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ABSTRACT

Resilient modulus is a key parameter required for the mechanistic empirical pavement design
procedures currently being adopted around the world including the recently developed NCHRP 1-
37A design guide in the United States and the current South African Pavement Design Method
(SAPDM). The determination of the resilient modulus requires sophisticated equipment and skilled
personnel for laboratory and field testing. These requirements have contributed immensely to the
proliferation of different resilient modulus test procedures. Commonly used resilient modulus
laboratory test methods for pavement geomaterials such as subgrade soils and unbound granular
materials have evolved from the American Association of State Highway and Transportation
Officials (AASHTO) and the Strategic Highway Research Program (SHRP) test protocols. This
paper presents an overview on the state-of-the-art test procedures for determining resilient
modulus of pavement geomaterials. Differences between current test procedures, and some
potential challenges with the adoption of a universal test procedure are discussed. Common
resilient modulus models used for characterising pavement geomaterials in flexible pavement
design are also presented.

INTRODUCTION

Over the past 20 years, a great deal of practical research has been undertaken to improve or
provide more appropriate test procedures and methods as well as response models to evaluate the
resilient modulus of pavement geomaterials, i.e., fine-grained subgrade soils and unbound
aggregate materials. All of this research has been enhanced by the increasing tendency toward
designing flexible pavements using mechanistic-empirical design concepts in which pavement
response variables such as stresses, strains and displacements are related to pavement distress
using various transfer functions. The resilient modulus is a key input property for pavement
geomaterials in the mechanistic-empirical pavement design approach. The recently developed
National Cooperative Highway Research Program (NCHRP) flexible pavement design guide in the
United States, and the current South African Pavement Design Methods (SAPDM) require
repeated load triaxial testing in the laboratory to determine the resilient modulus for characterizing
geomaterials (NCHRP, 2004; SANRAL, 2008). The determination of the resilient modulus of these
pavement materials is expected to be done on a routine basis to support the implementation of
multilayered pavement structural analysis and design.

Traditionally, resilient modulus used for the elastic stiffness of pavement materials is defined as the
ratio of the repeatedly applied wheel load stress to the recoverable strain determined after
shakedown of the material. Resilient modulus determination requires a fundamental understanding
of the test procedures, and a review of the underlying concepts surrounding these procedures.
This paper intends to advance the basic knowledge and understanding of the state of the practice
on test procedures and methods used for evaluating the resilient modulus of pavement
geomaterials. Information on different resilient modulus test procedures and loading conditions
currently used worldwide are presented together with some of the resilient modulus models used in
flexible pavement analysis and design of geomaterials. A brief discussion is provided on possible
challenges of implementing resilient modulus test procedures by national or provincial agencies,
the industry and research institutions.
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RESILIENT MODULUS TESTING CONCEPTS

Resilient modulus definition

The concept of resilient modulus (Mg) was initially introduced by Seed et al. (1962) for
characterizing the elastic response of subgrade soils in flexible pavements. Due to its reliability in
both measurement and application, resilient modulus response of unbound granular materials was
used in the American Association of State Highway and Transportation Officials (AASHTO) design
guide for pavement structures (AASHTO, 1986).

The ASHTO T307 repeated load triaxial compression test is currently the most commonly used
method to measure the resilient (elastic) deformation characteristics of geomaterials in the
laboratory (AASHTO, 2005). Under the repeated application of dynamic loads, the recoverable
strains are used to evaluate the resilient properties of pavement geomaterials. Figure 1 indicates
typical strains recorded under a repeated load test for pavement geomaterials. It can be seen that
both elastic and plastic deformations occur at the initial stage of load application. As the number of
load applications increases, the amount of plastic deformation decreases until a stage where the
deformation is practically all recoverable. At that stage, the resilient modulus is obtained based on
the recoverable axial strain under the applied dynamic load. The resilient modulus is defined by

My = — (1)

Total Strain
Elastic Strain

Accumulated
Plastic Strain

Plastic
Strain

Plastic
Strain

Figure 1. Strains of geomaterial specimen under repeated load test (Huang, 2004)

Stress states for resilient modulus testing

The principles of cyclic triaxial testing used in classical geotechnical engineering practice have
been extended to the field of pavement engineering to perform resilient modulus tests simulating
highway or airport types of loading. The major difference is that in the resilient modulus test,
transient loads that are well below the failure stresses for that material are usually applied on the
sample of the pavement material.

The typical stress states applied on the specimen for the direct measurement of principal stresses
and strains is the cylindrical triaxial test. Figure 2 illustrates typical stress components used in
repeated loading test for determining the resilient modulus of pavement geomaterials. The total
axial stress (o4), consists of dynamic deviator (o4) stress and static confining stress or confining
pressure (o3). The confining pressure is made of only a static stress component (o, = 63) and a
zero dynamic stress component in the horizontal direction. Both the deviator stress and confining
pressure have substantial influence on the resilient behavior of geomaterial layers in the pavement.
Note that the shear stress (t) on the plane of the sample during testing is zero.
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C.L.

l o4 = 01 - 03 = Repeated (cyclic) deviator stress

Total axial stress, 4 = 64 + 63
(major principal stress)

/| ' Shear stress,t=0
o3 = Confining pressure (minor principal stress)

Bulk stress (first stress invariant), 6 = 61 + 6, + 63 = 64 + 303

Figure 2. Concept of stress states for resilient modulus testing

Resilient modulus testing

Resilient modulus testing is performed at different confining pressure and deviatoric stress states
in an attempt to simulate typical highway loadings of different vehicles at different depths in the
pavement structure. During testing, cylindrical specimens are subjected to different
repeated/pulsed stress states under different constant all-around confining pressures to simulate
the lateral stress caused by the overburden pressure and dynamically applied wheel loadings. In
the AASHTO T307 procedure, a haversine load pulse with 0.1-second loading and 0.9-second rest
period is generally applied on the specimen for 100 load cycles with a minimum of 500 load cycles
conditioning stage. Thus, the total duration for one load cycle is 1 second (60 load applications per
minute). For subgrade materials, the NCHRP Project 1-28A report, “Harmonized test methods for
laboratory determination of resilient modulus for flexible pavement design,” specifies 0.2 -second
haversine load pulse and 0.8-second rest period (NCHRP 1-28A, 2004). The total resilient axial
deformation response of the specimen and the applied deviator stress are measured and used to
calculate the resilient modulus.

To avoid failure of test samples at the beginning of a testing program, some agencies and
researchers have recommended that the load applications should start at the highest confining
pressure with the corresponding axial stress at the lowest level. This would ensure that stress
states at which the material is least likely to fail are chosen first, followed by stress states at which
the samples are most likely to fail. This approach is usually adopted for fine-grained soils. An
alternative approach is to determine the shear strength (Mohr circles) of the material using static
tests at a range of confining pressures prior to repeated load testing and use this as a basis for
defining the stress regimes to be used for dynamic testing.

RESILIENT MODULUS AND PAVEMENT DESIGN

The theory of elasticity is usually used for flexible pavement design. This theory assumes that all
materials in the pavement are homogeneous, isotropic, and linearly elastic. With these
assumptions, only two material properties, i.e., Poisson’s ratio and the modulus of elasticity would
be necessary to calculate stresses, strains, and deflections in the pavement layers. The Poisson’s
ratio is usually assumed or obtained through the use of correlations, and the resilient modulus is
used as the modulus of elasticity based on the recoverable strain under repeated loads. In the
mechanistic-empirical flexible pavement design, a resilient modulus value determined in the
laboratory is preferred, although field measurement through backcalculation procedures from
Falling Weight Deflectometer (FWD) data is acceptable.
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Since 1986, AASHTO has incorporated the resilient modulus of pavement layer materials into their
design and analysis process. As mentioned earlier, both the NCHRP and SAPDM design guides,
and other mechanistic based flexible pavement analysis and design approaches use the resilient
modulus to characterize the unbound layers in the pavement system (NCHRP, 2004; SANRAL,
2008). In these design guides, the resilient modulus values of geomaterials determined from
laboratory are mainly used for new, reconstruction and rehabilitated pavement analysis, whereas
resilient modulus values obtained from FWD backcalculation could be used for the analysis of
reconstruction and rehabilitated pavements.

The resilient behavior of geomaterials in flexible pavements is affected by several factors including
the magnitude of stress levels, stress history, number of load applications and conditioning
sequence. Other geomaterial properties such as liquid limit, plasticity index, particle size
distribution, specific gravity, water content, density and organic carbon contents have also been
linked to the resilient modulus of soils (Bejarano & Thompson 1999). The applied stresses,
compacted density and the specimen moisture content significantly influence the resilient behavior
of fine-grained soils. However, several authors have shown that the resilient response of
geomaterials can be reasonably characterized by using stress dependent models which express
the modulus solely as nonlinear power functions of the applied stress states (Hicks & Monismith,
1971; Thompson & Elliot, 1985; Uzan, 1985; Witczak & Uzan, 1992).

Granular materials under repeated load generally display stress-hardening while fine-grained
cohesive soils show stress softening under repeated loads (Bejarano & Thompson 1999). Thus,
the resilient modulus of granular materials generally increases with increase in stress whereas the
resilient modulus of fine-grained cohesive soils decreases with increasing stress.

Several stress-dependent constitutive models are available to establish the stress sensitive
relationship between the resilient modulus value and the various stress states.

For Level 1 input of material parameters in the AASHTO 2002 design guide, the following
relationship describes the stress dependency of both fine-grained soils and unbound materials for
mechanistic analysis and design (NCHRP 1-37A, 2004).

k, k3
0 T
M, =k, P, | — 4] 2
R 1 a(Paj [Pa J ()

where,
0 = bulk stress = 61 + 62 + 03
o1 = major principal stress;
o, = o3 for triaxial test on cylindrical specimen;
o3 = minor principal stress or confining stress in the triaxial cell;

Toct = OCtahedral shear stress;

:%\/(Gl _62)2 +(o, _03)2 +(o, _63)2

NG

= T(cs1 —o,) for cylindrical specimen in triaxial tests;

P. = normalizing stress atmospheric pressure = 101.3 kPa;

k4, kz, ks = model parameters obtained from regression analyses.

The model parameters ki, kz, and k; are obtained using non linear regression techniques to fit
resilient modulus test data generated in the laboratory and are related to the material properties.
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Mohammad et al. (1994) also reported that to some extent, the values of these model parameters
depend on the measurement system and the testing procedure.

In this constitutive equation, the coefficient representing model parameter k; is proportional to the
resilient modulus. The value of k, of the bulk stress term should be positive since the resilient
modulus can never be negative. Also, increasing bulk stress should produce stiffening of the
material, which results in a higher resilient modulus. However, parameter ks, which is the exponent
of the octahedral stress, should be negative since increasing the shear stress decreases the
resilient modulus values or produces softening of the materials.

The resilient modulus can also be estimated from other material strength properties including the
commonly used California Bearing Ratio (CBR) and Hveem Resistance (R) value. The use of CBR
and R values are more or less empirical, and should only be used within the limits of the test
conditions on which they are based. Equations 3 and 4 represent resilient modulus-CBR, and
resilient modulus-resistance value correlations recommended in the NCHRP 1-37A design guide
for flexible pavement analysis and design.

M, (MPa) =17.6 CBR** (3)

M, (MPa) = 8.0+3.8R (4)

DEVELOPMENT OF RESILIENT MODULUS TESTING PROCEDURES

During the past decades, research groups and agencies in different countries have proposed test
methods and procedures for repeated load testing to help in establishing appropriate resilient
modulus test procedures for pavement design. This development contributed considerably to the
use of resilient modulus in some pavement design guides. The 1986 AASHTO pavement design
guide used the resilient modulus to characterize subgrade soils and to assign layer coefficients to
granular base and subbase layers. In 1982, AASHTO adopted a resilient modulus testing
procedure AASHTO T274-82 “Resilient Modulus of subgrade soils” but in 1989, the AASHTO
materials committee withdrew AASHTO T274-82 from their standard tests. In 1991, AASHTO
approved an interim method of resilient modulus testing (AASHTO T292-1991, “Resilient modulus
testing of subgrade soils and untreated/subbase materials.”). This test method was included in the
1991 AASHTO interim testing methods Part Il and was modified to AASHTO T294-1992 (Puppala,
2008). Following this, the SHRP testing protocol (P46, “Resilient modulus of unbound granular
base/subbase materials and subgrade soil) based on AASHTO T294-1992 was developed.

Later, the SHRP protocol P46 was also modified and developed into AASHTO standard, which
was adopted as AASHTO T307-99. In the United States, AASHTO T307-99 is currently the
standard test adopted by AASHTO for determining resilient modulus of pavement geomaterials in
the laboratory. There are several other test methods and procedures developed, or being
developed throughout the world to determine resilient properties of pavement geomaterials. For
example, the University of Stellenbosch in South Africa has proposed a test procedure for testing
granular materials (Ebels & Jenkins, 2007). Also, the NCHRP has proposed new procedures for
testing unbound materials (NCHRP 1-28A Witczak, 2004) which are essentially the same as
AASHTO T307-99 but specifies internal axial strain measurement and a different set of stresses for
testing. Other methods include the European standard (CEN, 2004), and the Australian method
“‘Determination of permanent deformation and resilient modulus characteristics of unbound
granular materials under drained conditions” (Vuong & Brimble, 2000). Individual researchers have
also made use of revised or proposed test procedures for determining resilient modulus of
geomaterials (Andrei et al., 2004). It is worth to mention that resilient modulus test device is
commercially available, and the size of the specimen required is reasonable for field representation
and laboratory preparation although the testing equipment could be expensive.

Table 1 summarizes the main differences between the various resilient modulus test procedures.
The characteristic differences between the test procedures show the emergence of different
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resilient modulus test procedures during the past decade. As part of the revision of the current
mechanistic-empirical pavement design practice in South Africa the CSIR Built Environment
through Strategic Research Project is developing test protocols for pavement materials
characterization including geomaterials.
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Implementation of resilient modulus test procedure

The purpose of laboratory testing is to subject a sample to loads representative of field conditions.
The equipment selected for test procedures must have capabilities of applying the necessary
loading conditions on specimens and should have loading systems that are capable of measuring
the magnitude of the applied loads as well as recording accurate responses of the materials tested.
The testing devices must also be simple enough for road agencies and researchers to use
routinely and quickly to acquire the necessary material parameters with acceptable confidence.

The implementation of resilient modulus test procedures by road agencies and researchers needs
adequate capital and human resources. The laboratories should be well equipped and have the
capacity to conduct reproducible and appropriate resilient modulus testing that closely simulates
field loading conditions. The testing system should consist of a loading frame, triaxial cell, control
and data acquisition system as well as an integrated software package and personal computer that
allow automatic control of the applied stresses on test specimen. Other integral accessories such
as load cells and linear variable displacement transducers (LVDTs), for measuring load and
specimen deformation should also be included in the budget for resilient modulus testing. The
loading frame for resilient modulus testing should limit external deflections and vibrations, which
could influence the accuracy of measurements of the geomaterial properties.

A successful and comprehensive implementation of resilient modulus testing would need a total
commitment to equipment and the accompanying substantial training investments. A
comprehensive training program is needed for the technicians on both the testing program and use
of the testing equipment for effective resilient modulus testing.

SUMMARY AND CONCLUSIONS

Improved or new test procedures are needed to better estimate resilient properties of pavement
geomaterials. A broader impact of appropriate resilient modulus test procedures will be
establishing an accurate database to meet the requirements of implementation of various
mechanistic-empirical pavement design guides including NCHRP 1-37A design guide and SAPDM.
An adequate characterization of resilient modulus is necessary in the pavement layer analysis,
since it is a very important variable in predicting the resilient stress, strains, and deflections in a
flexible pavement. Resilient modulus models for pavement geomaterials can properly be modeled
based on sound resilient modulus data obtained from good laboratory practices.

The state of the practice of resilient modulus testing in southern Africa can be advanced through
the adoption of harmonized repeated load triaxial testing procedures. Successful resilient modulus
testing is highly dependent on factors such as implementation of intensive training programs for
technicians, use of simple but correct equipment, and the organization of quality control and
calibration measures such that sample preparation, verification of the testing equipment, reliable
software and evaluation of the proficiency of the technicians for laboratory or field testing is of the
highest quality. Generally, laboratory participation in a round robin or similar testing exercise is
recommended to ensure consistency in resilient modulus test results. Also, there is a need to
organize training programs or workshops for road agencies and laboratories to demonstrate
resilient modulus testing for pavement geomaterials. With the ongoing developments of the
mechanistic design process in South Africa, a standard resilient modulus test protocol is urgently
needed for all local testing.
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