from those commonly used in the field and
described in existing standards such as ASTM D1195/
AASHTO T221 (AASHTO 2021c; ASTM, 2021b).
A summary of the loading protocols followed in the
MR, RDL and static tests is presented in the following.

3.6.1 MR Tests

The loading procedure for the MR tests performed
for this project is based on AASHTO T307-99
(AASHTO, 202la) requirements for load duration,
cycle duration and number of cycles. Moreover, as in
AASHTO T307, and contrary to common plate load
test standards, the testing procedure includes a con-
ditioning stage of 500 load repetitions prior to the start
of the actual loading stage. In the laboratory this stage
is required to compensate for the imperfections
associated with specimen setup and placement and
alignment of the loading cap with the test specimen.
For tests in-situ it is intended to simulate the non-virgin
conditions of a layer that has been subjected to repeated
loading during pavement construction (e.g., due to
construction traffic and compaction equipment) and
service. It is generally recognized that the conditioning
stage affects the calculated resilient modulus values, as
the applied stresses affect the stress history of the
material prior to testing (Nazarian et al., 1996).

As indicated in Table 3.2, MR tests were performed
at 5 different locations using a 12-in diameter plate
for the tests conducted on the subbase layer and an
18-in diameter plate for the tests conducted on the
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subgrade layer. Each test consisted of 1,550 cycles
(including the 500 conditioning cycles), with 0.2 s load
time and 0.8 s dwell time, as per AASHTO T307.
Following the 500 conditioning cycles at 13 psi (89.6
kPa), the cyclic load was increased in 6 steps with the
resulting cyclic stress amplitude varying from 4 psi to 38
psi (27.6 to 262.0 kPa) (Table 3.4). As shown in the
table, the minimum stress remained constant at 2 psi,
i.e., for a cyclic stress of 13 psi, the applied stress varied
between 2 and 15 psi. As discussed previously, cyclic
tests on the subbase layer were performed utilizing the
“layered analysis sensor kit” developed by the testing
contractor that provides additional measurements of
surface deflection at distances of 2r, 3r, and 4r away
from the center of the plate (Figure 3.14b).

3.6.2 RDL Tests

Extended cycle performance tests with random
distributed loading (RDL tests) were performed at 4
locations (one on the subbase and one on the subgrade
on each of the two strips), using 12-in and 18-in
diameter plates. The RDL tests on the subgrade and
two of those on the aggregate subbase included 5,000
loading cycles. The remaining two RDL tests on the
aggregate subbase involved 10,000 cycles. As summar-
ized in Table 3.5., the random distributed loading
schedule used 10 different cyclic stress levels varying

TABLE 3.4
Load Sequence in MR Tests

from 5 to 50 psi. The second column in this table
(percent distribution) represents the number of cycles
pertaining to each cyclic stress for 100 cycles set. The
cyclic stress percent distribution is repeated in 100 cycle
steps, but the loading pattern and the cyclic stresses
applied are random for each set. In Figure 3.16a, the
percent distribution of cyclic stress for the first 100
cycles is shown for all RDL testing locations. Figure
3.16b presents the percent distribution of cyclic stress
for the first 400 cycles (four 100 cycles sets), for the test
performed on the subbase at location CTQ?2, in which a
repeating pattern can clearly be observed.

3.6.3 Static Tests

Several standard test methods are available for
performing static plate load tests, with the most
common ones being ASTM D1196 (ASTM, 2021)
and AASHTO T222 (AASHTO, 2021b), which are
standard test methods for non-repetitive static plate
load tests on soils and flexible pavement components.
The testing procedure for APLT static tests per-
formed for this project followed ASTM DI1196
guidelines for plate and beam reference setup and
for determination of the load duration for each load
increment.

Static incremental load tests were conducted using
8 in, 9.75 in, and 12 in (~20, 25, and 30 cm) diameter

Cyclic Stress,

Minimum Stress, Maximum Stress,

Number of Geycic(psi) (kPa) Gmin (psi) (kPa) Gmax (psi) (kPa)
Step Cycles, N nominal values nominal values nominal values
Cond. 500 13 (89.6) 2 (13.8) 15 (103.4)
1 100 4 (27.6) 2(13.8) 6 (41.4)
2 100 8 (55.2) 2 (13.8) 10 (68.9)
3 150 13 (89.6) 2 (13.8) 15 (103.4)
4 200 18 (124.1) 2 (13.8) 20 (137.9)
5 250 28 (193.1) 2 (13.8) 30 (206.8)
6 250 38 (262.0) 2 (13.8) 40 (275.8)
TABLE 3.5

Loading in RDL Tests

Relative

Test Designation Frequency (%)

N (per 100 cycle set)

Number of Cycles,

Cyclic Stress,
Ocyclic (PSi) (kPa)
nominal values

Minimum Stress, Gyin
(psi) (kPa)

nominal values

Maximum Stress,

Gmax (psi) (kPa)
nominal values

5,000 to 10,000 5 5 5 (34.45) 2 (13.8) 7 (48.2)
Cycles RDL Tests 8 8 10 (68.9) 2 (13.8) 12 (82.7)
15 15 15 (103.4) 2 (13.8) 17 (117.1)
22 22 20 (137.8) 2 (13.8) 22 (151.6)
16 16 25(172.3) 2 (13.8) 27 (186)
12 12 30 (206.7) 2 (13.8) 32 (220.5)
9 9 35 (241.15) 2 (13.8) 37 (254.9)
6 6 40 (275.6) 2 (13.8) 42 (289.4)
5 5 45 (310.05) 2 (13.8) 47 (323.8)
2 2 50 (344.5) 2 (13.8) 52 (358.3)
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TABLE 3.6
Loading Sequence for Static Tests

Stage Load Step Target Applied Load (Ibs) Target Applied Stress (psi) (MPa)
Seating 0 75-113 1 (0.007)
Seating 0 0 0
Load 1 2,827 25 (0.17)
Load 2 5,654 50 (0.34)
Load 3 8,482 75 (0.52)
Load 4 11,309 100 (0.69)
Load 5 14,137 125 (0.86)
Unload 6 8,482 75 (0.52)
Unload 7 2,827 25 (0.17)
Load 8 8,482 75 (0.52)
Load 9 14,137 125 (0.86)
Load 10 16,964 150 (1.03)
Load 11 19,792 175 (1.21)
Load 12 22,619 200 (1.38)
Load 13 25,446 225 (1.55)
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Figure 3.16 Cyclic stress relative frequency distribution for (a) first 100 cycles in all RDL tests, and (b) for first four sets of
100 cycles in test performed at CTQ2SB testing location (5,000 cycles)

loading plates. Prior to the application of the incre-
mental load, a seating procedure for the bearing plate
and the assembly was followed which required the
application and release of a small load (75-113 lbs,
corresponding to 1-1.5 psi (0.007-0.01 MPa)) until a
deflection 0.01 in—0.02 in was achieved.

The applied stress was then increased up to 225 psi
(1.55 MPa) in 25 psi (0.17 MPa) load increments
(Table 3.6). The maximum stress reached in the tests
was dictated by the maximum reaction force provided
by the loading system (7 tons). The use of anchors
was required in the test performed with the 12-in
diameter plate. This approximately doubled the
loading capacity. Figure 3.17 shows the testing setup
with and without anchors. Per ASTM D1196, each
load increment was maintained for at least 3 minutes
once a rate of deflection of ~0.001 in/minute was
achieved.

3.7 Example Data from APLT Tests

3.7.1 MR Tests

Resilient modulus (MR) tests were performed at five
locations (Figure 3.3 and Table 3.2). The data from
these tests provided to the research team consisted of
the applied cyclic load from which the applied cyclic
stress is calculated; the average permanent and resilient
deformations of the loading plate measured at the end
of each loading cycle (see Figure 3.15); and the resilient
deformations measured for each loading cycle at 2r, 3r,
and 4r. Data obtained from the test on the subbase
layer at the CTCS5 testing location are presented in
Figure 3.18. They are qualitatively representative of the
data obtained at all testing locations.

Figure 3.18a shows the variation of the applied
maximum cyclic stress with number of cycles psi in
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Figure 3.17 APLT static test setup: (a) without anchors, and (b) with anchors (adapted from Ingios, 2021).

6 loading steps (4, 8, 13, 18, 28, and 38 psi) following
500 cycles of conditioning. During each loading stage
the applied cyclic stress remains within +5% of the
average value after the first 2-10 cycles. The small
“jump” observed at the beginning of each loading step
reflects the adjustment of the control system as the load
is increased. While cyclic, the tests are interpreted as
pseudo-static, and the values of the resilient modulus
for each loading step are derived from the applied cyclic
stress and the resulting resilient deflection.

Figure 3.18b shows the variation of the resulting
permanent deformation with number of cycles. The
permanent deformation increases slowly and gradually
with time throughout the conditioning stage under the
application of the 500 loading cycles, remains essen-
tially constant during the first three loading stages
(413 psi) (~5% increase relative to the value at the end
of the conditioning stage) during which the cyclic stress
is lower or equal than that applied during the
conditioning stage, and starts increasing again during
the fourth loading step. A similar response is observed
over the last three loading stages with the rate of
accumulation of permanent deformation gradually
decreasing with the number of cycles over each loading
step and increasing with stress level.

Figure 3.18c shows the variation of the resilient (i.e.,
recoverable—see Figure 3.15) deformation with num-
ber of cycles. The resilient deformation increases with
stress level and remains approximately constant over
each loading stage. Finally, Figure 3.18d presents the
resilient deflections measured in the same test at radial
distances equal to 2r, 3r, and 4r. All three measure-
ments are approximately equal. This is because
attenuation of stress at a certain depth with radial
distance tends to reach a constant value. Qualitatively

similar data were obtained from all other resilient
modulus tests on the subbase aggregate layer. Table 3.7
summarizes the average deflections measured at the end
of each loading stage.

Overall, similar trends are observed in the data for
the MR tests conducted on the subgrade layer, as
illustrated in Figure 3.19, which presents data obtained
from one of these tests (MR test at CTCS5 location).

3.7.2 RDL Tests

Extended cycle performance tests with random
distributed loading (RDL) tests were performed at
4 locations (Figure 3.2 and Table 3.2). As discussed
previously, RDL tests consisted in the application of
5,000 cycles (tests on both subbase and subgrade at
locations UNTQ3 and CTQ2) or 10,000 cycles (tests on
both subbase and subgrade at locations UNTI2 and
CTO4). The RDL test data provided to the research
team consisted of the applied cyclic stress and the
average permanent and rebound deformations at the
end of each loading cycle. Figure 3.20 shows an
example of the data obtained from a RDL test (5,000
cycle test on subbase layer at CTQ?2 testing location).
Figure 3.20a shows the variation of the applied cyclic
stress, which, as discussed previously, varied in the 5—
50 psi (0.03-0.34 MPa) range with the same percent
distribution of applied cyclic stress repeating every
100 cycles. Figure 3.20b shows the resulting permanent
deformation. As discussed by Nazzal (2007), it increases
rapidly during the first stage of the test reflecting the
volume change produced by the loading (e.g., for the
test shown, ~50% of the final deformation is accumu-
lated over the first 50 cycles). The rate of accumulation
of permanent deformation decreases over time to an
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Figure 3.18 Example of data obtained from MR tests on subbase (CTCS testing location): (a) maximum applied cyclic stress,
(b) permanent deformation under plate, (c) resilient deformation under plate, and (d) resilient deformations at radial distances 2r,
3r, and 4r versus number of cycles.

approximately constant value. For the test shown this Figure 3.20c shows the variation of the resilient
occurs at ~4,900 cycles, where the increase in deformation with number of cycles, which follows the
permanent deformation per cycle is ~0.000025 in/cycle. same pattern of the applied cyclic stress.
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TABLE 3.7
Permanent Deformation (in inches) at the End of Each Loading Stage from MR Tests at All Testing Locations

Loading Stage

Testing Location Conditioning 4 psi 8 psi 14 psi 18 psi 28 psi 38 psi
UNTIJ6SB Subbase 0.0283 0.0286 0.0290 0.0311 0.0517 0.1300 0.2038
UNTL3SB Subbase 0.0300 0.0301 0.0304 0.0314 0.0370 0.0546 0.0735
CTJ2SB Subbase 0.0148 0.0150 0.0149 0.0155 0.0187 0.0270 0.0342
CTM2SB Subbase 0.0194 0.0192 0.0194 0.0201 0.0230 0.0330 0.0430
CTC5SB Subbase 0.0181 0.0182 0.0184 0.0192 0.0229 0.0333 0.0431
UNTIJ6SG Subgrade 0.1230 0.1231 0.1237 0.1270 0.1537 0.2516 0.3600
UNTL3SG Subgrade 0.0268 0.0270 0.0271 0.0280 0.0315 0.0460 0.0670
CTCS5SG Subgrade 0.0093 0.0094 0.0116 0.0100 0.0111 0.0122 0.0141
CTI2SG Subgrade 0.0066 0.0067 0.0067 0.0070 0.0073 0.0081 0.0087
CTM2SG Subgrade 0.0119 0.0119 0.0120 0.0125 0.0130 0.0155 0.0175
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Figure 3.19 Example of data obtained from MR tests on subgrade (CTCS5 testing location): (a) applied cyclic stress, (b) permanent
deformation, and (c) resilient deformation versus number of cycles.
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Figure 3.20 Example of data obtained from RDL tests on subbase (CTQ2 testing location): (a) applied cyclic stress, (b) permanent
deformation, and (c) resilient deformation under plate versus number of cycles

3.7.3 Static Tests

Static load tests for this project were conducted using
8 in, 9.75 in, and 12 in (~20, 25, and 30 cm) diameter
loading plates. The data from these tests provided to
the research team consisted of the applied load from
which the applied stress is calculated, and the average
total deflections of the loading plate measured with
time (averaged from 3 sensors). Data obtained from the
8-in diameter loading plate static test are presented in
Figure 3.21. They show the variation of the applied
stress and measured deflection with time over the entire
duration of the test, including during the unload reload
cycle. Similar data were obtained from the remaining
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two static tests. Plots of applied stress, average
deflection, and rate of deflection versus time are
presented in Figure 3.22 for the 75-psi stress increment
from this same test. Figure 3.22c¢ highlights the rapid
decrease with time of the deflection rate. The standard
test method for static tests (ASTM, 2021b) indicates
that for each loading stage the load should be
maintained until a rate of deflection of 0.001 in/min
or less is achieved and maintained for three consecutive
minutes. For the test load increment shown in Figure
3.22, this was found to occur approximately 6 minutes
after the increase in the load. The complete load-
settlement curve obtained from the data for the 8-in
diameter plate test is shown in Figure 3.23.
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Figure 3.21 Data obtained from 8-inch diameter static plate
load test showing variation of (a) applied stress, and (b) plate
deflection with time.
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Figure 3.23 Load settlement curve for APLT 8-inch diameter
static load test.

4. ANALYSIS AND INTERPRETATION OF
M,-TESTS

4.1 Introduction

This chapter is organized in two main parts. The first
(Section 4.2) presents the results of a parametric study,
performed using the finite element (FE) program
ABAQUS, to examine the impact that assumptions
on plate stiffness, material anisotropy, Poisson ratio
and material homogeneity have on the stress and strain
fields generated below a loaded circular area and on the
resulting plate settlement.

The second part of the chapter (Sections 4.3 and 4.4)
focuses on the analysis of the data obtained from
the MR automated plate load tests performed at the
S-BRITE site and described in Chapter 3. The analysis
focuses exclusively on the resilient (elastic) deformation
data, and on the derivation of the resilient modulus,
M,. Additionally, while the tests involved cyclic
loading, this is neglected in the analyses, and for each
loading stage average values of the cyclic stress and
resilient strain (see Figure 3.18a and c¢) are used for
calculating the modulus.

Section 4.3 outlines the approach conventionally
used for the interpretation of plate load tests on both
homogenous and layered systems, as put forth by White
and Vennapusa (2017). The values of the M, moduli
derived for both subgrade and subbase applying this
approach—herein referred to as “conventional”—to the
analysis of the S-BRITE field data are then reviewed.

Further examination of select field data is presented
in Section 4.4 based on additional analyses performed
using ABAQUS. These explore the impact that
assumptions inherent in the conventional approach
have on the values of moduli predicted from the field
data, discuss some of the limitations of such approach,
and highlight the uncertainty associated with deriving
values of the resilient modulus from plate load test
data.

4.2 Parametric Study Using FE Analyses

As discussed in Section 2.4, commonly used
approaches for the interpretation of plate load tests
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rely on a number of simplified assumptions related to
material response, including homogeneity and linear
elastic isotropic behavior. In order to analyze the
influence that each of the assumptions bears on the
interpretation of plate load tests, numerical analyses
were carried out using the ABAQUS finite element
software package. A 2D axisymmetric finite element
model was used to simulate loading by a circular plate,
and a parametric study was performed to assess the
influence of the following parameters on the interpreta-
tion and analysis of plate load tests: plate stiffness,
Poisson ratio(s), material anisotropy as measured by
the modulus anisotropy ratio (n = Ey/E,), and
stratification as measured by the layer modulus ratio
(R = Ey.toplayer/ Ev-bottomlayer). The following sections
provide details on the FE model and summarize key
results from these analyses.

4.2.1 Model

4.2.1.1 Model geometry. The plate, subbase and
subgrade layer were all modeled as axisymmetric solid-
deformable-homogeneous parts. Given the symmetry of
the system only one half of the structure was modeled.
The height of the model was chosen to be large enough
to allow over 90% attenuation of vertical stresses with
depth (h = 2 m, corresponding to 13.3r, with r = radius
of the loaded plate) based on the Boussinesq solution
for a flexible plate on an elastic isotropic medium. The
horizontal dimension was also chosen as 2 m (~13.3r)
to minimize boundary effects. Figure 4.1a shows the
right half of the pavement model with dimensions 2 x
2 m which was used in all analyses involving a flexible
plate on a single homogeneous soil layer. In the
analyses of two-layer systems, the model was
modified to comprise a 0.2 m-thick granular base
layer on top of the subgrade layer. When consider-
ing rigid plate loading conditions, the model was

further modified to include the plate itself, as shown
in Figure 4.1b. The dimensions of the steel plate were
chosen in accordance with the values of diameter
(0.30 m) and thickness (0.025 m) presented in
AASHTO T221 (ASTM, 2021b).

A total of 12320 CAXS8R (eight-node axisymmetric)
elements were used to mesh the subbase and subgrade
layers (Figure 4.2). Forty-nine CAX8R additional
elements were used to mesh the plate elements for the
rigid case analysis.

4.2.1.2 Material models and input parameters.
Analyses involving a single homogenous layer were
conducted wutilizing both isotropic and anisotropic
linear elastic models. For the analysis of two-layer
systems, anisotropic conditions were considered only
for the top (subbase) layer, while the underlying
subgrade layer was always modeled using an isotropic
linear elastic model. Isotropic elasticity is the most
common model used in the numerical analysis of
pavement systems and requires the input of only two
parameters: elastic modulus (E) and Poisson’s ratio (v).

As discussed by Barden (1963), a cross anisotropic
model better represents the conditions existing in most
natural and man-made deposits, including in com-
pacted aggregate layers forming base and subbase
layers of pavement systems, and use of such a model
leads to improved predictions of stresses generated by
applied loads. This material model requires the follow-
ing definition of five independent elastic parameters.

E, = E, = elastic modulus in the vertical direction.

E, = E;, = elastic modulus in the horizontal

direction.

vhn = Poisson ratio quantifying the effect of the

horizontal strain on the horizontal strain.

vy = Poisson ratio quantifying the effect of the

horizontal strain on the vertical strain.

G,1, = shear modulus in the vertical shear plane.

3

All dimensions are inm

2.00

All dimensions are inm

2.00

Figure 4.1 Cross-section of model for (a) flexible plate, single layer analysis, and (b) rigid plate, two-layer analysis.
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Figure 4.2 Finite element mesh (rigid plate, 2-layer analysis).

According to Love (1892), the remaining elastic
parameters, vy, and Gy, are dependent on the other
five independent constant and are defined as Equations
4.1 and 4.2.

VYhv _ Vvh

= — Eq.4.1
E, " E, (Eq.4.1)
Ej,
Gyp=——— Eq.4.2
il 20+ v (Eq )
where,

vy, = Poisson ratio quantifying the effect of the

horizontal strain on the vertical strain, and
Gy, = the shear modulus in the horizontal shear

plane.

This reduces the number of input parameters from
9 to 7. In addition, for cross-anisotropic materials the
vertical direction is also the axis of the material’s
rotational symmetry. As a result, E;, = E; = E; and
Gy = Gy, which reduces the number of elastic
constants required to describe an elastic cross-
anisotropic material to 5.

The input parameters used in the single layer
analyses are summarized in Table 4.1. The values of
the Poisson ratios (v = 0.2-0.4) were selected to satisfy
the constraints posed by the thermodynamic require-
ments for positive strain energy for a cross-anisotropic
material (Pickering, 1970). The vertical modulus (E,) of
the aggregate layer was set to 310 MPa and was kept
constant in all the analyses. As the FE analyses were
ultimately aimed at gaining insight into the interpreta-
tion of the plate load tests performed at the Purdue
S-BRITE site (Chapter 3), this value was derived from
one of the static plate load tests conducted at that
location.

The modulus anisotropy ratio (n = E/E,) was
chosen to vary from 0.2 to 5 to represent the range
reported in the literature for granular aggregate
materials (e.g., Ashtiani & Little, 2009; Bellotti et al.,
1996; Jiang et al., 1997; Seyhan & Tutumluer, 2002),
Tutumluer et al. (2016), Hicher and Chang (2006)—see
Chapter 2). When an independent input value for G,y
was required (non-isotropic conditions), it was selected
equal to 0.3E,, based on literature data for granular
materials. For example, Tutumluer and Thompson
(1997) report values of Gy, = 18%-35% E, from 50
repeated load triaxial tests on various granular
materials (gravel, partially crushed and crushed aggre-
gates). Similar values are reported by other authors
(Bellotti et al., 1996; Modoni et al., 2000; Seyhan &
Tutumluer, 2002; Wang & Al-Qadi, 2013).

Note that for n = 1, only three cases (identified in
Table 4.1 by an asterisk) reflect true isotropic elastic
conditions (two independent elastic constants, E and v,
with G = E/(2(1+v))). In the other cases E, = E,, but
different combinations of the Poisson ratios are
considered (i.e., anisotropy in v) and/or a fixed value
of Gy, is used. This was done for comparison to the
cases with n different from 1 in which Gy, was kept
equal to 93 GPa (0.3E,).

For two-layer systems, the analyses examined the
effect of the layer modulus ratio, R, which is defined as
the ratio of the vertical modulus of the top layer
(subbase for the tests of interest to this work) to that
of the underlying one (subgrade), i.e., R = Esuppbase/
Esubgrade- As shown in Table 4.2, R was varied between
0.5 and 10. This range reflects both cases in which the
subbase is less stiff than the underlying layer, as would
occur for a cement treated subgrade, as well as cases in
which it is stiffer, as might be expected for an untreated
subgrade. In all cases the bottom layer (subgrade) was
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TABLE 4.1
Material Input Parameters for Single-Layer Analyses (Flexible
and Rigid Plate)

n E, (MPa) E, (MPa) Vi Vi Gy, (MPa)
0.2 310 62 0.2 0.2 93
0.2 0.3
0.2 0.4
0.5 310 155 0.2 0.2 93
0.2 0.3
0.2 0.4
0.3 0.2
0.3 0.3
0.3 0.4
0.4 0.2
0.4 0.3
0.4 0.4
n=1 310 310 0.2! 0.2! 129!, 93
0.2 0.3
0.2 0.4
0.3 0.2 119', 93
0.3! 0.3!
0.3 0.4
0.4 0.2 111', 93
0.4 0.3
0.4! 0.4!
n=2 310 620 0.2 0.2 93
0.2 0.3
0.2 0.4
0.3 0.2
0.3 0.3
0.3 0.4
0.4 0.2
0.4 0.3
0.4 0.4
n=>5 310 1,550 0.2 0.2 93
0.2 0.3
0.2 0.4
0.3 0.2
0.3 0.3
0.3 0.4
0.4 0.2
0.4 0.3
0.4 0.4
Note:

Red text identifies input parameters for base case.
ICases for true isotropic conditions.

modeled as isotropic with v = 0.3. For each value of R,
6 different cases were examined varying n of the top
(subbase) layer between 0.5 and 2 and considering
different values of the Poisson ratios, vy, and vy,. In all
cases G, of the top layer was set equal to 0.3E,.

Finally, Table 4.3 summarizes the material input
parameters used for modeling the plate.

4.2.1.3 Loading and boundary conditions. The loading
of the model was performed in two steps. In the first
step, the force of gravity affecting the model was
simulated. In the second step, a static pressure of 275

kPa (~40 psi) was applied either at the top of the
subbase layer (flexible case) or on top of the plate (rigid
case). This value was selected as it represents the
maximum stress applied in the plate load tests carried
out in the field for this project. The density was
assumed to be 2,200 kg/m® (corresponding to a unit
weight of 21.6 kN/m> ~137.4 pcf) for the aggregate
subbase layer and 2,000 kg/m? corresponding to a unit
weight of 19.6 kN/m® ~124.8 pcf) for the subgrade
layer. The value used for the aggregate layer was
estimated from measurements conducted at the site
where the plate load tests were performed (see Chapter
3). The same value was used for both untreated and
treated subgrade based on compaction specifications
for these layers.

The boundary conditions for the model are illu-
strated in Figure 4.3. Given the symmetry of the
problem, the left boundary is an axis of symmetry,
allowing vertical displacement only. The bottom
boundary of the model restricts the displacement of
the system in both directions. At the right boundary of
the geometry, all nodes were constrained horizontally
but were free to move in the vertical direction. Finally,
the top boundary of the model is free of restraint.

4.2.2 Results of Parametric Study

4.2.2.1 Effect of plate stiffness. As summarized in
Table 4.1, the cases examined in the analyses
correspond to five different values of the anisotropy
parameter n, 9 different combinations of the Poisson
ratios and different values of the shear modulus. For
n = 0.2, only three analyses could be performed, as
for the other six cases the positive strain energy
requirement was not satisfied. Figure 4.4 shows plots
of the vertical stress distribution throughout the model
for three different cases (n = 0.2, 1, 5) for both a
flexible and a rigid plate (v,;, = 0.4, v,, = 0.4, v;,, = 0.2,
G = 93 MPa) note that these include both the initial
stresses, and the stress increases due to the load applied
at the surface). According to the commonly adopted
stress sign convention used in both standard mechanics
and in FE software, normal compressive stresses are
shown as negative, and tensile stresses as positive.
Focusing on the comparison between flexible and rigid
plate, as expected, the stress distribution beneath the
load is uniform in the case of the flexible plate, while
stress concentrations are observed under the edge of the
rigid plate. This is true independent of the degree of
anisotropy of the underlying material. At a certain
depth from the surface, for all three values of the
modulus anisotropy ratio n, the stress bulbs appear to
be approximately equal for both the flexible plate and
rigid plate.

It is of interest to examine the effect of the rigidity of
the plate on the vertical stress distribution at a depth
of 1.33r, which, for the tests analyzed in this work,
corresponds to the average position of the interface
between subbase and subgrade (8" ~ 20 cm, see
Chapter 3). This is done in Figure 4.5 which presents
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TABLE 4.2

Material Input Parameters for Two-Layer Analyses (Flexible and Rigid Plate)

Subbase Subgrade
R = EvSubbase I EvSubgrade n= Eh / Ev Ev (MPa) Eh (MPa) Vhy Vin Ev (MPa) v
R =0.5 0.5 310 155 0.3 0.3 620 0.3
1 310 0.4 0.3
620
R =1 0.5 310 155 0.3 0.3 310 0.3
1 310 0.4 0.3
2 620
R=2 0.5 310 155 0.3 0.3 155 0.3
1 310 0.4 0.3
620
R =5 0.5 310 155 0.3 0.3 62 0.3
1 310 0.4 0.3
2 620
R =10 0.5 310 155 0.3 0.3 31 0.3
1 310 0.4 0.3
620

TABLE 4.3
Material Input Parameters for Plate (Rigid Case Analysis)
Density (kg/m®) Elastic Modulus (GPa) Poisson’s Ratio (v)
7,800 210 0.28

Axis of symmetry

plots of vertical stress increase normalized by the
applied stress versus radial distance. Three curves are
presented for both flexible and rigid plate, correspond-
ing to values of the modulus anisotropy ratio n of 0.2,
1 and 5 (vpn = 0.4, v,y = 0.2, and G = 93 MPa in all the
analyses). The figure shows that for all cases, modeling

0.20
L—— et

e o M o M o MR o MM o §

—— ’-—— 0.15

Figure 4.3 Boundary conditions for FE model.

All dimensions are in m

~ 2.00 ——1
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Figure 4.4 Vertical stress contours under flexible plate (left panels) and rigid plate (right panels) loaded with 275 kPa for (a)-(b)
n = 0.2, (¢)—(d) n = 1; (e)—(f) n = 5. Stresses in legend are in Pa (negative sign denotes compressive stresses).

the plate as flexible leads to predict stresses under the
centerline of the plate approximately 30%—40% higher
than for a rigid plate. The difference between the
stresses reduces with radial distance and is negligible
beyond ~2r from the center of the plate.

Modeling the plate as rigid versus flexible also
impacts the strains produced by the applied stress and
the resulting plate settlement. Graphs of incremental
strain with depth under the centerline of the plate are

presented in Figure 4.6 for n = 1, with the different
colors representing different values of the Poisson
ratios. As expected, lower values of strain are predicted
under the rigid plate. The difference is as large as 70%
within a depth equal to the radius, r, of the plate. With
increasing depth, the differences between the two
analyses are reduced, and at a depth of ~3r the
influence of plate stiffness is no longer significant
(difference < 20%).
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Figure 4.5 Vertical stress increase versus radial distance at a depth of 1.33r for different values of n for flexible and rigid plate

pn = 0.4, vy, = 0.2 in all cases; r is plate radius).
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Figure 4.6 Vertical strain versus normalized depth for different values of the Poisson ratios: (a) flexible plate, and (b) rigid plate
(n = 1 for all cases; r is plate radius). Note that negative strains denote compressive strains

Finally, Figure 4.7 shows the variation of the plate
settlement as a function of n for loading of both a
flexible and rigid plate. In general, independent of the
degree of anisotropy (discussed in the following section)
and of the value of the Poisson ratio, the settlement
predicted under the rigid plate is approximately 20%
lower than for a flexible plate.

4.2.2.2 Effect of material anisotropy. As discussed
previously, five different values of the modulus
anisotropy ratio n (0.2, 0.5, 1, 2, 5) were examined,
covering the range reported in the literature for
aggregate materials (see Section 4.2.1). As shown in
Figure 4.4, for a given plate stiffness, the degree of

modulus anisotropy affects the vertical stress
distribution under the loaded area. This is reflected in
the shape of the pressure bulbs, which for n = 0.2 and
n = 5 appear, respectively, “plumper” and slenderer
relative to the n = 1 case. For n = 0.2, up to a depth of
approximately 3r, the stress increase propagates further
both laterally and in depth, compared to what is
observed for n = 1. The opposite effect is seen for
n = 5. The faster vertical stress attenuation with depth
with increasing modulus anisotropy ratio is further
illustrated in Figure 4.8, which shows plots of the
vertical stress increase under the centerline of the
applied load for both a flexible and a rigid plate.
These figures also show that below a depth of 3r, the
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Figure 4.7 Effect of modulus anisotropy ratio, n, and plate stiffness on plate settlement.
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Figure 4.8 Vertical stress increase with depth under the centerline of plate for different values of the modulus anisotropy ratio,
n: (a) flexible plate, and (b) rigid plate (v,, = 0.4, v,, =0.2 in all cases; r is plate radius).

vertical stress increases under the center of the plate are
effectively independent of n.

Again, it is of interest in the context of this work, to
examine the effect of the degree of modulus aniso-
tropy, as measured by n, on the vertical stresses
increases generated at a depth of 1.33r (0.2 m ~ 8 in),
corresponding to the position of interface between
subbase and subgrade in the plate load tests analyzed
for this research. Plots of vertical stress increase
versus radial distance are presented in Figure 4.9a
and Figure 4.9b for flexible plate and rigid plate,
respectively. In these figures, the different colors
represent different values of the modulus anisotropy
ratio n. For each value of n, several curves are
presented, each corresponding to different values of
the two Poisson ratios. To start, it is observed that
changes in the Poisson ratio values have minor impact
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on the stress increases generated in the granular layer.
The modulus anisotropy ratio, n, is found, instead, to
play a significant role. For example, in the case of a
flexible plate, for n = 0.2 the vertical stress increase
under the centerline of the plate is predicted to be
approximately 30% higher than for n = 1, and over
45% higher than for n 5. Similar but slightly
smaller differences are observed for a rigid plate
(Figure 3.9b). Beyond a radial distance of ~1.5 r the
curves all converge indicating no effect of material
anisotropy.

Finally, Figure 4.10 illustrates the variation of
the plate settlement as a function of n for flexible
(Figure 4.10a) and rigid plate (Figure 4.10b). In these
figures, values of the plate settlement are normalized
by the settlement calculated for the same plate type
(flexible or rigid) with the base case input parameters
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Figure 4.9 Vertical stress increase with radial distance at a depth of 8 inches (1.33 r) for five different anisotropy ratios and nine
Poisson ratio combinations: (a) flexible plate, and (b) rigid plate (r is plate radius).

(n = 1, homogeneous conditions with vy, = vy = 0.3
and Gy, = 93 GPa, see Table 4.1). The curves
corresponding to the base case are identified in both
graphs with dashed lines. Focusing on the left
portion of the curves, for both flexible and rigid
plate, the predicted plate settlement is observed to be
significantly affected by changes in the modulus
anisotropy ratio between 0.2 and 1, with smaller
settlements predicted with decreasing n. As shown in
Figure 4.10a—b the impact of n is influenced by the
input value for vy,, with the results for v,, = 0.4
showing the greatest effect of n on the predicted
settlement. For example, for n = 0.5, the predicted
settlement is reduced by approximately 45% relative
to that predicted for n = 1, when vy, = 0.4. This
percentage is reduced to 15% and 3% for vy, = 0.3
and a vy, = 0.2, respectively.

42

While the same trend of increasing settlement with
increasing modulus anisotropy ratio generally extends
to values of n>1, the changes in predicted plate
settlement are smaller as n increases further, and the
curves remain essentially flat for n>2. A deviation from
this trend is observed only for the analyses with vy, =
0.2, all of which show a small decrease in plate
settlement as n increases from 2 to 5. As discussed in
Chapter 2, typical values of the modulus anisotropy
ratio n for aggregate materials fall below 1. This
indicates that modeling granular aggregate materials
as isotropic (n = 1) would lead to significantly
overestimate plate settlements (or, conversely, under-
estimate moduli derived from plate load tests).

Note that to isolate the effect of n, the settlements
shown in Figure 4.7 and Figure 4.10 all refer to cases
with a common value of Gy, equal to 93 MPa.
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Figure 4.10 Variation of plate settlement with modulus anisotropy ratio n: (a) flexible plate, and (b) rigid plate.
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Figure 4.12 Vertical stress contours under flexible plate (left panels) and rigid plate (right panels) loaded with 275 kPa for
different values of the layer modulus ratio, R: (a)-(b) R = 0.5; (¢)(d)) R = 1; (e)-(f) R =10 (n = 1, vy, = 0.3, vy, = 0.3 for all
cases). Stresses in legend are in Pa (negative values denote compressive stresses).

The input value for Gy, does, of course, affect the
results. This is shown in Figure 4.11 which, for the rigid
plate case, compares the settlements plotted in Figure
4.7 to those predicted using as input for Gy, the value
corresponding to true isotropic conditions (G = E/
(2[1+V])). While, as expected, smaller plate settlements
are calculated for higher values of Gy, the trend with n
remains unchanged. For simplicity, all subsequent

discussion refers to analyses performed with the same
value of Gy, equal to 93 MPa.

4.2.2.3 Effect of stratification. To analyze the effect of
the presence of stratified layers on the interpretation of
plate load test data, a parametric analysis was performed
for a two-layer system comprised of a 0.2 m subbase
layer over a 1.8 m subgrade layer (Figure 4.1b). In these
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analyses the layer modulus ratio, R, (R = Eysubbase/ Evsg)
was varied between 0.5 and 10, in all cases holding the
modulus of the top layer constant (see Table 4.2).
As discussed previously, this range reflects conditions
that are representative of those existing in the tests
analyzed as part of this research (aggregate layer
overlying a stiffer cement treated subgrade, or a softer
compacted but untreated subgrade). For each case,
analyses were performed varying the modulus
anisotropy ratio of the top (subbase) layer to evaluate
the combined effect of stratification and anisotropy on
the predicted behavior.

Figure 4.12 shows plots of the vertical stress
distribution throughout the model for three different
values of R (R = 0.5, 1, 10) for both a flexible and a
rigid plate (n = 1, v;, = 0.3, v, = 0.3 in all cases). For
both plate stiffness conditions, as R increases, the
pressure bulbs extend less deep into the model, i.e.,
stress attenuation is more rapid. This trend is more
apparent for the rigid plate case.

Figure 4.13a shows the vertical stress increase with
depth under the center of a flexible plate for all cases
analyzed. Different colors are used to identify the
results obtained for different values of R, while the
curves shown for each R pertain to different degrees of
material anisotropy (n = 0.5, 1, and 2) and different
Poisson ratio values (see Table 4.2 for details). The inset
figures show the detail for the top layer. As one can
observe, for R = 10 vertical stress increases in the top
subbase layer are approximately half those for a
homogeneous system (R = 1) and three times smaller
than for R = 0.5. Both changes in material anisotropy
and in the Poisson ratio are found to have secondary
effects, with only negligible variations between the
different cases.

Figure 4.13b presents the corresponding plots of
vertical strain with depth under the centerline of a
flexible plate. The following two trends are observed
with an increase in the layer modulus ratio R: a
decrease in the vertical strain above the interface
between the two layers (1.33r), and the reverse behavior
for the material below the interface. As the vertical
modulus of the top layer was kept constant in all
the analyses (see Table 4.3), the reduction in vertical
strain above the interface reflects the increased stress
attenuation with increasing R shown in Figure 4.13a.
At the same time, an increase in R translates into a
decrease in the modulus of the subgrade layer, which
controls the vertical strain increase in that layer. This
effect overrides the influence of the increased stress
attenuation.

For six of the cases examined, the presence of
positive (tensile) strains was observed close to the
surface up to a depth of 0.4r. A more detailed
investigation of these cases identified that positive
strains were developed when n = 0.5, v, = 0.4, and
R > 1, with R = 10 having the most significant impact.
Contours of the vertical strain for this last case are
shown in Figure 4.15a. Given that the model is elastic,
tensile strains for v;,, = 0.4 can be expected at locations

where the horizontal stress is larger than the vertical
stress, and the effect of the horizontal strain on the
vertical strain is significant (high Poisson ratio). To
further investigate the influence of v, on the measured
vertical strain, further analyses were performed for all
the cases that showed incremental tensile strains
utilizing two different v, inputs: 0.1 and 0.4. Figure
4.15 shows that as the input value for v, decreases from
0.4 to 0.1, the region in which the model predicts
vertical tensile strains is reduced.

Overall, the results of the analyses conducted for
loading of a rigid plate (Figure 4.13) are similar to those
described above for a flexible plate. Again, an increase
in R leads to more rapid stress attenuation, and
modulus anisotropy ratio and Poisson ratio have a
secondary effect. The occurrence of tensile strains was
not observed in any of the cases analyzed with a rigid
plate.

Finally, Figure 4.16 illustrates the variation of the
plate settlement as a function of n and R for the case of
a flexible plate. In this figure, which includes the results
for 9 cases, values of the plate settlement are normal-
ized by the settlement calculated for the same plate type
with the base case input parameters (isotropic, homo-
geneous conditions with vy, = vy, = 0.3). The other
cases of analysis for R = 5 and R = 10 are not included
in the plot given the positive strains generated at the
surface. As expected, the plate settlement increases with
an increase in layer modulus ratio R, given that a
weaker subgrade modulus is introduced in the model.
More interestingly, the figure also shows that the
modulus anisotropy ratio, n, of the 0.2 m subbase layer
continues to affect the plate settlement. Specifically, for
all values of R, the plate settlement increases with an
increase of the modulus anisotropy ratio, n, of the
subbase. This effect is especially significant for R = 1,
where the contribution to the overall settlement from
the upper layer increases.

For example, for R = 0.5 and R = 1, as n increases
from 0.5 to 1, the plate settlement increases by 26% and
15%, respectively.

4.3 Conventional Interpretation of M, Plate Load Test
Data

4.3.1 Theoretical Framework

For homogenous ground conditions, conventional
interpretation of the plate load test data makes use of
Boussinesq’s (1885) half space solution for evaluating
the elastic modulus of the tested soil material. In
addition to material homogeneity, this approach
assumes isotropic linear-elastic material behavior.

(1 —vz) cq-r

M=y

3, (Eq.4.3)

where,
M, = resilient modulus used here to represent the
elastic modulus,
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Figure 4.13 Effect of stratification on (a) vertical stress increase, and (b) vertical strain with depth for loading of a flexible plate

(r is plate radius).

J, = resilient (elastic) deflection of the plate,
v = Poisson’s ratio,

q = applied contact stress,

r = radius of bearing load plate, and

f = shape factor.

The equation can also be used to analyze data for
layered systems to obtain what is referred to as a
composite modulus.

As discussed in Chapter 2, the shape factor f that
appears in Equation 4.3 is intended to reflect the stress
distribution beneath the plate. Based on Ullitdz (1987),
in the case of a rigid plate on a granular material, f is
generally assumed to be equal to 8/3 or ©/2, depending
on whether the loaded soil is cohesionless or cohesive
(White & Vennapusa, 2017). Additionally, use of

46

Equation 4.3 requires assuming a value of the
Poisson ratio.

Interpretation of the APLT tests performed on a
two-layer system relies on the data obtained from the
sensor kit that provides resilient deflections at radii of
2r, 3r, and 4r away from the plate center. This data is
used in combination with measurements of the plate
deflection to perform the layered analysis of two-layer
pavement system, as described by White and Vennapusa
(2017); White et al. (2016, 2019). This approach, which
is herein referred to as the conventional approach for the
interpretation of plate load tests on two-layer systems,
involves two main steps. In the first, the equation below
(AASHTO, 1993) is used to calculate the modulus of the
subgrade layer from the resilient deflection measure-
ments at radii 2r, 3r, and 4r:
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Figure 4.14 Effect of stratification on (a) vertical stress increase, and (b) vertical strain with depth for loading of a rigid plate

(r is plate radius).

(1-1?) - P

Mrsubgrade = S (Eq 44)

o T - rl

where,
M, superade = resilient modulus of subgrade used here
to represent the elastic modulus,
v = Poisson’s ratio (most commonly assumed as 0.4
for both layers),
P = applied cyclic load,
r’ = radial distance away from plate center where the
surface settlement (2r, 3r, 4r in the APLT setup), and
0, = resilient deflection of the plate at r’ = 2r, 3r,
and 4r away from the plate center.

While AASHTO (1993) states that the design
resilient modulus should be calculated from the sensor
closest to the loading plate that is still outside of 0.7
times the “radius of the stress bulb at the subgrade-
(subbase) interface,” this study followed the approach
used by White and Vennapusa (2017) based on which

the subgrade resilient modulus is given by the lowest of
the values of M, derived from -calculations using
Equation 4.4 for the three locations at r’ = 2r, 3r,
and 4r. This value is then used to compute the modulus
of the subbase layer utilizing the measured plate
settlement data, the Boussinesq solution and the
Odemark equivalent-layer-thickness method. The latter
is an approximation method used in the analysis of
pavement systems, to convert a multi-layer structure
into an equivalent single layer (Horak et al., 2015). This
method is incorporated into Bousinessq’s settlement
expression to compute the modulus of the top layer
(which for the tests performed in this project is the
subbase) through Equation 4.5.

Sy =(1—v*)doorf

1 1+(2)°
+

2 Epase
Moo 1 (s M =) e
r(subbase) N Miubgradey 1=73)

(Eq.4.5)
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Figure 4.15
and n = 0.5 with (a) v, = 0.4, and (b) v, = 0.1.

Vertical strain contours under a uniformly loaded (Ac = 275 kPa) flexible plate on a two-layer model having R = 10
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Figure 4.16 Effect of modulus anisotropy ratio (n) and layer modulus ratio (R) on settlement under uniformly loaded flexible
plate. The percentages shown refer to the increase in normalized plate settlement with increasing n under constant R.

where,
M, (subbasey = modulus of subbase layer,
M, (subgradey = modulus of subgrade layer,
vi» = Poisson ratios of base and subgrade layer
(generally assumed as 0.4 for both layers),
Aoy = applied contact cyclic stress,
r = radius of load plate,
f = shape factor (as the top layer loaded by the rigid
plate is comprised in this testing program by a
granular material, f = 8/3),
S, = resilient deflection of the plate, and
h = thickness of the subbase layer.

There are several assumptions associated with employ-
ing this approach for calculating the elastic modulus of
subgrade and subbase. First, all the assumptions inherent
in the use of the Boussinesq solutions (e.g., isotropic
elasticity, fixed value of the shape factor, selection of
Poisson ratio), as discussed earlier in this report, continue
to apply, and affect the predicted values of the moduli in
the same way. Additional assumptions are associated
with the calculation of the subgrade modulus from
resilient deflection measurements at locations 2r, 3r, and
4r away from the center of the plate using Equation 4.4.
The first is that, moving away from the center of the
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plate, the contribution of the subbase layer to the deflec-
tion measured at the surface is negligible, i.e., that
the deflection is controlled by the compression of the
subgrade layer. The second assumption is that the
distributed load from the plate at the surface can
be approximated by a concentrated load acting along
the axis of symmetry of the plate at the interface between
subbase and subgrade. Depending on the site conditions,
this method may produce unreliable estimates of the
subgrade modulus. For example, White and Vennapusa
(2017) note that based on Ullidtz (1987) the application
of the two-layered analysis using the Odemark method
should be restricted to “conditions with moduli values
decreasing with depth (i.e., hard over soft), preferably by
a factor of at least two between the consecutive layers.”
This condition is not met in the tests performed in this
research project on the cement-treated strip. There is also
a broader question related to the degree to which
elasticity can be used to interpret the surface deflection
basin. These questions are addressed further below.
Finally, note that erroneous predictions of the modulus
of the subgrade based on the use of Equation 4.4 will be
mapped to the value of the subbase modulus predicted
using Equation 4.5.

4.3.2 Analysis of MR Tests at S-BRITE Site

The data from the MR APLT tests performed at the
S-BRITE site were first analyzed using the approaches
outlined above. The results of these analyses, which
were conducted by the company that performed the
APLT testing program, are summarized in Table B.1
and Table B.2.

Table B.1 provides M, values for both the untreated
and cement-treated subgrade derived from the analysis,
using Equation 4.3, of the data from the 5 tests
performed directly on the subgrade using an 18-in
diameter plate. For each test, six values are presented
corresponding to the six loading stages that followed
the conditioning stage. A constant value of the shape
factor, f = n/2 and a Poisson ratio, v, equal to 0.4 were
assumed in all calculations. As shown in the table,
the applied cyclic stresses deviated somewhat from the
target nominal stresses. For simplicity, the subsequent
text references the nominal maximum stresses applied
during the six loading stages (4, 8, 13, 18, 28, and 38 psi)
when discussing the tests results collectively.

Focusing on the results for the two tests at the
locations (J6 and L3) on the untreated subgrade, for
which the assumptions of material homogeneity on
which the formulation is based more closely approx-
imate actual field conditions, the following is observed.

® In each test over the range of the applied cyclic stresses
examined (4-38 psi), M, values vary by less than 15%.

® Estimates of M, obtained at the two testing locations
differ significantly, with M, = 3,680-4,240 psi at location
J6 and M, = 10,727 psi—11,965 psi at location L3. For
reference, M, data obtained from laboratory resilient
modulus tests performed according to AASHTO T 307-
99 on soil collected from the site (K. Gupta, personal

communication, February 2023) ranged between 7,900
and 14,700 psi (note that in lab tests the maximum
applied deviatoric stress was 10 psi).

® The discrepancy in the values of M, estimated at the two
testing locations is consistent with the LWD data
collected at the site (2.214 mm and 0.413 mm average
deflections for locations J6 and L3, respectively).

The same approach based on Equation 4.3 was
applied to derive M, values of the subgrade from the
tests performed at locations C5, J2, and M2 on the
cement-treated subgrade (see Table B.1 in Appendix B).
Note that in this case, the assumption of homogeneity is
not representative of the actual field conditions as, due
to the treatment, the top 14” of the soil are significantly
stiffer than the underlying natural soil (by a factor of
five or more based on laboratory tests on the same soil
(Gupta, personal communication, 2023).

The following is observed.

® All tests show the same trend of increasing modulus with
increasing applied cyclic stress (an increase of 50%—100%
as the applied cyclic stresses goes from 4 to 38 psi).

® Collectively the values of M, derived for the cement-
treated subgrade from this analysis vary from ~26,700—
40,400 psi under the smallest applied cyclic stress of 4 psi
to 40,600-70,100 under the highest applied cyclic stress of
38 psi. For reference, M, data obtained from laboratory
resilient modulus tests performed according to AASHTO
T 307-99 (AASHTO, 2021a) on the cement treated soil
(Gupta, personal communication) ranged between
~21,000 and 75,000 psi after 28 days of curing (note that
in lab test maximum applied deviatoric stress = 10 psi).

® For any given applied cyclic stress, M, values estimated
at the three testing locations differed by ~35%—50%.
This variation does not find direct correspondence in the
LWD deflections measured at the same locations.

Table B.2 provides a summary of the M, values for
both subgrade and subbase derived from the five zests
conducted on the subbase layer (3 on the cement-treated
strip and 2 on the untreated strip) using the approach
for two-layer systems outlined in Equation 4.4—
Equation 4.5. This analysis, conducted by the company
that performed the APLT testing program, assumed
values of the Poisson ratio of 0.4 for both layers and a
shape factor of 8/3. The following is observed.

® Values of M;subgrade predicted using off center surface
deflections using Equation 4.4 are consistently greater
than those derived from tests performed directly on the
subgrade, even once stress attenuation effects are
accounted for (based on Figure 4.13a stress attenuation
at the subbase-subgrade interface varies between 40%
and 80% depending on the layer modulus ratio R). The
difference is less than 50% in the case of the cement-
treated subgrade, but much more significant in the case
of the untreated subgrade (factor of 3 or greater), and in
particular for test J6 (weakest subgrade conditions).

® For all tests, values of M, sybgrade predicted using off
center surface deflections show no consistent pattern of
variation with stress level. In particular, for the case of
the cement-treated the M, sypgrade data do not exhibit the
same trend of increasing modulus with increasing applied
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stress observed for the data derived from the tests
performed directly on the subgrade.

® M, values of the aggregate subbase derived from the tests
on the cement-treated strip (30,000-88,000 psi across
three tests and six stress levels) significantly exceed the
values derived from the tests on the untreated strip
(3,600-22,400 psi across two tests and six stress levels).

® Values of the layer modulus ratio (R) derived from the
tests on the cement treated strip show an increasing trend
with stress level (with the exception of the data for the
lowest stress level in test CTM2SG), with the majority of
the values falling in the 0.4-0.9 range.

® Values of the layer modulus ratio (R) derived from the
tests on the untreated strip are generally smaller (R =
0.40-0.64), with no clear trend with stress level.

Finally, Table B.3 summarizes values of the universal
model parameters (k;, k,, ks3—see Equation 2.2 in
Chapter 2) derived for the aggregate subbase from each
of the five plate load tests performed at the site, based
on analysis performed by the company that conducted
the APLT testing program. The assumptions used for
this analysis are discussed in Ingios (2021). For
reference Table B.3, also includes statistics for these
same parameters from the FHWA study (Yau & Von
Quintus, 2002) that compiled data for 423 unbound
aggregate base and subbase materials (see also Figure
2.5 in Chapter 2). As seen in Table B.3, the values of k;,
k,, ks vary greatly across the tests, even for the tests
conducted on the same strip. For example, k, values
derived from the three tests performed on the cement
treated strip alone vary between 0.154 (CT-M2) and
0.833 (CT-C5), effectively covering the entire range
reported in the FHWA study based on tests on over 400
aggregate materials. For all tests on both strips values of
k; fall at the high end or above of the range reported for
similar materials (FHWA study and additional database
assembled for this study, see Figure 2.5). Values of kj
derived from the five tests values fall outside the range
reported for unbound granular materials in the FHWA
study and at the low end of the range of values from the
database assembled for this study.

4.4 Further Finite Element Analyses of S-BRITE Data

4.4.1 Plate Load Tests on Untreated Subgrade

While the upper portion of the subgrade is com-
pacted, when modeling these tests using ABAQUS,
homogeneous conditions were assumed, i.e., the model
included a single layer (layer modulus ratio R = 1).
Plate geometry and material density values for the FE
analyses were based on actual test and site conditions
(see Sections 3.2-3.3). For each loading stage, the
following iterative procedure was used to derive the
modulus of the tested subgrade from the field data.

® An initial estimate of the modulus obtained from the
Boussinesq equation (with f'= g and v = 0.4) is used as

input for the FE analysis. Note that this is the value of M,
obtained from the conventional analysis discussed pre-
viously.

® The resulting plate settlement obtained from ABAQUS is
then compared to the field measurement obtained under
that stress level. The input modulus is adjusted, and the
analysis repeated until the difference between the
predicted and measured values of the plate settlement
falls below 1%.

As the results of the parametric study presented
previously (Figure 4.10) demonstrate that the plate
settlement is affected by the soil’s degree of modulus
anisotropy, this analysis was repeated for three
different values of the soil’s modulus anisotropy ratio,
n (0.5, 1, 5). Given the secondary effect of the Poisson
ratio on the plate settlement (Figure 4.10), all analyses
were performed assuming v, and vy, = 0.4 (where a
value of 0.4 could not be used as the constraints posed
by the thermodynamic requirements for positive strain
energy for a cross-anisotropic material were not
satisfied, the highest possible value was employed).

Figure 4.17 summarizes the values of M, obtained
from FE analysis of data for the test on the untreated
subgrade at location UNTJ6 assuming isotropic condi-
tions (n = 1). Also included in the figure are the values
of the modulus derived for each loading stage using
the conventional approach discussed previously,

. . . . . . T
which relies on the Boussinesq solution, with f'= 5 to

represent rigid plate loading conditions on a cohesion-
less soil, and v = 0.4 (e.g., Vennapusa et al., 2020;
White & Vennapusa, 2017; White et al., 2019). As
shown in Figure 4.17, the approach based on the
Boussinesq solution provides an approximately con-
stant (3,900 + 400 psi) value of the elastic modulus
across the six cyclic stress levels applied in the test (see
also Table B.1). In contrast, the finite element analyses
with n = 1 led to values of the modulus that decrease
non-linearly with stress level, from 11,250 psi (cyclic
stress of 4 psi) to 4,350 psi (cyclic stress of 38 psi). Such
a trend of decreasing subgrade moduli values with
increasing deviatoric stress is expected and has been
reported in the literature (e.g., Maher et al., 2000; Malla
& Joshi, 2006; Ooi et al., 2006). The discrepancy
between the values of M, predicted using the FE
analyses and the conventional approach is highest at
the lowest stress level and diminishes as the stress
applied during loading increases (ratio of the values
or M, predicted using the two methods goes from ~3
(4 psi) to 2 (8 psi), to 1.2 (18 psi) to 1.12 (38 psi)).
Data for three stress levels (4, 18, and 39 psi) for
the test performed at location UNTL3 were analyzed
in a similar manner. Also in this case, the values of the
moduli derived from the FE analysis decreased with
increasing applied stress (32,600, 16,200, and 13,000
psi for 4, 18, and 39 psi, respectively), in all cases
exceeding the values predicted using the Boussinesq
solution (10,900; 11,650; and 10,727 psi for the same
stress levels). As for the data shown in Figure 4.17,
the difference between the two predictions decreased
with increasing stress level. Overall, this shows that
under the same assumption of isotropic material
response, the conventional approach outlined in
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Figure 4.18 Values of shape factor (f) derived from FE analyses (with n = 1) for plate load test conducted at UNTJ6SG location.

Section 4.3 leads to underestimate the modulus, by as
much as a factor of 3 for the lowest applied deviatoric
stress.

Utilizing Equation 4.3 and the elastic modulus values
derived for each stress level from the FE analyses,
values of the shape factor were back-calculated for all
6 stress levels (4-38 psi) applied in the field in test
UNTIJ6-SG. These values which are summarized in
Figure 4.18 show that f decreases with increasing stress
level, from a maximum value of 4.90 (4 psi applied
cyclic stress) to a minimum value of 1.74 for the highest
stress (38 psi) applied in the plate load test. The latter

7 .
value approaches —, the value conventionally used.

A similar analysis of the data for test UNTL3-SG
yielded similar values of f: 4.65, 2.28, and 1.84 for
applied stresses of 4, 18, and 39 psi, respectively. This
variation demonstrates that beyond the well-known

influence of plate stiffness and stress distribution
underneath the loading plate, other factors impact the
shape factor, and that assuming a constant a-priori
value of the shape factor has no justification and can
lead to incorrect values of the modulus.

Further FE analyses were conducted to examine the
impact that consideration of the soil’s cross-anisotropy
has on the predicted values of the elastic modulus, by
repeating the iterative procedure described previously
for different input values of the soil’s modulus
anisotropy ratio, n. In these simulations the input value
of Gy, was set equal to 0.3 times the vertical modulus
(equal in this case to M,) and was thus also adjusted at
each iteration.

Figure 4.19 shows the values of M, predicted for one
stress level (18 psi) in test UNTJ6SG. As expected,
based on the parametric study presented previously, the
modulus increases with increasing value of the modulus

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2023/22 51



10,000
+ 60
8,000 +
- +50 2
) (]
< 6,000 + L 2
3 B
> +30 =
T 4,000 + =
= +20 &
2,000 +
+ 10
0 0

Conventional n=0.5

Approach
n=1

Figure 4.19 Resilient modulus predicted from FE analyses for different values of the modulus anisotropy ratio, n: data for plate

load test conducted at UNTIJ6SG location (cyclic stress = 18 psi).

anisotropy ratio, n. As field compaction is expected to
generate a non-isotropic stress state, material aniso-
tropy should require consideration when analyzing
field data.

4.4.2 Plate Load Tests on Cement-Treated Subgrade

Similar analyses can be performed for the tests
conducted on the cement-treated subgrade. In this case,
the assumption of material homogeneity is clearly not
satisfied, and the layer modulus ratio (R) is not known
a priori. As a result, only a limited set of data from the
test conducted at location CTCS5 were re-analyzed with
ABAQUS using the iterative procedure described
previously. Also, in this case it was observed that the
values of M, derived from the finite element results with
n = 1 and R = 1 exceeded the values predicted using
the Boussinesq equation (e.g., by ~25%, from ~70,000
to ~87,000 psi (483 to 600 MPa) for the 40-psi cyclic
stress level in test CTC5SG). While representing an
improvement relative to the value obtained from the
conventional approach based on Equation 4.3 this
estimate of the modulus continues to rely on the
unrealistic assumption of material homogeneity.

As suggested by the results presented in Section 4.3.2,
consideration of the presence of the softer underlying
untreated soil (i.e., R>1) leads to predict even larger
values of M, for the cement treated soil. For example,
for the same data set (40 psi stress level in test
CTC5SG), the FE analysis performed following the
same iterative procedure but assuming R = 5 instead of
R = 1, yields an estimate of the M, of the cement-
treated subgrade of ~217,000 psi (1,500 MPa).

4.4.3 Plate Load Tests on Compacted Aggregate

4.4.3.1 Validity of Equation 4.4 for deriving M, subgrade
from off-center surface deflections. To start, it is of
interest to assess the accuracy of Equation 4.4 in

predicting the subgrade modulus. This was done using
as a reference the results of the FE analyses presented
earlier in this chapter for an isotropic two-layer system
loaded through a rigid plate, considering three different
values (0.5, 1, and 5) of the layer modulus ratio, R. In
each case, the stress applied on the plate was 276 kPa
(~40 psi), the modulus of the top subbase layer was
held constant and equal to 310 MPa (44,962 psi), while
the modulus of the subgrade layer was controlled by the
layer modulus ratio, R (and equal to 620 (89,923 psi),
310 and 62 MPa (8,992 psi), for R = 0.5, 1, 5,
respectively). For both layers a value of 0.4 was used
for the Poisson ratio.

For each case, the FE analysis produced predictions of
the surface deflections at radial distances 2r, 3r, and 4r.
These values were then input in Equation 4.4 to calculate
“predicted” values of the elastic modulus, the smallest of
which (see Section 4.3.1) could then be compared to the
known input values used in the FE analyses.

The comparison, presented in Figure 4.20, shows
that, relative to the elastic FE results, the use of
Equation 4.4 leads to underestimate the subgrade
modulus, by a factor of over 2 for all the values of R
analyzed.

4.4.3.2 Plate load tests on aggregate compacted on
cement-treated subgrade. Additional analyses with
ABAQUS focused on data from the three plate load
tests performed at the S-BRITE site on the aggregate
subbase layer compacted on top of the cement treated
subgrade. This set of tests were chosen for further
analysis as soil stabilization (by cement or lime
treatment) is used in most pavement construction
projects in Indiana. Plate geometry and material
density values for the FE analyses were based on
actual test and site conditions (see Chapter 3). As in the
conventional approach, the analysis relied on
measurements of off-center surface deflections to
derive the modulus of the underlying subgrade.
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Figure 4.20 Comparison of known values of the subgrade modulus used in the FE analyses to values predicted using Equation 4.4.

The analyses performed using ABAQUS employed
the following two-stage iterative procedure.

® Using the measured deflections at 2, 3, and 4r and the
plate settlement, initial estimates of M, for subbase and
subgrade a are derived using the conventional approach
(Equation 4.4 and Equation 4.5).

® A first FE analysis is performed using the modulus
values derived using the conventional approach, and the
predicted surface deflections at locations 2r, 3r, and 4r
are compared to the field measurements.

® The value of the subgrade modulus is adjusted, and the
analysis is repeated. This is continued until the predic-
tions from the FE analysis at all three locations are
within 1% of the field measurements.

® Once the value of subgrade modulus is determined using
the procedure above, additional FE iterations are
performed adjusting the modulus of the upper subbase
layer until the predicted value of the plate settlement
matches the field measurement.

For each test, this analysis was performed for three
different values of the subbase modulus anisotropy
ratio (n = 0.5, 1, and 2).

Examples of the results of these analyses for the
highest cyclic stress level (39-40 psi (269-276 kPa),
depending on the test) are shown in Figures 4.21, 4.22,
and 4.23 for tests CTC5SB, CTM2SB, and CTJ2SB,
respectively. For all testing locations, relative to the
conventional approach, the FE analyses predict sub-
grade M, values which are significantly higher and
subbase M, values that are significantly lower. This is
expected given the discussion of Equation 4.4 in Section
4.4.3.1. The modulus anisotropy ratio is found to play a
significant role on the FE results, with both moduli
increasing with increasing n. In particular, for all three
tests, the modulus of the subbase layer increases
approximately two-fold as n goes from 0.5 to 2: the
greater the modulus anisotropy ratio, the greater the
difference between the FE results and the values
predicted from the conventional analysis. As shown in
the figures, the layer modulus ratio R predicted from
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the FE analyses varies between 0.1-0.2 for all tests,
significantly lower than the R values obtained using the
conventional approach (R = 0.7-1.2).

Similar results are observed at other stress levels,
with increasing deviation from the values obtained
using the conventional approach as the applied stress
decreases. This is illustrated in Figure 4.24, which
shows predictions of subbase and subgrade moduli at
the CTCS5SB testing location for the 8-psi cyclic stress
loading stage.

Comparison of the subgrade modulus values derived
from the tests performed on the aggregate subbase
based on the off-center surface deflections to those
obtained directly from the plate load test on the
(cement) treated subgrade continues to show some
discrepancies. These are, however, reduced once the
effect of the layer modulus ratio on stress level
attenuation (see Figures 4.13 and Figure 4.14) is
considered, and consideration is given in the analysis
of the tests performed on the subgrade to the presence
of the underlying softer layer (i.e., by assuming a value
of R>1). For example, in the case of test CTC5SB (40
psi stress level), the value of M, of the cement-treated
layer predicted for n = 1 from the off-center measure-
ments is ~290,000 psi (2,000 MPa). This falls in the
range of values estimated from the analysis of the data
obtained from the test performed directly on the
cement-treated subgrade at the same location assuming
R = 5 (M, = 217,000-361,000 psi for 8-40 psi stress
levels).

4.4.3.3 Plate load tests on aggregate compacted on
untreated subgrade. Analyses like those discussed in the
previous section were conducted for the plate load tests
performed on the aggregate subbase layer con-
structed on top of the untreated subgrade. Figure
4.25 summarizes the values of M, supbase and
M;subgrade Obtained from the analysis of the data
for test UNTJ6SB (38.5 psi stress level). The
following is observed.

53



400,000
1 -+ 2
350,000 M E-Subbase ,500
FE Analyses
M E-Subgrade
300,000 g - 2,000
% 250,000 og
o Q.
%) + 1,500 &
% 200,000 c
K <
S 150,000 L 1000 3
100,000
r 500
50,000
0 -0
Conventional n=0.5 n=1 n=2
Approach
n=1

Figure 4.21 Comparison of the predictions of subbase and subgrade moduli from tests CTCS5SB obtained using the
conventional approach and FE analyses with different values of the modulus anisotropy ratio (n) (data for 40 psi (276 kPa) applied
cyclic stress).
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Figure 4.22 Comparison of predictions of subbase and subgrade moduli from test CTM2SB obtained using the conventional
approach and FE analyses with different values of the modulus anisotropy ratio (n) (data for 40 psi (276 kPa) cyclic stress).

® As in the case of the tests on the cement-treated strip, treated strip, despite the very different nature of the

the iterative analysis with ABAQUS yields a value of
M;subgrade greater than M sypbase- For the highest
cyclic stress (38.5 psi) this corresponds to a layer
modulus ratio R of 0.12. This is in the range of values
shown in Figures 4.21, 4.22, and 4.23 for the cement

subgrade.
As in the case of the tests on the cement-treated strip, the
analysis yields a higher Migupgraqe and lower Mgybbase
relative to the estimates based on the conventional
approach.
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Figure 4.23 Comparison of predictions of subbase and subgrade moduli from test CTJ2SB obtained using the conventional
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Figure 4.24 Comparison of predictions of subbase and subgrade moduli from test CTC5SB obtained using the conventional
approach and FE analyses with different values of the modulus anisotropy ratio (n) (data for 9.4 psi (65 kPa) cyclic stress).

® As seen in the case of the tests on the cement-treated
strip, despite the relatively small thickness of the subbase
layer, the subbase modulus anisotropy ratio (n) has a
significant influence on the values of M;gupgrage and
Misubbase derived from the FE analysis, with both moduli
increasing with increasing n.

® The value of M;gubgrade Predicted from the off-center
surface deflections using ABAQUS significantly exceed

those derived from the analysis of the tests performed
directly on the subgrade. For example, compare
M;subgrade = 24,650 psi (~170 MPa) (Figure 4.25) to
the values reported in Figure 4.17 for cyclic stresses of 8—
18 psi (corresponding to stress attenuations of 50%-—
80%), which fall below 7,500 psi (~52 MPa). The same
discrepancy was observed in the results obtained using
the conventional approach (see Section 4.3.2 and Tables
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Figure 4.25 Comparison of predictions of subbase and subgrade moduli from test UNTJ6SB obtained using the conventional
approach and FE analyses with different values of the modulus anisotropy ratio (n) (data for 38.5 psi (265 kPa) cyclic stress).

B.1-B.2). This may arise from the fact that the test on the
subgrade was performed after a complex history of
loading produced by the test previously conducted at the
same location on the overlying layer. Additionally, there
is evidence from experimental observations (e.g.,
Bourdeau, 1986) that the deflection basin predicted from
elasticity is wider than what is observed both in the field
and in the lab. As a result, reliance on off-center surface
deflections for deriving M, gypgrade l€ads to overestimate
MrSubgrade-

® Finally, values of M, supbase are significantly lower than
those estimated for the same aggregate from the tests on
the cement-treated strip (e.g., compare M supbase = 2,900
psi for n = 1 in Figure 4.25 to the values (~23,200—
24,600 psi) almost an order of magnitude greater
reported in Figures 4.21, 4.22, and 4.23). Note that the
same discrepancy was observed in the moduli derived
using the conventional approach (see Tables B.1-B.2).

This last observation warrants additional discussion
given the specific focus of this work on the modulus of
aggregate bases and subbases. A number of factors can
contribute to the discrepancy, and exact correspon-
dence of the values of M,gupbase derived from the two
strips should not be anticipated. To start with this may
be due to differences in the state of bulk compaction of
the aggregate layer. As discussed in Chapter 3, different
procedures were followed in constructing the aggregate
layer on the two strips (single lift on the untreated strip
versus two lifts on the cement-treated strip). The
presence of a stiffer underlying layer is also generally
considered to promote more effective compaction. Dry
unit weight values of the aggregate layer measured
using the nuclear density meter (see Table 3.3 in
Chapter 3) in proximity to the testing locations on the
untreated strip fall, indeed, slightly below those
measured in proximity to the testing locations on the
cement-treated strip (133-133.6 pcf for locations
UNTJ6 and UNTL3 vs. 134.8-139.2 pcf for locations

CTC5, CTM2, and CTJ2). The difference in interface
conditions between subbase and subgrade (smoother in
the case of the cement-treated subgrade) between the
two strips may also play a role, possibly by contributing
to different degrees of compaction-induced modulus
anisotropy. Overall, these factors do not appear
sufficient to explain the ten-fold difference in modulus
highlighted previously. Instead, they raise questions on
the method used to derive the subbase modulus. As any
error in estimating M;supgrade Will affect the modulus
estimated for the overlying subbase layer, it is proposed
here that reliance on off-center surface deflections
measured in the field to derive M gupgrade leads to
overestimate the true modulus of this material, and as
result to underestimate M, suppase- 1t 1S suggested that, in
general, tests performed directly on the subgrade will
provide more reliable estimates of M sypgrade- Additional
analyses of the data for test UNTJ6SB were conducted
with n = 1 using as input for the subgrade modulus
values derived from the tests performed directly on the
subgrade (Figure 4.22). These analyses yield values of
M, subbase closer to those derived for the cement-treated
strip. For example, for the data obtained for a cyclic
stress level of 38 psi in test UNTJ6-SB, using as input
M;subgrade = 5,800 psi (based on Figure 4.22) leads to an
estimate of M supbase Of 11,600 psi (four times greater
than the value shown in Figure 4.25).

5. ANALYSIS AND INTERPRETATION OF
STATIC AND RDL PLATE LOAD TESTS

5.1 Introduction

In addition to the MR tests analyzed in Chapter 4,
the plate load testing program at the S-BRITE site also
included six extended cycle performance tests with
randomly distributed load (RDL) performed on the
testing strips and three static plate load tests performed
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on the neighboring pit filled with compacted aggregate.
Details on the testing locations, setup and loading
protocols are presented in Chapter 3.

Section 5.2 summarizes the analysis of the three static
load tests, which focused on deriving values of the
angle of internal friction from the ultimate bearing
pressure that are required for estimating the stability of
pavement subbases to construction loading (e.g., see
Getchell et al., 2020).

Section 5.3 presents the analysis of the results of the
RDL tests performed on the two strips and discusses
the validity of existing models relating the increase in
permanent deformation with number of cycles to
describe the data obtained at the S-BRITE site.

5.2 Analysis of Static Tests

5.2.1 Derivation of Aggregate Angle of Internal Friction
from Plate Load Tests

Plate load tests, when pursued to failure, can
provide a measure of the soil ultimate bearing
capacity. Although the resulting ultimate bearing
pressure should not be extrapolated to larger founda-
tions because of scale effects, especially on stratified
ground, the three static plate load tests (see Chapter
3) that were performed at the S-BRITE site, in a pit
filled with compacted aggregate and deep enough for
the boundaries not to interfere with the bearing
capacity mechanism, provide the opportunity to
estimate the angle of internal friction of the material.
Data from these tests include plate settlement in
function of time for each load increment, as well as
load versus final settlement curves, which are used in
this section.

There exist several approaches in the literature for
determining the bearing capacity from load-deforma-
tion curves in plate load tests (Bowles, 1996; Garg,

2004; Sowers & Sowers, 1970). The method proposed
by Sowers and Sowers (1970) defines the ultimate
bearing capacity as the intersection of the tangents of
the load deformation curve or the point in the curve
which defines a break or the maximal curvature point.
Following this method (Figure 5.1), depending on the
points selected for drawing the tangents, values of
ultimate bearing pressure ranging between 117 and 129
psi (806-889 kPa) are obtained from the 12-in diameter
plate load test data. Similar determinations of the
ultimate bearing capacity for the other two tests, using
the Sowers and Sowers (1970) method, are shown in
Figure 5.2 and Figure 5.3.

Computations were performed using the general
bearing capacity equation for square footings of the
same surface area as the circular testing plates. Bearing
capacity factors in the equation were according to Vesic
(1963), and the soil unit weight was assumed equal to
134.8 pcf (21 kN/m?>).

Comparison with the theoretical results show that
the ultimate bearing capacity values from the three
static tests (Table 5.1) correspond to an angle of
internal friction in the 48° to 50° range.

This is consistent with values reported in the
literature for aggregate materials that were tested under
similarly low confining stresses, as discussed in the
synthesis presented in an earlier JTRP study by
Getchell et al. (2020).

5.2.2 Remark on the Mechanism of Bearing Capacity
Failure of Coarse-Grained Soil

The mechanism of failure for small-scale footings on
sand with various states of compaction was demonstrated
by Vesic (1963). A “general shear” failure (Figure 5.4a) is
observed for dense-behaving sands (i.e., dilating under
shear), whereas loose-behaving sand (i.e., compressing
under shear) exhibit a punching mode of failure (Figure
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Figure 5.1 Determination of ultimate bearing capacity from 12-inch diameter static plate load test data.
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Figure 5.3 Determination of ultimate bearing capacity from 9.75-inch diameter static plate load test data.

TABLE 5.1

Values of the Angle of Internal Friction of Aggregate Back-Calculated from Experimental Bearing Capacity Data

Static Test Plate Diameter Bearing Capacity (psi) (kPa)

Angle of Internal Friction, ¢’

8 in 118 (813.6)-132 (910)
9.75 in 116 (800)-133 (917)
12 in 117 (806)-129 (889)

49.8°-50.3°
48.7°-49.4°
47.9°-48.3°

5.4c). The intermediate case (Figure 5.4b) corresponds to
medium-dense material and shows local, instead of general
failure, with no peak in the load-deformation curve.

The load-settlement curves of the static plate load
tests performed for this study suggest an intermediate,
medium-dense, type of failure, like Vesic’s case (b) in
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Figure 5.4 Bearing capacity failure mechanisms observed in sand (Vesic, 1963).

Figure 5.4. The method of compaction (light, hand-held
roller compactor) and the value of the material unit
weight of 134.8 pcf (21 kN/m?) suggest the material was
not very dense. However, since deformation gages were
not installed outside of the plates for these tests and only
the plate settlements were recorded, the absence of
lateral heave cannot be confirmed by measurements.
If indeed a medium-sense failure mechanism developed
with local failure controlling the load-deformation
curve, the ultimate shear strength may be higher than
the values shown in the above analysis.

5.2.3 Derivation of Aggregate Angle of Internal Friction
from Correlations with SPT

Standard Penetration Tests (SPT) were performed at
three locations in the test pit as described in Section 3.4.
The measured values were corrected to a 60% energy
level. For the overburden correction, a soil unit weight
of 134.8 pcf (21 kN/m?) was used. Table 5.2 presents the
data collected from all three SPT tests. Values of the
angle of internal friction were derived from three
different empirical correlations, as shown in Table 5.2.
The resulting values are also within the range reported
for aggregate materials tested at similarly low confining
stresses as shown in the review of literature data by
Getchell et al. (2020). The values of internal friction
angle derived from the SPT test data are generally
consistent with those back calculated from the bearing
capacity plate load tests. Some discrepancy is observed
when the Peck at al. (1974) SPT correlation is used, as
this method gives lower values, in the 40° to 43° range. It
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is noted that the interpretation of SPTs in coarse-
grained, frictional, soil depends on the overburden
pressure at the depth of testing, and the correction
applied to the blow count in order to account for this
effect is itself empirical. At depths as small as only a few
inches where the tests were performed, the correction for
overburden pressure is extremely sensitive and should be
considered as a source of uncertainty.

5.3 Analysis of RDL Tests

5.3.1 Effect of Site Conditions on Accumulation of
Permanent Deformation with Loading Cycles

Granular materials manifest two types of deformation
when subjected to repeated loading: resilient deformation
and permanent deformation. The large number of load
repetitions leads to a gradual accumulation of permanent
deformation which can be detrimental for pavement
structures. For this reason, analyzing the variation of
permanent deformation with the number of cycles is
critical for understanding the long-term performance of
pavement systems (Lekarp & Dawson, 1998).

As detailed in Chapter 3, six extended cycle
performance tests with randomly distributed load
(RDL tests) were performed on the testing strips: three
on the cement treated strip, three on the strip with the
untreated subgrade. On each strip, one test was
performed on the aggregate subbase (tests with 10,000
loading cycles), and a second (5,000 loading cycles) at
the same location on the underlying subgrade. The
third test (5,000 loading cycles) on each strip was
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TABLE 5.2

SPT Data and Resulting Values of the Angle of Internal Friction of Aggregate

Peck et al. (1974)

Hatanakaa et al. (1996) Schmertmann (1975)

First Second Third
/ / /
Location Mark Mark Mark N60 N1(60) ¢ ¢ ¢
1 8 9 10 19 47.3 40.1 50.8 47.0
17 11 10 21 52.3 41.3 524 48.0
3 22 12 11 23 57.3 42.5 53.9 48.9
Note:
Peck et al., (1974): ¢’ =27.140.3(N)go — 0.0054[(N})go)*
Hatanaka Uchida (1996): ¢’ = 1/20(N1)e + 20
0.34
Schmertmann (1975): ¢’ = tan ! L,
122+20.3(3)
TABLE 5.3
Overview of Conditions at RDL Testing Locations (Extracted from Table 3.3)
LWD Deflection Data (mm) Subbase
Subb Subb Subgrade Subbase Layer Dry Unit Weight Subbase Median Feature
Location Large Plate Small Plate Large Plate Thickness (in) (pcf) Water Content (%) Index (mm)
CTO4 0.229 0.133 0.146 9.75 134.8 4.54 4.11
CTQ2 0.279 0.176 0.153 8.40 137.3 4.30 4.18
UNTI2 0.384 0.283 2.368 7.00 133.0 3.19 4.94
UNTQ3 0.375 0.399 1.412 6.85 131.7 3.21 5.24

performed on the aggregate subbase on the portion of
the strip where a nonwoven geotextile fabric had been
placed between subgrade and subbase. Table 3.5
summarizes the testing protocol followed in these tests.
For easier reference, data on the layer characteristics at
the testing locations already presented in Table 3.3 is
reproduced in Table 5.3.

Curves of permanent deformation versus the number
of loading cycles for the tests performed on the
aggregate subbase at locations CTO4 and UNTI2 are
shown in Figure 5.5a. From Table 5.3, at these two
locations the values of the aggregate dry density were
quite consistent. Figure 5.5a clearly highlights the
significantly higher permanent deformation accumu-
lated in the test conducted on the untreated strip (factor
of 4.5-5 over the 10,000 cycles applied). The softer
subgrade is responsible for the larger deformations
accumulated in the test at UNTI2, as demonstrated by
the fact that at this location (Figure 5.5¢) the curves of
permanent deformation versus number of loading
cycles for the tests on subbase and subgrade essentially
overlap. In contrast, in the case of the cement treated
strip, the primary contribution to the permanent
deformation is from the aggregate subbase, as can be
seen by comparing the curves for the RDL tests on the
subbase and subgrade at CTO4 (Figure 5.5b).

With regard to the other two tests performed on the
aggregate subbase at locations CTQ2 and UNTQ3, any
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contribution from the geotextile separator layer is
excluded, as the fabric was chosen to function as
separator layer not as reinforcement, Moreover, upon
exhumation of the fabric after completion of the plate
load testing program, significant damage of the
geotextile, in the form of bursts, perforations and
abrasions, was observed (see pictures in Appendix D).
The results for these tests are overall consistent with the
data from the other locations. The RDL test on the
subbase at location CTQ2 which had characteristics
similar to those at location CTO4 (compare LWD
results for both subbase and subgrade, and layer
thickness, subbase dry unit weight, water content and
median feature index data in from Table 5.3) yields a
curve of permanent deformation versus number of
loading cycles very close to that for the test at CTO4
(Figure 5.5b).

In the case of the two tests performed on the
aggregate subbase on the untreated strip, the smaller
values of the permanent strain accumulated in
the test at UNTQ3 relative to UNTI2 (Figure 5.5¢)
are consistent with the smaller value (by a factor
of 1.7) of the LWD deflection measured on the
subgrade (Table 5.3). Again, this emphasizes that
in the case of the untreated subgrade, it is the
deformation of this layer that controls the accu-
mulation of permanent deformation with loading
cycles.
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5.3.2 Applicability of Select Existing Models for
Describing Development of Permanent Deformation
with Loading Cycles Measured in RDL Tests

Several studies have investigated the behavior of
unbound granular materials under repeated loading,
leading to several models for describing the relation-

a) 0.25

ship between permanent deformation and number
of loading cycles. Lekarp and Dawson (1998), Lekarp
et al. (2000), and Chow et al. (2014) present a
comprehensive review of these studies. Select models
used below to fit the field data are shown in Table 5.3.
Differences in the form of the equations of the models
reflect variations in the granular materials, the type
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Figure 5.5 Accumulated permanent deformation versus number of loading cycles for (a) RDL tests performed on subbase at
CTO4 and UNTI2, (b) RDL tests on a cement-treated strip, and (c) RDL tests on an untreated strip.
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TABLE 54

Select Models for Correlating Permanent Deformation to Loading Cycles

Author Model Equation

Source of Data

Material Notes

Barksdale (1972) d, = a+ b log(N)
N = number of cycles,

a, b = fitting parameters

Repeated load triaxial
tests: 100,000 load cycles (basecourse

Crushed stone -

materials)

Monismith et al. (1975),
Sweere (1990)

0, = aN®
N = number of cycles,
a, b = fitting parameters

Triaxial tests: 1,000,000 —
load cycles

b falls in the range 0.1-0.2.
a is dependent on stress state
and strength of material.

El-Mitiny (1980), op —aN-"?
Khedr (1985) N
N = number of cycles,

a, b = fitting parameters

Variable confining
pressure triaxial tests

Crushed limestone  Permanent strain rate inversely
proportional to number of load
cycles

a, which represents rutting
susceptibility, is highly dependent
on stress state and M,

Wolff & Visser (1994) 3, = (eN + a)(1-e™)
N = number of cycles,
a, b, ¢ = fitting parameters

cycles

Full-scale heavy vehicle Unbound aggregate Initial phase (1.2 mln cycles)—
simulator tests with
several million loading layers

base and subbase rapid development of permanent
deformation
2nd phase (constant rate of

increase of perm. def)

Ullitdz (1997) N
op=a (—’) N¢
P
N = number of cycles,
o4 = deviator stress,
a, b, ¢ = fitting parameters

Discrete element method —
(DEM) simulations

Parameter an independent of
applied stress

of test, the number of load repetitions, and the
stress level in the tests based on which each model
was developed. The model by Tseng and Lytton
(1989) (Equation 2.5) that is used in the MEPDG
software was not considered in the analysis of the
field data. This is because of the uncertainty
associated with the large number of parameters
present in the model.

Note that, except for the model by Ullitdz (1997),
the models shown in Table 5.4 relate permanent
deformation only to the number of cycles applied, i.e.,
they do not consider the stress level effects. In
addition to the model by Ullitdz (1997), other models
consider this effect. However, their use requires
knowledge of quantities (e.g., the length of stress
path in the models by Lekarp and Dawson (1998)
and by Gidel et al. (2001)) that cannot be quantified
in a straightforward manner in the case of field plate
load tests.

The permanent deformation data obtained from the
six RDL tests discussed above were analyzed to
establish the degree to which the models by Barksdale
(1972), Monismith et al. (1975), El-Mitiny (1980), Wolff
and Visser (1994) and Ullitdz (1997) can describe the
measured increase in permanent deformation with
loading cycles.

Table 5.5 and summarizes the results of this analysis
performed using the Curve Fitting Toolbox in Matlab. 1t
includes the values of the parameters derived for each
model from the fitting process and the coefficient of
determination (R?) as a measure of the goodness of fit.

Note that the Ullitdz (1997) model is a modified version
of the Monismith et al. (1975) model with an extra term
introduced to account for the magnitude of the deviator
stress. As a result, when fitting the data using this
model, the cyclic stress data are also included. Figure
5.6 compares the curves of measured and predicted
permanent deformation versus number of cycles for
each of the five models considered for the RDL test
performed on the cement treated subgrade at location
CTO4. For each model, two plots are presented: one
that shows the two curves over the entire duration of
the test (5,000 cycles for the test shown), the other for
the first 500 cycles, representing the initial loading
phase, where the rate of increase of the permanent
deformation is very rapid. For the same tests plots of
predicted versus measured permanent deformation are
presented in Figure 5.7. Similar plots for the other five
RDL tests are included in Appendix C. Table 5.6
summarizes the permanent strain values measured at
the end of each test and compares them to the
predictions from each model.

The following conclusions can be drawn with regard
to the performance of the different models.

® Overall, all models capture the rapid accumulation of
permanent strain that occurs during the first few hundred
cycles, which is responsible for over half of the
permanent deformation at the end of the test (5,000
cycles), and the subsequent slower rate of progression of
the permanent deformation.

® The model by Wolff and Visser (1994) underperforms the
other models, as reflected in the lower values of the
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TABLE 5.5

Results of Fitting Analysis (Cells Highlighted in Yellow Identify Highest Value of the Coefficient of Determination)

Testing Location and Fitting Barksdale Monismith et al. El-Mitiny Wolff & Ullitdz

No. of Cycles Parameters (1972) (1975) (1980) Visser (1994) 1997)

CTO4SB a 0.0060 0.017 0.017 0.039 0.017

10K b 0.010 0.112 0.888 0.007 -0.009
c - - - 9.51E-07 0.112
R’ 0.9750 0.9482 0.9482 0.8254 0.9503

CTO4SG a -0.024 0.004 0.004 0.012 0.004

5K b 0.005 0.175 0.826 0.010 -0.018
c - - - 1.17E-06 0.175
R? 0.9760 0.9806 0.9806 0.9579 0.9847

CTQ2SB a 0.0036 0.015 0.015 0.035 0.015

SK b 0.012 0.137 0.863 0.019 -0.009
c - - - 2.80E-06 0.137
R’ 0.9894 0.9947 0.9947 0.8842 0.9963

UNTI2SB a 0 0.057 0.057 0.171 0.058

10K b 0.064 0.154 0.846 0.006 -0.004
c — - - 7.22E-06 0.154
R? 0.9959 0.9928 0.9928 0.9311 0.9931

UNTI2SG a -0.002 0.064 0.064 0.167 0.064

5K b 0.060 0.148 0.852 0.012 -0.006
c - - - 1.29E-05 0.148
R’ 0.9967 0.9837 0.9839 0.9145 0.9844

UNTQ3SB a -0.004 0.028 0.028 0.079 0.029

5K b 0.030 0.157 0.843 0.010 -0.007
c - - - 6.43E-06 0.157
R? 0.9927 0.9903 0.9903 0.9163 0.9910

Note: The highest values of R? are indicated in red for each test.

TABLE 5.6

Comparison of the Measured and Predicted Values of the End of Test Accumulated Permanent Deformation

Testing Locationand End of Test Barksdale Monismith El-Mitiny Wolff & Ullitdz

No. of Cycles Deformation’ (1972) et al. (1975) (1980) Visser (1994) (1997)

CTO4SB Measured value (in) 0.046

10K Difference (%) 1.9 2.6 2.6 3.6 5.2

CTO4SG Measured value (in) 0.017

SK Difference (%) -2.4 -0.2 -0.2 32 -1.8

CTQ2SB Measured value (in) 0.048

5K Difference (%) -1.4 -0.1 -0.1 33 3.8

UNTI2SB Measured value (in) 0.234

10K Difference (%) -0.5 0.9 0.9 39 1.7

UNTI2SG Measured value (in) 0.222

SK Difference (%) 0.1 1.6 1.6 4.2 1.4

UNTQ3SB Measured value (in) 0.16

SK Difference (%) 0.7 2.2 2.2 4.8 34

'Difference is calculated as (predicted-measured)/measured x 100.

® The

coefficient of determination calculated for all tests. As
indicated in Figure 5.6, it is the fit in the first few
hundred cycles which is particularly poor. This might be
expected as the model was derived based on tests with
several million loading cycles.

The model by Wolff and Visser (1994) also consistently
overpredicts the end of test permanent deformation, by
3.2% to 4.8%.

remaining models show similar performance
(R?>0.975 in all cases), with the models by Barksdale

(1972) and Ullitdz (1997) providing the best fit in four
and two of the tests, respectively.

For all tests, fitting the data using the model Ullitdz
(1997) yields a very small value (-0.0044 to -0.018) of the
parameter b (exponent of the term that accounts for the
influence of the deviator stress). This implies that, at least
for the range of deviator stresses used in this testing
program, the magnitude of the deviator stresses plays a
secondary role, and that the increase in permanent
deformation is driven primarily by the number of cycles.
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As a result, the other two parameters that appear in the
Ullitdz (1997) model (a and c¢) effectively coincide with
those calculated using the Monismith model (termed a
and b), and the performance of these two models is
virtually identical.

The results of the fitting analysis presented in Table

5.5 also support the observations in Section 5.3.1 on
the effects of the site conditions on the permanent

deformation behavior,

specifically the following

effects.

® The fitting parameters for the tests on the untreated

strip all reflect higher accumulation of permanent
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deformation relative to the tests on the cement treated
strip. Compare, for example, the values of parameter
b in the Barksdale model that quantifies the rate of
increase in permanent deformation with log(cycles)
(0.005-0.01 for the tests at locations CTO4 and CTQ2
versus 0.03—0.06 for the tests at locations UNTI2 and
UNTQ?3) or the values of parameter « in the models by
El-Mitiny (1980) which quantifies the rutting potential
(0.004-0.02 for the tests at locations CTO4 and CTQ2
versus 0.03-0.06 for the tests at locations UNTI2 and
UNTQ3).

At location UNTI2, no significant difference is observed
in the fitting parameters derived from the test on the
subgrade and that on the subbase.
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6. CONCLUSIONS AND RECOMMENDATIONS ® A review of the literature pertaining to the interpretation

. of plate load tests and to the resilient modulus and the
6.1 Overview of Work permanent deformation behavior of unbound aggregates.
As the primary focus of this work was on the resilient

The research presented in this report was aimed modulus of aggregates with characteristics similar to

at advancing the “r?derStandmg, of the resilient and those of Indiana #53, a database of M, values for these

permanent deformation properties of pavement sub- materials was also assembled.

grade and subbase materials used in the state of Indiana * A parametric elastic finite element study was conducted

and at exploring the use of automated plate load tests using the commercial software ABAQUS to investigate

(APLT) for determining such properties. the factors affecting the interpretation of plate load test
The work performed included the following. data. The model geometries used in the analyses were
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chosen to represent both homogeneous as well as layered
sections, with consideration of material input parameters
(modulus and Poisson ratio), stiffness of the loading
plate, and material anisotropy, as measured by the
anisotropy modulus ratio (n = Ey/E,, where E,
represents the vertical resilient modulus, M,).

® Analysis of field data from automated plate load tests
conducted as part of a previous research project on two
testing strips consisting of a layer of Indiana #53
aggregate (average thickness across both strips = 7.1
in) compacted on top of either the untreated or the
cement-treated subgrade. The testing program on the
testing strips included two sets of tests: multistage
resilient modulus (MR) tests with 1,550 cycles (500
conditioning cycles followed by 175 cycles at increasing
applied cyclic stress) and extended cyclic performance
tests with random distributed loading (RDL tests) (5,000
or 10,000 cycles at 10 different cyclic stress levels between
5 psi and 50 psi). In most cases, MR and RDL tests were
performed first on the aggregate subbase using a 12-in
diameter plate, and then on the underlying subgrade
using an 18-in diameter plate. MR tests on the subbase
included measurements of surface deflection at distances
of 2r, 3r, and 4r away from the center of the plate. Two
of the RDL tests were performed at strip locations where
a nonwoven geotextile had been placed between subgrade
and subbase. Additionally, three static load tests (with
plates of diameter equal to 8, 9.75, and 12 in) were
conducted to a maximum stress of 225 psi (1,551 kPa) on
the #53 aggregate compacted in a 3.6 ft deep pit
constructed in proximity to the two strips.

Analysis of the MR test data relied on elastic finite
element analyses performed using ABAQUS and
conventional approaches used for the interpretation
of plate load tests on both homogenous and layered
systems.

6.2 Conclusions

The discussion of the conclusions drawn from this
research is organized to reflect findings related to the
interpretation of the MR field plate load tests, the
resilient and permanent deformation behavior of the
materials tested, and the impact of the foundation
layer.

6.2.1 Interpretation of MR Field Plate Load Tests

The primary conclusions drawn from analysis of the
MR plate load tests conducted using (1) conventional
approaches based on the use of the Boussinesq-based
solution (Equation 4.3) for single layer systems, and of
Equation 4.4 and Equation 4.5 for two-layer systems,
and (2) elastic finite element (FE) analyses performed
with the software ABAQUS are summarized below.

For tests conducted on a homogenous untreated
subgrade layer:

® Use of the Boussinesq-based solution (Equation 4.3) with
a constant shape factor (n/2 to represent loading of a
cohesive soil by a rigid plate) leads to values of M, (which
identifies the vertical elastic modulus E,) consistently
lower than those derived from FE analyses conducted

using the same hypotheses of homogeneity and isotropic
behavior. For the two tests conducted at the S-BRITE
site, the discrepancy increases with decreasing stress level,
from ~20% at the highest applied cyclic stress (38 psi) to
as much as a factor of 3 at the lowest applied cyclic stress
(4 psi).

® The shape factor, which is conventionally assumed to
be a constant value, is found, based on the elastic FE
analyses, to decrease with increasing stress level, from
a value close to 5 for the lowest cyclic stress applied
(~4 psi) to a value of ~1.7-1.8 at the highest (~38 psi).
This indicates that factors other than plate stiffness and
stress distribution underneath the plate influence this
parameter. Assumption of a constant a priori value of
the shape factor does not appear justified.

® Consideration of material anisotropy (measured by the
anisotropy modulus ratio, n = E/E,, where E refers to
the resilient modulus), impacts the moduli derived from
the FE analyses, with M, values increasing with
increasing n.

® Estimates of M, obtained from the FE analyses for the
untreated soil decrease non-linearly with cyclic stress
level, a trend that is consistent with literature data. This
trend is not observed in the predictions obtained using
the Boussinesq-based solution.

For tests conducted on a cement-treated subgrade
layer:

® Use of the solution (Equation 4.3) based on Boussinesq
leads to underestimate M, of the cement treated layer
relative to solutions from FE analyses which account for
the presence of the softer underlying natural soil.

For tests performed on the compacted aggregate layer
overlying the untreated or cement treated subgrade:

® Significant differences are observed between the values of
M;subgrade and Misybbase back-calculated from FE
analyses (in which the moduli are derived following an
iterative procedure that minimizes differences between
predicted and measured surface deflections) and those
derived using current practice that relies on prediction of
the subgrade modulus from off center deflection
measurements and the Boussinesq-Odemark method
(Equations 4.4 and 4.5). In general, the FE analyses
yield higher values of M;supgradge and lower values of
M,subbase and increasing deviation between the results
from the two approaches is observed as the applied cyclic
stress decreases.

® The assumed degree of anisotropy (as measured by the
modulus anisotropy ratio, n, varied in this study between
0.5 and 2) of the aggregate subbase has a significant
impact on the values of M;sybgrade aNd Misybbase derived
from the FE analyses, with both these moduli increasing
with increasing n.

® The expression (see Equation 4.4 in Chapter 4)
commonly used in practice and included in AASHTO
(1993) for deriving M, of the subgrade from surface
elastic deflections measured away from the plate is found
to yield inaccurate predictions, as verified through FE
analyses. The method rests on two assumptions: the first
one, that surface deflections at a distance from the plate
are mainly due to deformation in the subgrade, is
legitimate but the second one, that actual subgrade
deformation can be calculated as equal to the deforma-
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tion produced by a concentrated load applied directly on
the subgrade, is conceptually inadequate.

® Values of M, for the untreated subgrade back calculated
using ABAQUS from off-center surface deflection
measurements exceed those obtained from tests per-
formed directly on the subgrade, which are considered
more reliable.

® Values of M, supbase derived from the tests performed on
the untreated strip are significantly lower (in some cases
by almost an order of magnitude) than those estimated
for the same aggregate from the tests on the cement-
treated strip. This is observed in both the results of
the conventional approach and in the FE results.
This discrepancy is in part due to overestimates of M,
of the untreated subgrade due to the use of off-center
surface deflections (see above), as any error in estimating
M;subgrade Will affect the modulus derived for the
overlying subbase layer. Foundation conditions also play
a role, as discussed in Section 6.2.3.

Overall, a number of factors and assumptions impact
the interpretation of plate load tests, leading to
significant uncertainty in the values of the resilient
moduli of the tested layers derived from the test data.
Compounded with their high cost, which necessarily
limits the number of tests that can be performed in the
field, this level of uncertainty indicates that plate load
tests are not suitable for performing fundamental
behavioral studies (e.g., to quantify the variation of
M, with stress level) or to derive M, values of pavement
materials for use in design.

6.2.2 Resilient and Permanent Deformation Behavior of
the Materials Tested

The primary conclusions regarding the resilient
behavior can be summarized as follows.

® Estimates of M, of the #53 aggregate compacted on the
cement treated subgrade vary in a very broad range, with
values ranging between 15,000 psi (103 MPa) and 72,000
psi (496 MPa) depending on the testing location, the
applied cyclic stress, the assumed modulus anisotropy
ratio, and the approach used to derive M, from the test
data.

® Lower values of M guppase are derived for the aggregate
layer compacted on the untreated subgrade. Again, these
values vary in a wide range, from less than 3,000 psi to
~20,000 psi (~21-138 MPa), the testing location, the
applied cyclic stress, the assumed modulus anisotropy
ratio, and the approach used to derive M,.

® No conclusion from the plate load testing program
performed as part of this research project can be drawn
regarding the stress level dependency of the resilient
modulus of #53 aggregate. This aspect is better
addressed through laboratory tests.

® The values of M, of the cement treated subgrade derived
from the plate load tests in this research are significantly
higher than Level 3 values (12,500-15,000 psi (86-103
MPa)) included in current INDOT guidelines (N.
Siddiki, personal communication, August 2023). They
also exceed the values provided in the MEDPG Manual
of Practice (AASHTO, 2020) (15,000-16,500 psi (103—
114 MPa), assuming the A-4 classification for the
cement-treated S-BRITE soil).

With regard to the permanent deformation behavior.

® The models by Barksdale (1972), Monismith et al. (1975),
El-Mitiny (1980) and Ullitdz (1997) all provide a
satisfactory description of the accumulated permanent
deformation behavior under repeated loading of the
subbase and subgrade (untreated and cement treated)
layers tested in this work, at least for the cyclic stresses,
and the number of loading cycles (<10,000) applied in
the tests.

® For the majority of the tests the accumulated permanent
deformation behavior under repeated loading is best
modeled using a logarithmic growth model.

® The fitting parameters derived for these models capture
the impact of the foundation layer discussed in Section
6.2.3.

Finally, based on the three static plate load tests on
the #53 aggregate compacted in the testing pit, values
of the angle of internal friction in the 48°-50° range
may be used for estimating the stability of #53
aggregate subbases to construction loading, provided
that similar levels of density are achieved. This range is
consistent with values reported in the literature for
similar materials.

6.2.3 Impact of Foundation Layer

The following significant differences are observed in
the results of the MR and RDL tests performed on the
two strips, reflecting the impact of the foundation layer.

® As stated above, there is a significant discrepancy in the
values of M, of the #53 subbase layer derived from the
MR tests performed on the two strips, which can only in
part be ascribed to the approaches used to derive the
moduli (see above). The data suggest that differences in
the foundation layer also play a role, with a stiffer
underlying layer promoting more effective compaction as
evident also from the nuclear density data. In addition,
differences in the subbase-subgrade interface conditions
between the two strips may contribute to different
degrees of compaction-induced modulus anisotropy.
This aspect requires additional research.

® The permanent deformation behavior of the two-layer
system is determined by foundation layer, with signifi-
cantly higher permanent deformations accumulated in
the tests on the untreated strip (factor as large as 4.5-5
over the duration of the test) compared to the tests on the
cement treated strip.

® The permanent deformations measured in the RDL test
on the untreated strip appear primarily because of
deformations within the subgrade, with negligible con-
tribution from the aggregate layer. In contrast, the
subbase layer appears responsible for the larger fraction
(60%—70%) of the accumulated permanent deformation
measured in the test on the cement treated strip. These
values are to be considered indicative as they are based
only on two tests. Moreover, as the RDL test on the
subgrade was performed immediately below the subbase
testing location, it is unclear to what degree the results
are influenced by the loading history associated with the
RDL test performed earlier on the overlying subbase.

® In general, the results of the tests performed on the
cement-treated strip display less spatial variability than
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those obtained on the untreated strip (e.g., see LWD data
in Table 3.1 as well as APLT test results). This suggests
that cement treatment contributes to more homogeneity
in both the subgrade and the overlying compacted
aggregate.

Finally, an additional objective of the current study
was to quantify the effect of the geotextile used as
separator between subgrade and subbase on permanent
deformations. The results of the RDL tests performed
at location where the geotextile had been placed,
indicate that the geotextile used, a nonwoven fabric
(GEOTEX® 601 manufactured by Propex) did not
provide any mechanical contribution. This geotextile
meets the Class 2 survivability requirements based on
Holtz et al. (2008) (see also Getchell et al., 2020) and
qualifies as Type 2A geotextile for “underdrains,
subsurface drains, and filtration applications” per
INDOT standard specification 918.02(b) (INDOT,
2024). The lack of mechanical contribution was
expected as the geotextile was chosen to provide
filtration and separation functions. Observations on
samples of the fabric exhumed from the RDL test
locations show evidence of significant damage (tearing,
bursting, abrasion) caused by compaction of the
aggregate and/or the repeated loading during the
RDL tests and indicate that the filtration and separa-
tion functions were likely also compromised.

6.3 Recommendations

Based on the work performed, the following
recommendations for implementation are provided.

Plate Load Tests Versus Laboratory Tests

® Given the assumptions that impact the interpretation
of plate load tests, including APLTs, laboratory tests,
in which boundary conditions are clearly defined, and
specimen density can be carefully controlled, are deemed
more appropriate for investigating fundamental aspects
of material behavior, including resilient and permanent
deformation behavior.

Interpretation of Plate Load Tests

® Use of the Boussinesq-based solution with a constant
shape factor is not recommended for interpreting MR
plate load tests on untreated subgrade, as this approach
is expected to underestimate the subgrade’s resilient
modulus, and yield values of M, that do not reflect actual
soil behavior. Instead, elastic finite element analyses such
as those presented in this study are preferred, when
possible, accounting for material anisotropy.

® Use of the solution based on Boussinesq is not
recommended for interpreting MR plate load tests on
cement-treated subgrade, as the assumption of homo-
geneity cannot be considered valid. A more reliable
estimate of M, of the cement treated subgrade may be
obtained through FE analyses, assuming a realistic value
of the layer modulus ratio, R, that reflects the presence of
the underlying untreated soil.

® For plate load tests on two-layer (subbase over subgrade)
systems, M, of the bottom subgrade layer should not be

derived from off-center surface deflections. Tests per-
formed directly on the subgrade should be used to obtain
more reliable estimates of M;gupbgrade-

Once a reliable estimate of the subgrade M, is obtained,
finite element analyses should be considered the preferred
method for deriving M, of the overlying aggregate
subbase layer, when possible, accounting for material
anisotropy.

Plate Load Testing Protocols

When performing plate load tests on both subbase and
subgrade, the position of the plate should be sufficiently
offset in the two tests so as to ensure that the results of
the tests performed on the subgrade layer are not
impacted by the loading history produced by the test
previously performed on the overlying layer.

While their use for back-calculating the modulus of the
underlying layer is discouraged, off-center measurements
of surface deflections should be included in all plate load
tests whenever possible. In this study, these measure-
ments were performed only in the MR tests on the
aggregate subbase. They would have proven useful also
in the case of the MR tests on the subgrade to establish
whether analysis of test results required consideration of
the presence of the untreated natural soil below the
cement treated subgrade. For the same reason they
would have aided the interpretation of the RDL tests
performed on the subbase layers. The additional
measurement points could also help assess the anisotropy
ratio of the subbase using numerical optimization in the
FEM model. Finally, they would have provided the
means to confirm the mechanism of failure in the static
plate load tests.

Selection of Parameters for Use in Design

Given the above documented uncertainty in deriving M,
values for the #53 aggregate subbase from plate load test
results, no recommendations can be made regarding
minimum values for use in pavement design for this
material.

Under conditions similar to those encountered at the S-
BRITE soil (A-6 (CL) natural soil, slurry cement
stabilization with 4% cement—see Section 3.2), 25,000
psi (172 MPa) represents a conservative estimate for the
resilient modulus of the cement modified soil, i.e., type
IBC subgrade treatment.

Based on the static plate load tests conducted in this
work, values of the angle of internal friction in the 48°—
50° range may be used for estimating the stability of
medium-dense #53 aggregate subbases.

Construction Procedures

Under conditions similar to those encountered at the
S-BRITE site (see Section 3.2) cement treatment of the
subgrade is recommended as it provides, as expected,
better performance in terms of increased resilient
modulus, reduced permanent deformation and less
variable conditions (see data in Table 3.1). Moreover,
the results from the S-BRITE site also suggest that the
presence of the stiffer cement treated layer promotes
more effective compaction of the overlying aggregate.

Given the significant damage produced by the compac-
tion process and/or the repeated loads applied in the
RDL tests on the Class 1 geotextile (Geotex® 601
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manufactured by Propex) used at the S-BRITE site, a
higher-class product is recommended for use between
subgrade and #53 aggregate to provide separation and
filtration functions.

The study also highlighted areas where additional
research is warranted. In particular, it is suggested that
future efforts be directed towards the following.

® Further investigating the impact of the foundation layer
on the compaction of #53 aggregate. This research is
warranted given the differences in the values of dry
density and resilient modulus derived from the two strips
tested in this project.

® Quantifying the degree of anisotropy generated when
compacting coarse aggregates such as #53, and, in
particular, examining to what degree n evolves with
increasing number of cycles and accumulated permanent
deformation, and to what degree differences in the
subbase-subgrade interface conditions contribute to
different degrees of compaction-induced modulus aniso-
tropy. It is suggested that this type of fundamental
investigation, which is motivated by the significant
impact that the modulus anisotropy ratio has on
settlements produced under loaded areas, would be best
pursued through laboratory tests.

® Exploring what other factors in addition to plate stiffness
and stress distribution under the plate affect the shape
factor.

® Comparing the results of the APLT testing program to
the falling weight deflectometer (FWD) and light weight
deflectometer (LWD) test data was also collected at the
S-BRITE site.

® Comparing the results of the APLT testing program to
M; values collected in the laboratory for the Indiana #53
aggregate and the natural and cement treated S-BRITE
soil as part of separate investigations.

® Interpreting the S-BRITE APLT data using models
developed for the analysis of triaxial tests once the full
data for individual cycles are made available, to explore
additional avenues for predicting the evolution of
permanent deformation due to cyclic loading.
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APPENDIX A. DATABASE OF M, VALUES FOR AGGREGATES

Table A.1 Characteristics of aggregates contained in database

Gradation Compaction Characteristics Specimen Characteristics
. . Optimum }
Material Symbol |Reference | Passing No Max Dry . Shape Dry Density | Water content
Dsg (mm) Cy ) Water Content | Method of Compaction
200 (%) Density (pcf) %) (pcf) w(%)
Bloomington IN1 7.8 9.0 107.5 - - -
DGA (As received) Ky1 8.0 4.0 51.7 142.5 6.8 Standard Proctor Test: - 136.6 5.7
DGA Upper Gradation KY2 13.0 142.3 6.9 Method D - 118.9 23
DGA Center Gradation KY3 Hopkins 9.0 5.5 92.9 144.1 6.9 - 128.5 4.9
DGA Lower Gradation Ky4 et. al., 4.0 113.6 Shake Table - 117.4 1.9
CSB Upper Gradation KYS (2007) 8.0 3.5 66.7 144.8 6.2 Standard Proctor Test : - 139.5 4.8
CSB Center Gradation KY6 4.0 9.5 142.2 144.1 5.5 Method D - 140.9 3.5
CSB Lower Gradation KY7 0.0 9.5 114.2 Shake Table - 113.7 2.6
Arrowood Quarry NC1 153.5 4.2 431 159.5 3.9
Belgrade Quarry NC2 131.3 7.4 560 131.6 7.4
Fountain Quarry NC3 141.2 6.1 430 132.6 6.6
Harrison Franklin Quarry NC4 151.5 4.7 428 150.6 5.5
Goldhill NC5 142.2 6.4 T 463 141.9 6.8
Hendersonville NC6 139.3 5.5 c‘; 496 139.3 6
Jamestown NC7 141.6 5.8 -‘it 412 143.0 5
Lemon Spring NC8 Chow et. 8.0 6.0 90.0 140.9 5.5 Standard Proctor Test: B 418 142.0 5
5 X . c
Moncure NC9 | al., (2013) 148.2 5.2 Method A > 432 147.9 6
Nash County NC10 142.3 5.7 5 394 144.1 6.2
N. Wilkeshoro NC11 142.5 5 > 389 142.2 5.4
Princeton NC12 141.3 5.1 5: 458 140.7 5.7
Raleigh NC13 139.6 6.1 401 138.2 7.3
Rockingt NC14 141.4 6.1 524 142.1 5.9
Rocky Point NC15 134.7 5.9 526 134.7 5.9
Rougemont NC16 144.1 5.9 481 143.5 6.8
Limestone at Merridian OK1 . 6.3 9.0 72.2 Min = 133 Min=4.6 -
- Hossain et.
Limestone at RS 0OK2 1., (2015) 5.6 6.0 52.8 Mean = 142.5 Mean =5.5 -
Sandstone ok | %™ 4.8 10.4 123.1 Max = 149 Max = 7.5 -
Norththern Region 6% FC Akl 6.0 5.0 34.4 146.1 5.2 146.7 5.2
AK12 145.16 6.3
Norththern Region 8% FC AR21 8.0 4.8 53.3 148.0 5.3 100 148.01 53
AK22 147.16 5.8
Norththern Region 10% FC AKS1 10.0 4.7 88.0 148.1 5.3 —_ 148.1 5.3
AK32 S 146.89 5.8
. AK41 3 156.18 5.3
Southeast Region 6% FC 6.0 5.0 34.4 156.2 5.3 =
AK42 ) w 155.41 6.2
AK51 | Liet.al Impact Compaction £ 156.47 5.4
Southeast Region 8% FC et el 8.0 18 53.3 156.7 5.4 Method with Soil 2 91.7 : -
AK52 (2010) & 156.67 5.8
AKG1 Compactor b 156.83 5.2
) X .
Southeast Region 10% FC 10.0 4.7 88.0 156.8 5.5 s
AK62 © 156.83 5.8
@
Central Region 6% FC AK71 6.0 5.0 34.4 147.9 6 = 146.83 5.2
AK72 147.86 6
Central Region 8% FC AKE1 8.0 4.8 53.3 150.2 5.4 84.5 190.1 3.2
AK82 149.98 3.8
. AK91 151.06 5.2
Central Region 10% FC 10.0 4.7 88.0 151.0 5.3
AK92 150.45 5.9
Utah Mcguire uT1l 5.0 5.2 28.9 139.3 5.8 - - -
Utah Trenton uT2 4.8 4.9 27.6 142.2 5.6 - - -
Jackson
Utah Vernal UT3 (2015) 10.2 4.7 92.9 140.3 6.6 - - -
Utah Elsinore uT4 5.0 4.6 30.5 137.4 6.3 - - -
Utah Nielson UT5 5.4 3.5 18.5 138.6 5.4 - - -
Dis 1 3546 NV1 8.8 6.5 56.3 144.7 5 - - -
Dis 1 3583 NV2 8.7 5.2 78.8 147.3 5.6 - - -
Dis 1 3597 NV3 8.3 5.8 62.5 143.0 3.9 - - -
Dis 1 3605 NV4 . 7.7 8.0 64.7 147.5 5 - - -
- Hajj et. al., Standard Proctor Test:
Dis 13613 NV5 5.3 7.2 75.0 135.8 6.7 - - -
- (2018) Method A,D
Dis 1 3607 NV6 10.0 6.5 140.0 141.6 3.5 - - -
District 2 B NV7 7.8 5.3 43.3 138.2 8 - - -
District 3 B NV8 7.5 3.2 31.3 129.7 8.4 - - -
District 4 B NV 9.7 3.2 68.0 132.8 7.2 - - -




Table A.2 Universal model parameters for aggregates in database

Universal Model
Material k1 k2 k3 R2
KY1 1411.06 | 1.0497 | -0.2511 0.996
Ky2 4368.61 | 0.8176 | -0.2634 | 0.983
KY3 972.63 | 1.0331 | -0.1509 | 0.985
KY4 1154.47 | 1.1275 | -0.2891 0.99
KY5 1960 0.8685 | -0.1735 0.988
KY6 3170.99 | 0.7939 | -0.1354 | 0.99%
KY7 2198.65 0.903 -0.1874 0.991
NC1 1160 0.611 -0.027 0.999
NC2 857 0.611 0.105 0.997
NC3 511 0.74 0.018 0.999
NC4 723 0.672 0.068 0.996
NC5 814 0.652 -0.004 998
NC6 716 0.711 -0.011 1
NC7 875 0.597 0.031 0.997
NC8 829 0.589 0.053 0.997
NC9 886 0.542 0.091 0.997
NC10 610 1.018 -0.027 0.99
NC11 968 0.609 -0.024 0.999
NC12 725 0.681 0.062 0.993
NC13 952 0.713 -0.093 0.997
NC14 941 0.703 0.029 0.994
NC15 941 0.703 0.029 0.994
NC16 571 0.73 -0.006 0.994
uUT11 810.3 1.583 -4.072 0.957
uT12 735.5 1.653 -4.018 0.96
uT13 669.8 1.177 -2.617 0.9
uT21 836.5 1.254 -3.415 0.9286
uT22 956.4 1.491 -3.766 0.9544
uT23 1086 1.604 -4.382 0.96
UT32 792.7 1.309 -3.04| 0.9381
UT33 942.3 1.219 -3.067| 0.9138
UT41 933.2 1.463 -3.943|  0.9445
uT42 586.1 1.371 -3.071 0.956
uT43 558 1.243 -2.803| 0.9226
uT44 744.5 1.718 -4.551| 0.9343
UTs1 1617 1.528 -4.606| 0.9498
uTs2 683.3 1.342 -3.165 0.9449
uTs3 748.6 1.258 -3.024 0.94
UT54 1380 1.461 -4.514 0.9436
NV1 1506 0.4504| 0.1313| 0.9859
NV2 1273| 0.4218| 0.0973 0.98
NV3 1329| 0.4366| 0.2632 0.992
NV4 1116 0.5474| 0.0293] 0.9956
NV5 1227 0.4475 0.137 0.99
NV6 1054 0.5853| 0.1009| 0.9939
NV8 705.2 0.5247 0.1193 0.9859
NV9 610.7 0.5127 0.2559 0.9823
AK11 1206| 0.2235| 0.08576 0.87
AK12 1480 0.8645| -0.4055 0.96
AK22 1388| 0.8343 -0.456 0.98
AK31 2335| 0.5437| -0.6479 0.81
AK32 1735| 0.8976| -0.4526| 0.9868
AK41 852.9| 0.3013| 0.8386 0.85
AK42 1079 0.5925| 0.1877| 0.9433
AK51 1601| 0.3928| -0.0674| 0.8591
AK52 942.1 0.3888 0.7158 0.92
AK61 1261 0.3419 0.3145 0.9345
AK62 881.5 0.365 0.723 0.9275
AKT1 1414 0.2536| -0.3032 0.9279
AKT2 520.2| 0.1381 0.86
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APPENDIX B. M, VALUES DERIVED FROM CONVENTIONAL ANALYSIS OF Mg TESTS

Table B.1 Subgrade Mr values predicted from plate load tests on subgrade using Equation 4.3, as reported by the
company that performed the tests (Ingios, 2021)

CTC55G
o cyclic [psi) Mr [psi) Mr [MPa]
- _‘:i:: - 58,451 403
4.5 40,384 278
8.3 45,851 316
13.4 58,329 402
19.6 68,235 470
29.2 70,651 487
39.8 70,105 483
CTIZ25G
o cyclic [psi) Mr [psi) Mr [MPa]
|ea 1:?0?1 ngl 52,188 60
4.5 32,611 225
8.4 43,363 299
14.6 56,782 391
19.1 59,647 411
29.5 60,788 419
39.8 67,630 466
CTM25G
o cyclic [psi) Mr [psi) Mr [MPa]
La.4 37930 262
{conditianing]
4.4 26,662 184
8.3 29,BE1 206
14.5 40,008 276
18.2 39,710 274
29.0 41,B58 289
38.7 40,646 2B0
UNTMSG
acyclic [psi Mr [psi] Mr [MPa]
:-:u1:1.3¢..f| ngl 4,231 9
4.1 3,681 25
8.1 3,685 25
13.0 4,240 29
18.1 4,135 29
28.0 3,731 26
38.2 3,760 26
UNTLISG
o cyclic [psi] Mr [psi) Mr [MPa)
I-:u1:1.3af| nigl 11,536 B2
4.4 10,913 75
B.3 10,911 75
13.8 11,965 B2
1B.4 11,650 BOD
28.5 11,174 77
38.9 10,727 74
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Table B.2 Subbase and subgrade Mr values predicted using Equations 4.4 & 4.5 from plate load tests on subbase
with multi radii measurements, as reported by the company that performed the tests (Ingios, 2021)

CTCS58
acyclic [psi] Mr-Subbase [psi] | Mr-Subgrade [psi] | Mr-Subbase [MPa]]Mr-Subgrade [MPa] R
13.5
{conditioning]
4.2 30,349 B2,244 209 567 0.37
9.4 48,215 B5,205 332 587 0.57
13.5 61,606 B3,484 425 576 0.74
18.6 67,129 BB, DE1 463 607 0.76
29.7 72,931 B4,266 503 581 0.87
40.5 73,736 94,371 508 651 0.78
CTI258
ocyclic [psi) Mr-5Subbase [psi] | Mr-Subgrade [psi] | Mr-Subbase [MPa]|Mr-Subgrade [MPa) R
13.5
|{canditianing]
4.2 43,228 90,3E81 298 623 0.48
B.5 32,692 B2,211 225 567 0.40
13.5 43,354 69,349 299 478 0.63
18.8 44,496 B7,007 307 600 0.51
29.9 61,996 71,BEE 427 496 0.B6
39.0 60,782 B4,097 419 580 0.72
CTM258
ocyclic [psi) Mr-5Subbase [psi] | Mr-Subgrade [psi] | Mr-Subbase [MPa]|Mr-Subgrade [MPa) R
13.6
|{canditianing]
4.2 BB,519 30,692 610 212 2.BB
9.1 45,768 66,630 316 459 0.69
13.6 55,043 63,932 B0 441 0.B6
18.6 52,870 61,316 365 423 0.B6
30.1 65,138 60,551 4439 417 1.08
40.4 72,074 58,732 497 405 1.23
UNTIESB
ocyclic [psi) Mr-5Subbase [psi] | Mr-Subgrade [psi] | Mr-Subbase [MPa]|Mr-Subgrade [MPa) R
13.7
|{canditianing]
4.2 22,429 14,931 155 103 1.50
B.6 13,795 23,205 a5 160 0.59
13.7 15,093 23,638 104 163 0.64
18.9 10,6E7 22,454 74 155 0.48
29.6 7,230 18,066 50 125 0.40
3B.5 6,298 15,253 43 105 0.41
UNTL358
ocyclic [psi) Mr-5Subbase [psi] | Mr-Subgrade [psi] | Mr-Subbase [MPa]|Mr-Subgrade [MPa) R
13.5
|{canditianing]
4.2 15,698 35,736 108 246 0.44
8.7 18,692 34,752 129 240 0.54
13.5 21,674 34,380 1439 237 0.63
18.9 19,276 35,991 133 248 0.54
28.6 18,641 36,679 129 253 0.51
3B8.7 18,770 36,329 129 250 0.52




Table B.3 Universal model parameters for aggregate subbase derived plate load tests, as reported by the company
that performed the tests (Ingios, 2021)

k1 k1 k2 k3
" CTCS5B 3274.6 0.833 -3.136
E CT1258 2052.6 0.626 -1.177
E CThM25E 2809.1 0.154 0.746
E UNTIGE5B 1462.7 4.251 -2.316
UNTIGE5B 1395.1 0.388 -2.398
. Mean 8r3.2 0626 i1
g 'E- Stondand deviztion Flr X 0133 0215
= @ Mo 18474 1062 0000
Minimum 2509 0.1 -2 8598

*¥ou and Von Clwintus (2002 )

statistics refer to 423 sets of doto for wnbound oggregate bose and subbose materiols
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APPENDIX C. SUPPLEMENTARY PLOTS FROM ANALYSIS OF RDL TEST DATA
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Figure C.1 Comparison of predicted versus measured curves of permanent deformation versus number of loading
cycles for test CTO4SB (10,000 cycles): (a—b) Barksdale (1972) model; (c—d) Monismith (1975) model; (e—f) El-
Mitiny (1980) model; (g—h) Wolff & Visser model (1994); and (i—j) Ullitdz model.
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Figure C.2 Comparison of predicted versus measured curves of permanent deformation versus number of loading
cycles for test CTQ2SB (5,000 cycles): (a—b) Barksdale (1972) model; (c—d) Monismith (1975) model; (e—f) El-
Mitiny (1980) model; (g—h) Wolff & Visser model (1994); and (i—j) Ullitdz model.
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Figure C.3 Comparison of predicted versus measured curves of permanent deformation versus number of loading
cycles for test UNTI2SB (10,000 cycles): (a—b) Barksdale (1972) model; (c—d) Monismith (1975) model; (e—f) El-
Mitiny (1980) model; (g—h) Wolff & Visser model (1994); and (i—j) Ullitdz model.
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Figure C.4 Comparison of predicted versus measured curves of permanent deformation versus number of loading
cycles for test UNTI2SG (5,000 cycles): (a—b) Barksdale (1972) model; (c—d) Monismith (1975) model; (e—f) El-
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APPENDIX D. IMAGES OF EXHUMED GEOTEXTILE FABRIC

UNTQ3

location

CTQ3

location

(c) (d)

Figure D.1 Photos of geotextile samples (view of geotextile face in contact with aggregate) exhumed immediately
below location of RDL tests: (a—b) UNTQ3 location on untreated strip; (c—d) CTQ2 location on cement treated strip.
(b) and (d) show detail of photos (a) and (c).
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