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ABSTRACT

Accelerated pavement testing (APT) has been increasingly used by state highway agencies in
recent years for evaluating pavement structures and/or materials. However, running an APT
experiment is expensive. It requires costly accelerated loading devices and constructing full-
scale pavement structures. Since pavement structures can have numerous combinations of
pavement layer thicknesses, material types, and mixture designs, it is obviously impractical
to test all potential pavement structures under APT. In order to maximize the benefits from
an accelerated pavement testing (APT) study and utilize the APT results in the evaluation of
other similar pavements with different structural configurations, a computer simulation of
APT tests is essential. Due to the fact that currently there is no APT-based pavement analysis
software immediately available (especially for the permanent deformation analysis of
stabilized materials), the objective of this research study is to develop a finite element (FE)
prediction program used to simulate pavement structural performance of stabilized base and
treated subbase materials under accelerated loading so that the performance of pavement
structures with other stabilized base and subbase materials can be predicted without running
APT tests.

A permanent deformation (P-D) material model was proposed in this study to simulate the
permanent deformation behavior of pavement base and subgrade materials under repeated
loading. This model was modified from a conventional elastoplastic model with a linear
strain hardening. All model parameters can be obtained from a laboratory P-D test. A P-D
test data analysis spreadsheet by Excel Macro was developed to obtain parameters for the
proposed P-D model. The P-D material model was implemented into a commercial FE
program, ABAQUS, through a user-defined UMAT subroutine. The P-D model was verified
by simulating laboratory P-D tests for eight pavement base and subbase/subgrade materials.
In addition, a sensitivity analysis was conducted to evaluate the effect of the material model
parameters, pavement structures, and load configurations on the permanent deformation of
pavement structures. The sensitivity analysis indicated that the proposed P-D model could
effectively be used to predict the permanent deformation for different pavement structures.

Three FE models for APT were preliminarily developed to investigate the dimensionality
effect: a 3-D model with a moving load, a 3-D model with a repeated load, and an
axisymmetric model. Considering the computational efficiency, the axisymmetric model was
finally selected in this study. Six APT tests were simulated to calibrate the FE model. In the
FE analysis, the load wander effect and the temperature change in pavement was considered.
The calculated permanent deformations were in a reasonably good agreement with the field
measurements with an average shift factor of 1.13. The FE model and the calibrated shift



factor were also used to simulate pavement structures with other base/subbase materials. The
predicted results showed that the performance of 2.6 percent lime/6 percent fly ash (by
weight) treated subbase was similar to that of 3.5 percent cement (by weight) treated subbase.
The analysis also showed that the lime/fly ash treated soil could be a viable alternative to the
cement treated soil. In addition, the developed FE model was used to predict the permanent
deformation of two low-volume roads in Louisiana. Overall, a good agreement was found
between the predicted permanent deformations and the field measurements.

Finally, the APT test calibrated FE model was used to develop P-D prediction models
(transfer function) for pavement base and subbase/subgrade materials. These materials were
classified into four categories: stabilized base materials (e.g., stabilized blended calcium
sulfate [BCS] material); unbound base materials (e.g., crushed limestone); treated
subbase/subgrade materials (e.g., lime, lime/fly ash, and cement treated soils); and untreated
subgrade soils. The developed P-D transfer functions were verified by predicting the six APT
sections and two typical low volume pavement structures. The predicted permanent
deformations generally matched well with the field measurements.
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IMPLEMENTATION STATEMENT

A unified permanent deformation (P-D) constitutive model for general pavement base and
subbase materials was proposed in this study. A finite element (FE) pavement simulation
model developed with the application of the proposed P-D model indicated that the FE model
is well suited to be used in the simulation of permanent deformation under accelerated
loading for various pavement base, subbase, and subgrade materials, including those
stabilized or treated soils. In addition, a suite of permanent deformation prediction models
(or transfer functions) for various pavement materials were also developed based on the
calibrated FE analysis model. In general, both the developed FE model and the transfer
functions are recommended for use in the prediction of permanent deformation of pavement
structures under accelerated loading. Detailed implementation procedures are provided in
Appendix A.

According to the FE simulation results using the developed FE model on other stabilized
materials not being tested under the APT experiment of this study, a 12-inch thick, 2.6
percent lime/6 percent fly ash (by weight) treated sandy clay layer would have a similar in
situ structural performance to a 12-inch thick, 3.5 percent cement (by weight) treated sandy
clay layer under the accelerated loading. This finding is recommended to be constructed and
validated by a field project in the state.

Overall, implementation of these two permanent deformation predication approaches will (1)
reduce the need of actual running APT tests; (2) help evaluate the potential use of new
materials, pavement configurations, design procedures, and other aspects in pavement design
and construction; and (3) accumulate experiences to connect APT results with the
performance of highway pavements.
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INTRODUCTION

Background

Accelerated pavement testing (APT) has been increasingly used by state highway agencies in
recent years for evaluating pavement structures and/or materials. In an APT experiment, an
accelerated loading device applies vehicular loads to the pavement section in a compressed
time period with controlled field conditions. Field performance of tested pavement materials
and structures are monitored, which can then be used in assisting pavement design and
analysis. However, running an APT experiment is expensive. It requires costly accelerated
loading devices and constructing full-scale pavement structures. Since pavement structures
can have numerous combinations of pavement layer thicknesses, material types, and mixture
designs, it is obviously impractical to test all potential pavement structures under APT. In an
APT program, a minimum number of pavement structures have to be carefully selected, thus
the test results will be limited only to those tested pavement structures and materials.

In order to maximize the benefit from an APT study and utilize APT results to evaluate other
pavements with similar structural configurations, a predictive model that can simulate the
APT tests is needed. Unfortunately, there is no APT-based pavement analysis software
currently available. The newly developed Mechanistic-Empirical Pavement Design Guide
(MEPDG) provides a software package that can be used to predict pavement performance.
However, the design method still has some limitations, and the software does not allow users
to change or modify the material models and transfer functions embedded in the computer
program. For example, in the damage model of the current MEPDG, cementitiously-
stabilized layers are assumed to have no contribution to the total permanent deformation of
the pavement. This assumption conflicts with the results from the recent APT experiments
performed at the Louisiana Pavement Research Facility (PRF), where considerable
permanent deformation developed in the stabilized base and treated subbase layers. Without
changing or modifying those material models and transfer functions as well as other design
criterion issues (e.g., traffic growth functions), the MEPDG design software cannot simulate
an APT test efficiently.

This study was proposed to develop an APT-based FE model that serves the need of the
computer simulation of APT experiments in the PRF of LTRC. The FE model can be
calibrated from pavement performances measured from APT experiments. The calibrated FE
model(s) can then be used to simulate performance of other pavement structures on
computers without running APT tests. The developed FE models in combination with an



APT field study will: (1) reduce the need of running APT tests; (2) help evaluate the potential
use of new materials, pavement configurations, design procedures, and other aspects in
pavement design and construction; and (3) accumulate the experience to connect APT results
with the performance of highway pavements. As a result, such an effort will greatly enhance
and expand the benefits of an APT study.

Literature Review

Numerical Methods for Pavement Analyses

According to continuum mechanics theories, the responses of an object to disturbances (e.g.,
load, movement, temperature change, etc.) are governed by a series of partial differential
equations (PDEs). Analytical solutions to these PDEs are only available under some of the
special scenarios with homogeneous materials, regular geometry, and simple boundary
conditions. For most of the engineering problems where analytical solutions are unavailable,
approximate solutions of PDEs can be obtained through numerical methods. Among the
various types of numerical methods currently available, the most popular methods include
finite element method (FEM), finite difference method (FDM), discrete element method
(DEM), etc. FEM and DEM are similar in the sense that they both require discretization of
the problem into a number of cells/grid points. For structural and pavement analysis, FEM is
generally believed more sophisticated and versatile than FDM especially when dealing with
problems with complex geometries. DEM is a special numerical method that has drawn
increasing attentions in recent years. In DEM, the complex constitutive behaviors of granular
materials in macro scale are represented by the interaction between individual micro
particles, rather than the constitutive equations. However, with the limited computer speed
today, it is extremely time-consuming to simulate a pavement section under a large number
of cycles of wheel load using DEM.

In pavement analysis, analytical solutions (e.g., Burmister’s three-layer system solutions) can
be obtained often by assuming that the pavement is constructed with homogeneous, isotropic,
linear elastic materials with infinite thickness and is subjected to a monotonic load. These
assumptions oversimplify the complex nature of pavement structures and materials. With the
fast development of high-speed computers today, numerical methods, especially FEM, have
been extensively used in pavement analysis. Compared to analytical solutions, FEM
pavement analysis provides better simulation of material behaviors, wheel configurations,
and environmental conditions.



Finite Element Simulation of Flexible Pavements

Duncan et al. first applied the FEM to the linear-elastic analysis of flexible pavements [1].
The method was later incorporated in the ILLI-PAVE computer program [2]. Due to the
large amount of computing time and storage required, ILLI-PAVE has not been used for
routine design purposes. Another FEM-based pavement analysis program, named MICHI-
PAVE, was developed by researchers at Michigan State University [3]. MICH-PAVE runs
faster than ILLI-PAVE. It also incorporates the non-linear properties of base and subgrade
materials. Both ILLI-PAVE and MICHI-PAVE considered only the elastic responses of
pavement structures. Lytton and Tseng developed a more sophisticated finite element
program, Flexible Pavement Analysis Structural System (FLEXPASS), which has been used
by many researchers [4]. FLEXPASS was developed based on ILLI-PAVE with a number of
modifications including multiple axle loads, slip elements between layers, seasonal materials
characterization, and prediction models for rutting, fatigue cracking, and serviceability index.
However, the major disadvantage the FLEXPASS program is the lack of flexibility. Users
are not allowed to modify or update the material and load models, which are embedded in the
program.

General-purpose commercial FE softwares (e.g, ABAQUS, ANSYS, and ADINA) were also
used by many researchers to model flexible pavements [5], [6], [7]. These commercial FE
softwares provide users the maximum flexibility to implement various geometry, constitutive
models, and boundary conditions. Generally, creating a FEM model for flexible pavement
analysis involves the considerations of (1) dimensionality, (2) simulation of traffic loading,
(3) environmental effects, and (4) constitutive material models.

Dimensionality. Three types of numerical models can be used for FE simulation of
pavement: three-dimensional (3-D), plane-strain (2-D), and axisymmetric models.

Ideally, a pavement structure and wheel loading requires a 3-D analysis, particularly in
predicting the microcracking and fracture responses [8]. The 3-D modeling can simulate
complex tire imprints, anisotropic material behavior, and the lateral wander of axle loads, but
it often requires numerous inputs and considerable computational time [9]. Huang et al.
developed a 3-D numerical simulation procedure with moving wheel loads to model the APT
sections at Louisiana ALF [6]. White, Erkens et al., and Desai also created 3-D FE models to
simulate of flexible pavements [5], [10], [11].

Two-dimensional plane-strain models can provide satisfactory approximate solutions for
certain applications and require relatively little computational time and memory [8]. The
plane-strain modeling is often valid for a long body where geometry and loading do not vary



significantly in the longitudinal direction. Kim et al. developed a plane-strain model to
investigate the effects of supersingle tires on subgrades for typical road cross sections [12].
Plane-strain models were used by Wu and White et al. to simulate the flexible pavements as
well [13], [14]. However, plane-strain models cannot accurately reproduce actual traffic
loading, which is limited to the use of line loads [15].

An axisymmetric model simulates pavement structures with a 2-D mesh revolving around a
central axis by assuming identical stress states in radial direction. The wheel load in an
axisymmetric model is applied in a circular area. The advantage of an axisymmetric model is
that a 3-D structure can be analyzed with a 2-D formulation using cylindrical coordinates.
Hornych and EI Abd used axisymmetric models to simulate the permanent deformation of
unbounded granular materials in road pavements [16]. Axisymmetric models were also
adopted by Helwany et al. and Howard and Warren in their simulation of pavements [17],

[9].

Kim compared the numerical results from a plane-strain model and a 3-D model [18]. The
result indicated that the plane-strain model produced higher calculated stresses, strains, and
displacements than the 3-D model. Desai compared the 2-D and 3-D analyses of pavement
and found that the calculated stresses from the two models did not show significant
difference, whereas the difference in the calculated displacements from the two models was
in the order of 20 percent [8]. Cho et al. compared 3-D, plane-strain, and axisymmetric
models in pavement structural analyses and indicated that the 3-D and axisymmetric models
yielded results suitable for the traffic loading analysis [15]. A preliminary study was also
carried out in the NCHRP project 1-37A in order to select an appropriate dimensionality for
the FE response model in the MEPDG design software. It was concluded that the inaccuracy
in the response model is much lower compared to the inaccuracy in other components of the
design method (e.g., material input, traffic input, transfer functions, etc.). An axisymmetric
FE model was finally incorporated into the MEPDG because it runs much faster than the 3-D
FE model.

Traffic Loads and Environmental Effects. Pavement structures are subjected to two
types of external loads: traffic loads and environmental effects (e.g., frost action, temperature
and moisture changes, etc.).

As traffic moves on the highway, a stress pulse is generated in the pavement structure. The
magnitude, shape, and duration of the pulse varies with the wheel load, its speed, and the

depth in the pavement at which the stress is considered [19]. Zaghloul et al. modeled traffic
loads by translating the contact areas between the tires and the pavement surface on the FE



mesh and solved the resulting transient problem [20]. Simulations of a translating moving
load need a 3-D FE model, which consumes considerable computational time. Since the
loads are moving on the mesh, the distances between the loads and the mesh boundaries must
be far enough to minimize the errors introduced in truncating the infinite domain. To
overcome this issue, Kirkner et al. proposed an FE algorithm that was capable of predicting
the residual stress state with the passes of moving loads on a layered elastic-plastic halfspace
[21], [22]. A similar algorithm was independently developed by Dang Van [23]. These
algorithms are based on the fact that the problem can be simplified as a steady state if loads
move at a constant speed. Thus, a moving coordinate system can be used. The displacements
in the moving coordinate system can be viewed either in the time domain or in the space
domain.

Although in reality a pavement undergoes a moving traffic load, a static analysis has been
generally used instead of a dynamic analysis due to the theoretical and practical difficulties
involved in dynamic analysis [18]. When the load is directly above the given point, the stress
at this point is at its maximum, and when the wheel load is at a considerable distance from
that point in the pavement, the stress at such point is zero. It is therefore reasonable to
assume that the stress wave is either sinusoidal or triangular in shape with the load duration
being dependent on the vehicle speed and the depth of the studied point [19]. Nazzal utilized
a sinusoidal shape stress wave to simulate traffic loads in investigating the benefits of placing
geogrids within the base course layer in a flexible pavement structure [24]. While Desai and
Saad et al. utilized a triangular shape stress wave to simulate pavement traffic loads in their
study [8], [19]. Terrel et al. concluded that there is no significant difference in the magnitude
of the total or resilient strains between the triangular and sinusoidal stress waves after
intensive testing [25].

The FE analysis of a pavement structure is a time-consuming process especially when a large
number of load cycles are considered. Therefore, an accelerated analysis procedure is desired
for an FE analysis involving a large number of load cycles. Desai and Whitenack [26]
developed a procedure to accelerate the FE analysis based on the assumption that during the
repeated load application, there was no inertia due to “dynamic” loading. In their procedure,
the FE analysis was performed for only selected initial cycles (e.g., 10 or 20), then the
growth of plastic strains after the initial cycles was evaluated by the “extension” based on an
empirical relationship between plastic strains and the number of cycles obtained from
laboratory test data. Desai later utilized this approach to predict the contours of disturbance
around existing cracks in pavement structure after a million load cycles [8].



Environmental factors (e.g., frost action, temperature, and moisture) also influence pavement
behavior. Marek and Dempsey analyzed stresses and deflections in flexible pavement
systems [27]. It was found that the location of the frost line in the pavement system greatly
affected the vertical stress at the subgrade-subbase interface and the surface deflection. Chen
et al. developed a regression equation for adjusting asphalt modulus at different temperatures
based on falling weight deflectometer (FWD) test results [28]. Verhasselt and Choquet [29]
developed a one-dimensional kinetic diffusion model to account for long-term aging effects
on the properties of asphalt. Another aging model was developed by Mirza and Witczak for
predicting the increase in asphalt viscosity with aging for Shell Oil category “S” (straight
run) binders [30]. However, the compressed time period (usually several months) of an APT
test tends to exclude environmental effects seen by in-service pavements. Nevertheless, the
APT test results incorporating environmental effect models may be used to predict the long-
term pavement performance in the future.

Constitutive Material Models. Constitutive models are essential components in a FE
simulation. A constitutive model consists of a series of mathematical functions that define the
stress-strain relationship of a particular material in a numerical model. A properly selected
constitutive model should be able to capture key characteristics of the material behavior
while being as simple as possible because a more complicated model often runs slower and
requires more parameters to be determined. The constitutive models for pavement materials
(e.q., asphalt concrete, unbound aggregate, cementitiously stabilized material, subgrade soil,
etc.) have been studied by researchers for decades.

Asphalt concrete materials often exhibit rate-dependency and creep behaviors. Constitutive
models developed for asphalt concrete materials are often based on theories of visco-
elasticity or visco-elastoplasticity [10], [31], [32], [33], [34].

For unbound pavement materials, the accumulation of permanent strain under repeated loads
is a key characteristic of the behavior, which is related to the prediction of rutting.
Conventional elastoplastic models with isotropic hardening (e.g., Drucker-Prager model and
Mohr-Coulomb model) can only simulate the permanent strain of materials under a
monotonic load [21], [22]. The stress-strain curve from a conventional elastoplastic model
with an isotropic linear-strain hardening is shown in Figure 1. Under repeated loading, these
models become less effective. Plastic strains would not be generated after the first repetition
if the load level is not increased. The stress-strain curve of the conventional elastoplastic
model under repeated loads is shown in Figure 2.
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Conventional elastoplastic model with linear isotropic strain hardening [35]
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Figure 2
Stress-strain behavior of a conventional elastoplastic model under repeated loading

A number of more sophisticated elastoplastic constitutive models were developed based on
advanced plasticity theories, such as kinematic hardening, bounding surface plasticity,
disturbed state concept, and shakedown theory. These constitutive models are generally able
to simulate the accumulation of permanent strain under repeated loads. Elastoplastic models
with kinematic hardening have been available since the 1970s but have only recently been
applied to pavement modeling [36]. The bounding surface plasticity was originally
developed by Dafalias and then extended by Dafalias and Hermann for modeling isotropic
cohesive materials [36], [37], [38]. Yu et al. presented a unified bounding surface plasticity
theory for modeling the stress-strain behavior of sand and clay under both drained and
undrained cyclic loading conditions [39]. Yang and Elgamal developed a multi-surface



plasticity model for cohesionless granular materials in which the Lade-Duncan failure
criterion was employed as the yield function [40]. Manzari and Dafalias developed a two-
surface plasticity formulation in the deviatoric stress-ratio combined with the state parameter
v arising within the critical state soil mechanics (CSSM) framework to yield a
comprehensive multiaxial constitutive model for sands [41]. Hau et al. presented a three-
surface kinematic hardening model to simulate the behavior of thinly surfaced pavements
dominated by the clay subgrade [42]. Desai and his co-workers developed the Hierarchical
Single Surface (HiSS) plasticity model, which is able to simulate elastic, plastic and creep
strains, microcracking, damage and softening, cyclic fatigue failure, and stiffening under
thermomechanical and environmental loadings [43]. Bonaquist and Witczak used the HiSS
model to predict the permanent deformation response of granular materials in flexible
pavements [44]. Huang et al. developed a thermo-viscoplastic constitutive model based on
the HiSS model for hot mix asphalt mixtures [45]. In general, implementing these advanced
elastoplastic models often requires more material parameters to be determined. For example,
in the permanent deformation analysis of asphalt concrete materials, the HiSS model requires
more than 14 model parameters related to mixture properties from several non-routine
laboratory tests.

Very limited studies were found in the literature on the numerical simulation of chemically
stabilized materials in flexible pavements. Heymsfield et al. utilized a damage model to
simulate the behavior of 6 percent soil-cement mixtures under unconfined-compression tests
with both monotonic and cyclic loading [46]. The damage model was originally developed
by Valanis [47]. It was found that Valanis’ damage model accurately captured the softening
behavior of soil-cement mixtures under repeated loading. However, the plastic behavior was
not considered in this damage model. Heymsfield et al. then made several modifications to
Valanis’ damage model: (1) unloading occurs linearly by using the material’s initial
Poisson’s ratio; (2) material hardening during the first cycle results in residual strain and an
increased elastic modulus; and (3) plastic strain increases linearly in the axial and radial
directions [48]. Comparison showed that the modified Valanis’ model better simulated the
unconfined compression test results on the soil-cement samples. However, because of the
limited axial strain range, the damage model does not correctly capture how much the
material stiffness decreased in the radial direction [48]. In addition, the modified model
assumed that plastic strain increases linearly in the axial and radial directions, which is
inconsistent with the permanent deformation development observed from laboratory or field
tests in which the permanent deformation increases more dramatically at the beginning of the
test and then reaches a steady state [49], [50].



Permanent Deformation (P-D) Test on Stabilized/Treated Materials

The development of permanent deformation under repeated loads is an important behavior of
pavement materials. The P-D test has been widely accepted to characterize the permanent
deformation behavior of pavement base and subbase/subgrade materials [49], [51], [52],
[53].

A P-D test was reported by Mohammad et al. in their study of laboratory characterization of
rutting potential for different base and subgrade materials [49]. It was basically a repeated
load test inside a triaxial load cell mounted in the Material Testing Systems (MTS) machine
(Figure 3). During the test, a haversine load pulse of 0.1-sec. loading and 0.9-sec. resting was
applied to the cylindrical sample for 10,000 repetitions, and the permanent strains that
developed in the sample were continuously recorded. For base materials, a confining stress of
5 psi and a vertical stress of 15 psi were used. For subgrade materials, either treated or
untreated, a confining stress of 2 psi and a vertical stress of 6 psi were used. The dimension
of the cylindrical samples for base materials was 6 in. in diameter and 12 in. in height. For
subgrade materials, the samples were 2.8 in. in diameter and 5.6 in. in height.

Figure 3
Setup of a permanent deformation (P-D) test



It is well recognized that for a granular material, both resilient and permanent deformations
occur even under a small stress level. The stress-strain relationship is generally a nonlinear
curve. Figure 4 presents a typical stress-strain curve in a P-D test. As shown in the figure, the
stress-strain relationships are hysteretic loops with decreasing areas indicating energy
absorption, or damping, during each complete cycle of stress reversal [54]. The hysteretic
curve changes in each cycle more dramatically in the beginning of the test and then reaches a
steady state. The dissipated energy (area enveloped by hysteretic curve) brings changes to its
properties through microstructural adjustment and leads to strengthening or damaging effects
to the material depending on loading levels and its initial conditions (e.g., void ratio and
moisture content). As a result, a small amount of permanent strain (or plastic strain) is
developed under each load repetition, which then accumulates into a larger, more visible
surface permanent deformation.
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An example of the stress-strain curve in a P-D test
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OBJECTIVE

The objective of the research was to develop a finite element model(s) to simulate pavement
structural performance of stabilized base and treated subbase materials under accelerated
loading, so that the performance of pavement structures with other stabilized base and
subbase materials can be predicted without running additional APT tests. Validation of the
developed finite element model(s) was focused on applying the results obtained from LTRC
Project No. 03-2GT, or ALF Experiment 4, in which six flexible pavement sections with
different types of stabilized bases and subbases were tested.
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SCOPE

Three FE models were preliminarily developed to simulate pavement under APT loading: a
3-D model with a simulated moving load, a 3-D model with repeated loading, and an
axisymmetric model.

A P-D material model was proposed for simulation of permanent deformation of pavement
base and subgrade materials under repeated loading. The P-D test data analysis spreadsheet
by Excel Macro (VBA) was developed to obtain these model parameters. The proposed P-D
material model was implemented into a commercial FE program, ABAQUS, through a user-
defined UMAT subroutine. Verification of the P-D model was conducted by FE simulation
of laboratory P-D tests for eight materials: (1) base materials: limestone, blended calcium
sulfate (BCS, a by-product of hydrofluoric acid) treated with ground granulated blast furnace
slag (BCS/Slag), BCS treated with class C fly ash (BCS/Fly ash), foamed-asphalt treated
blend of 50 percent recycled asphalt pavement (RAP) with 50 percent soil cement (FA50),
and foamed-asphalt treated with 100 percent RAP (FA100); (2) subbase materials: lime
treated soil and cement treated soil; and (3) subgrade. In addition, a sensitivity analysis was
conducted to evaluate the effect of material model parameters, pavement structures, and load
configurations on permanent deformation in pavement structures.

The axisymmetric and 3-D FE models with proposed material models are first developed to
simulate the performance of six pavement sections used in ALF tests. Based on the
preliminary APT simulation results, a suitable FE model is then selected to predict the
permanent deformation of the six ALF test sections with four ALF load levels. In addition,
the developed FE simulation method will be applied in the predation of permanent
deformation for pavement with other stabilized materials (e.g., lime/fly ash). Also, the
developed FE model is applied to predict the permanent deformation of two typical low
volume pavement structures used in Louisiana.

Finally, the APT test calibrated FE model was used to develop P-D prediction models
(transfer function) for pavement base and subbase/subgrade materials (e.g., stabilized base
materials, unbound base materials, treated subbase/subgrade materials, and untreated
subgrade soils). The developed P-D transfer functions were verified by predicting the six
APT sections and two typical low volume pavement structures.
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METHODOLOGY

This section contains two parts. The first describes the development, verification, and
calibration of the finite element (FE) model, and the second describes the development of the
P-D prediction model (transfer functions).

FE Model for the Permanent Deformation of Pavement Structures

FE models and the P-D material model are developed to simulate the permanent deformation
of six APT test sections. These APT tests were conducted at LTRC’s Pavement Research
Facility. The APT results indicated that these test sections mainly failed due to excessive
surface rutting [50].

FE Model and the Effect of the Dimensionality

A commercial FE analysis software, ABAQUS, was employed to develop FE models. Three
FE models were preliminarily developed to study the effects of the dimensionality: a 3-D
model with a moving load, a 3-D model with a repeated load, and an axisymmetric model
with a repeated load.

Three-Dimensional (3-D) Model with a Moving Load. Figure 5a shows the
geometry of a 3-D model for an APT section. The section is 100-ft. long, while the length of
loading portion is 39 ft. The width and the depth of the section are both 13 ft. The depth of
the model is selected based on the maximum induced vertical stress at the subgrade bottom,
which should be less than 0.5 percent the applied load. Due to the symmetry of the problem,
only half of the test section is modeled. The FE model includes four layers: a 2-in. HMA
layer, an 8.5-in. base layer, a 12-in. subbase layer, and a subgrade layer. The 20-node
quadratic brick reduced integration elements (C3D20R) are selected in the FE model.
Kinematic boundary conditions were applied as the horizontal movement along the vertical
boundaries as well as horizontal and vertical movements along the bottom boundary were
restrained by roller supports. Figure 5b presents the mesh of the FE model. A total of 19,000
elements are adopted in the model based on a mesh sensitivity analysis.
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Figure 5
3-D model with a moving load

As shown in Figure 5c, the tire imprint area is simulated as two rectangular shapes. In the
step load function, the tire pressure was applied as a load amplitude function to the first set of
elements in the wheel path for the time period. Subsequently, the load function was manually
applied to the next set of elements. When the load step function was applied to the last set of
elements, a single wheel pass was completed. No dynamics effect was considered during the
moving load simulation. A similar approach was used by Zaghloul et al. [20].
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Three-Dimensional (3-D) Model with a Repeated Load. In this model, a repeated
load with a triangular shape was applied at the same location to simulate the APT loading in
the FE model (as shown in Figure 6b). Since the loading location did not change in this
model, the FE model can be further reduced to a quarter of the problem since there were two
axes of symmetry. Furthermore, the length and width of model was reduced to 6.5 ft. (as
shown in Figure 6a). The depth of the model was 13 ft. Layer thicknesses and material
parameters were the same as the 3-D FE model with a moving load. The APT wheel load is
simulated as a triangular-shape repeated load applied on a rectangle area with a peak value of
105 psi. Kinematic boundary conditions were applied as the horizontal movements along the
vertical boundaries as well as horizontal and vertical movements along the bottom boundary
were restrained by roller supports.

i 6.5 ft. | Symmetry
! 52inTr>>5 | o
: T -0 [ \ P $
1 —tr+— \_ Symmetry 1
: 9.0in.6.0in.9.0 in. : 105 psi T
1 |
: 65 1. :
s g g .
bommmmmmmmmmmm oo S ' Cycle, N
(a) Plane geometry (b) Schematic repeated load

Figure 6
3-D quarter-symmetric model with a repeated load

Based on the mesh sensitivity analysis, the mesh with a total of 4,752 elements was selected
for the 3-D model with a repeated load. Figure 7 presents the mesh and boundaries of the
developed model.
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Mesh and boundaries of the 3-D quarter-symmetric model for APT tests

Axisymmetric Model with a Repeated Load. The axisymmetric FE model has a
radius of 6.5 ft. and total depth of 13 ft. The layer thicknesses and material parameters were
the same as the 3-D FE models. The eight-node biquadratic axisymmetric quadrilateral
elements (CAX8R) are selected in the numerical model. Kinematic boundary conditions were
applied as the horizontal movements along the two vertical boundaries as well as the
horizontal and vertical movements along the bottom boundary were restrained by roller
supports. The APT wheel load is simplified into a triangle-shape repeated load on a circular

area with a peak value of 105 psi. Figure 8b presents the mesh of the axisymmetric model for
APT tests.
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Axisymmetric model for APT tests

Permanent Deformation (P-D) Model

Since no material model has been explicitly reported for the permanent deformation
prediction of stabilized pavement materials, a P-D model is proposed in this study to simulate
the permanent deformation behavior of flexible pavement materials, especially base and
subbase/subgrade materials.

Development of P-D Model. The proposed P-D model was developed based on a
general observation obtained from P-D test results (as shown in Figure 4) in which the
unloading stress-strain path is usually steeper than the loading path during the same load
cycle. It was also observed that the stress-strain behavior of the sample during the first load
cycle is often considerably different from that during the following cycles, depending on the
level of deviatoric stress applied in a P-D test. In the proposed model, the pavement material
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is modeled as linear elasto-plastic during the first load cycle and linear elastic during the
following cycles of loading/unloading.

During the first cycle of loading/unloading, the pavement material is modeled using a
conventional elastoplastic model with the Von Mises yield criterion and linear strain
hardening. The VVon Mises yield criterion is expressed in equation (1):

N|
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where, g, is the initial yield stress, o, is the Von Mises stress, and ¢’ is the stress deviator

tensor, ' = o — gTr(a)I, in which I is the second order identity tensor.

The linear strain hardening function is defined as in equation (2):

(2)

where, h, is the hardening constant, and € is the plastic strain.

Under uniaxial stress conditions, the slope of the stress-strain curve after initial yielding can
be derived as:

do £ (1 E; ) 3)
de E; + h,

If no initial yielding occurs during the first load cycle, a material element is considered to
stay in the elastic range, and no plastic strain will be predicted. If initial yielding occurs
during the first cycle, the element is then modeled as a linear elastic material with different
loading and unloading moduli during the subsequent load cycles. By varying the elastic
moduli of the material in each load cycle, a hysteresis loop observed in a P-D test can be
approximated the by a series of scalene-triangle shaped open loops (as illustrated in Figure 9)
without implementing complicated elastoplastic models. As shown in Figure 9, the unloading
modulus is larger than the loading modulus in the same load cycle. The difference between
the strain developed during loading and the strain recovered during unloading is the plastic
strain accumulated in a particular load cycle. The concept of simulating the hysteretic stress-
strain response by varying the elastic moduli of the material at each individual load cycle was
also accepted by Yandell and Uzan [55], [56].
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Under uniaxial stress conditions, as shown in Figure 9b, the permanent strain &” developed

in the first load cycle (n=1) can be written as:

a—ay+<d1—1) o

P _ P P _
O e S 4 JE(n=1

(4)

where, E; (n = 1) is the secant loading modulus in the first cycle, and d; is the secant

EyL(n=1)

modulus ratio between unloading and loading moduli in the first cycle £, (o)
L(n=

From the second load cycle, the permanent strain will develop continuously due to the
difference between the loading and unloading moduli. For the "™ (n > 2) cycle, the following
equations can be derived:

el =€l + el (5)
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where, €5, P, and &, are respectively the total, permanent, and resilient strains at the n™ load
cycle, E; (n) and Ey, (n) are the loading modulus and unloading modulus in the n™ load
cycle, d,, is the ratio between E;; (n) and E; (n), TE is total energy induced during loading
in the , and DE is dissipated energy during unloading.

By combining equations (4) and (7), the accumulative permanent strain can be written as:

£ (n) = ;C"y + Z (1- di) E;i) ®)

i=1

where, % = % is the damping factor, which is the dotted area in the loop divided by the

2

hatched area under the loading line (Figure 9c).
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Figure 9
Schematic representation of the proposed P-D model

An example of determining the model parameters from the P-D test data are illustrated in
Figure 10. The initial yield stress a,, and the hardening constant h, can be determined from
the first cycle of loading (Figure 10a). The loading secant modulus E; usually changes
slightly with the number of load repetitions n. Thus a constant E; (average value is taken) is
assumed (Figure 10c). The modulus ratio d,, can be determined at each selected loading

22



repetition (Figure 10b). From the P-D test data (Figure 10d), d,, decreases with the load cycle
n. The following function can be used to fit the variation of d,, with the number n:
_ Ey,(n) _¢

E, " +1 9)

dn

where, a and b are the permanent deformation parameters. More details about a and b are
provided in Appendix B.

A spreadsheet with a VBA Macro was developed in this study for determining model

parameters from the P-D test data. The details of the spreadsheet are presented in Appendix
C.

In 2-D and 3-D FE analyses, the proposed P-D model was incorporated into a commercial
finite element program, ABAQUS, through a user-defined UMAT Subroutine [57].
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Figure 10
An example of determining input parameters for the P-D model (1 psi = 6.894 kPa)
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Verification of the Proposed P-D Model with Laboratory Tests. Laboratory P-D
test data on eight pavement materials were used to verify of the proposed P-D model. An
axisymmetric FE model (shown in Figure 11) was created to simulate the cylinder sample in
a P-D test. For simplicity, this model was created with a single CAX8R element. Since the
Von Mises yield criterion is a function of deviatoric stress (i.e., 6; — g3 in two an
axisymmetric stress condition), only a vertical deviatoric stress was applied. Such a
simplification will not change the predicted permanent strain results.

vty

Sample
Node—"¢ CAX8R ¢ | Height

Radius of

Sample

Figure 11
FE model for a P-D test

The eight tested pavement materials were (1) five base materials: limestone, BCS treated
with ground granulated blast furnace slag (BCS/Slag), BCS treated with class C fly ash
(BCS/Fly ash), foamed-asphalt treated blend of 50 percent recycled asphalt pavement (RAP)
and 50 percent soil cement (FA/50RAP), and foamed-asphalt treated with 100 percent RAP
(FA/100RAP); (2) two subbase materials: lime treated soil and cement treated soil; and (3)
one subgrade material.

Sensitivity Analysis of Proposed P-D Model. After the proposed P-D model was
verified with various pavement materials, a sensitivity analysis of pavement structures was
conducted to evaluate the effect of material model parameters and pavement structures on the
permanent deformation. The sensitivity analysis can help (1) understand how the permanent
deformation prediction results will be affected by various input parameters and pavement
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structures, (2) identify the significance of design or parameter for the pavement permanent
deformation, and (3) aid engineers or researchers in using this model more easily.

A series of axisymmetric FE models were created to conduct the sensitivity analysis. The
modeled pavement consisted of three layers: HMA, base, and subgrade. A triangle-shape
repeated load on a circular area with a maximum value of 105 psi was applied. The proposed
P-D model was used to simulate the HMA and the base layers, and an elastic model was used
for the subgrade layer. The permanent deformation of the base layer after 30 cycles was used
to analyze the sensitivity of structure thickness and material parameters to the permanent
deformation. Six factors were selected to perform the sensitivity analysis (as listed in Table
1). These factors included HMA layer thickness, base layer thickness, base layer material
loading modulus, and base layer permanent deformation parameters a and b.

Table 1
Selected factors and the corresponding levels for the sensitivity analysis
Factor and their levels
P1 P2 P3 P4 P5 P6
Level HMA Base Base Subgrade Base Layer Base Layer
. . Loading Permanent Permanent
Thickness | Thickness Modulus . .
(in) (in) Modqlus (si) Deformation | Deformation
' ' (ksi) Parameter a Parameter b
1 2 6 25 5 0.003 0.7
2 6 9 75 10 0.1 0.57
3 10 12 125 15 0.2 0.45

The Taguchi method was employed to design the sensitivity analysis. The Taguchi method
was developed as a process optimization technique by Genichi Taguchi in 1950s [58]. The
Taguchi method utilizes a partial factorial design. Only a small fraction of all the possible
combinations of interested factor levels need to be tested. Standard tables known as
orthogonal arrays (OAs) are used for the design of the analysis in the Taguchi method, and
the analysis of variation (ANOVA) is used to examine the relative significance of each of the
factors. Based on the factors and their levels in Table 1, a total of 18 simulations were
conducted for the sensitivity analysis.

The effect of load level on the permanent deformation of pavements was also investigated.
Four different load levels used in APT tests were applied to the FE model. Table 2 shows that
under different wheel loads, the contact area varied while the tire pressure was kept constant.
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Table 2
Load parameters in the FE model for different APT load levels

Load Levels ALF Load-I ALF Load-1l | ALF Load-Ill | ALF Load-1V
Load (Ibf) 9,750 12,050 14,350 16,650
Pressure (psi) 105 105 105 105
Load Radius (in.) 5.44 6.04 6.60 7.10

FE Simulation of APT Tests
The six tested APT sections have the same pavement structure thickness but with various
base and subbase materials. Table 3 presents the pavement structures of the APT sections.

Table 3
Pavement structures and materials of the APT sections
Section 41A | 42A | 41B | 42B | 43A | 4-3B
2-in. HMA Superpave -19
8.5-in. Base |BCS/Slag|BCS/Fly ash| Limestone | Limestone | FA/S0RAP |[FA100/RAP
12-in. Subbase Lime-treated Soil Cement-treated Soil
Subgrade A-4

Material Parameters of APT Sections. The proposed P-D model was applied to all
pavement layers in six APT test sections. Model parameters for base, subbase, and subgrade
materials were determined from laboratory P-D tests. The model inputs for the HMA layer
were carefully selected by a trial-and-error process so that the calculated rut depths of the
HMA layer were considerably small, similar to the field observation.

For the crushed limestone base, the in-situ modulus is stress-dependent and can be affected
by the modulus of its supporting subbase layer. In this study, the laboratory determined
loading modulus for limestone was modified by a modulus ratio, which was determined from
falling weight deflectometer (FWD) test results [50].

Temperature also has a significant effect on the modulus of asphalt materials. In this study,
the loading elastic moduli of asphaltic layers (the HMA and foamed asphalt base layers) are
adjusted at every 25,000 load repetitions based on the average pavement temperatures using
the following model [28]:

Er, = Er, /[(1.8T,, + 32)24462 . (1.8T, + 32)~2%46?] (10)
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where, Er, is the adjusted modulus of elasticity at T,,, MPa; E7,_ is the measured modulus of

elasticity at T, MPa; T,, is the temperature to which the modulus of elasticity is adjusted, °C;
and T, is the mid-depth temperature at the time of FWD data collection, °C.

Accelerated Analysis Procedure. The FE analysis of a pavement structure is a time-
consuming process especially when dealing with a large number of load cycles. Therefore, an
accelerated analysis procedure is desired. In this study, an accelerated analysis procedure
introduced by Desai was accepted [59]. The step by step procedures are described as follows:

1) Determine material parameter B from the laboratory permanent deformation test
result (as shown in Figure 12a);

@) Run the numerical model up to the reference number N, cycle of loading and
unloading; and

3) Extrapolate the permanent deformation curve obtained from the numerical model
for each pavement layer based on equation (11) (as shown in Figure 12b).

The reference number N, is determined by plotting permanent deformation against the
number of cycle in a Log-Log scale and then selecting the point where the slope of the curve
approximately equals to B.

B

PD(N) = PD(N,) (Nﬁ) (11)

r
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Schematic diagram of accelerated analysis procedure

The approach of predicting rutting progress under different temperatures is presented in
Figure 13 (three temperatures are used for demonstration purposes). Temperature I, Il, and 11
are the average temperatures measured in the pavement during load cycles 0 to 25,000,
25,001 to 50,000, and 50,001 to 75,000, respectively. As shown in Figure 13, permanent
deformation curves under Temperature I, Il, and 111 can be calculated using the accelerated
analysis procedure. The predicted rutting for the first 25,000 load passes under Temperature |
is represented by segment OA. The predicted rutting during load passes 25,001 to 50,000 can
be found on curve Temperature Il by locating point A’, which has the same rut depth as point
A. Segment A’B’ represents the rutting development of the following 25,000 load cycles
start from point A’ under Temperature II. Segment A’B’ is then translated horizontally to
connect with the point A (as shown in segment AB). Similarly, the predicted rutting during
load passes 50,001 to 75,000 under Temperature III can be found by moving segment B”C”
horizontally to BC. The curve OABC will be the predicted rut progress under the three
different temperatures.
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Figure 13
Approach of predicting asphaltic materials rutting progress under different
temperatures (1 in. = 25.4 mm)

Different ALF Load Levels. Four different load levels were used in the APT tests
(as listed in Table 4). In this study, the permanent deformation curves under different load
levels were first predicted separately in different FE simulation models with an accelerated
analysis procedure, and then were connected at the cycle where the load level is changed. It
should be noted that the deformed mesh at the end of simulation cycles under one load level
will have some effects on the subsequent prediction results under another different load level.
To investigate such effects, limited cycles of FE analysis were conducted on both un-
deformed and deformed mesh boundary conditions. As shown in Figure 14, the un-deformed
initial boundary results are a connection of separate FE analysis results under Load I, 11, and
I11; whereas, the deformed initial boundary results are obtained by applying different load
levels in one FE analysis mesh model. The permanent deformation with deformed initial
boundary is found slightly smaller (about 2 percent) than that with un-deformed initial
boundary after three different load levels applied. This small difference was considered
acceptable in this study when the accelerated analysis procedure was used.
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Table 4
Different load levels applied for APT sections

Load Repetitions | Load Level Ia%?f)j 4-1A | 4-2A | 4-1B | 4-2B | 4-3A | 4-3B
1-175,000 ALF Loadl | 9,750 + + + + + +
175,001-225,000 | ALF Load Il | 12,050 + + — + + +
225,001-325,000 | ALF Load Ill | 14,350 + + — + + —
325,001- Fail |ALF Load IV | 16,650 + + — — — —
Note: “+” means applied load level for APT sections;
“—"means not applicable.
2
— Undeformed initial boundary
—— Deformed initial boundary Load Il
16 -
§ 1.2
; Load II
é 0.8
§ Load |
0.4
0 ‘ ‘ ; ; ; ; ;
0 10 20 30 40 50 60 70 80
Figure 14

Predicted permanent deformation with un-deformed and deformed initial boundaries
(1in.=25.4mm)

Effect of Load Wander on Permanent Deformation. A normally distributed load
wander was configured in the APT tests. Figure 15 presents the wander frequency
distribution.
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Load frequency of wander used at APT tests

The surface rut depths at the model central line with different load wander offsets were
calculated for each section with four different load levels. In this study, the wander
adjustment factor (ratio of rut depth with wander over the rut depth without wander at the
central line) was calculated by the following equation:

R =2FxxDx (12)

where, R is the wander adjustment factor, x is the load offset from the center line, F, is the

load frequency with offset x, and D, is the ratio of rut depth with load offset x over the rut
depth without load offset.

Shift Factor for the Predicted Permanent Deformation. Because of the complex
nature of a pavement structure and loading conditions, the FE simulation results based on the
laboratory determined material parameters are usually different from those observed in the
field. These condition differences can be accounted for by introducing a “shift factor.” In this
study, the shift factor was calibrated from the average ratios between measured and predicted
permanent deformations at the same interval of 25,000 repetitions.
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Prediction of Permanent Deformation with Other Materials under APT Loading
The proposed FE model and the calibrated shift factor were used to predict the permanent
deformation of pavements with other materials.

Axisymmetric FE models of pavements with lime/fly ash and cement treated subbase layers
were created to simulate the permanent deformation of the pavement under APT loading. The
pavement structure consisted of a 2-in. HMA layer, an 8.5-in. stone base, a 12-in. treated
subbase, and a subgrade. The effects of load wander and temperature change were also
considered. Finally, the calibrated shift factor obtained from the six APT sections was
applied to the predicted permanent deformations.

In addition, economic analysis of lime/fly ash and cement treated subbase layer was
conducted. The economic analysis was conducted based on the latest “Weighted Averages”
summaries published by LADOTD or Texas DOT. The material costs of cement, lime, fly
ash are $215.28, $146.3, and $60/ton, respectively. The unit weights of soil, cement, lime,
and fly ash are 111.4, 94, 35, and 60 Ib/ft*, respectively. The calculation of cost per linear
foot of roadway is based on a pavement section of 1-ft. long, 13-ft. wide (1 lane), and 12-in.
thick.

Prediction of Permanent Deformation for Typical Low Volume Pavements

The proposed FE model and the calibrated shift factor were used to predict the permanent
deformation of two typical low- and medium-volume roads used in Louisiana. The predicted
permanent deformations are compared with the field measured rut-depths.

Table 5 presents the general information of the two selected road projects. The project on
LA10 had a length of 3.6 miles with an average daily traffic (ADT) of 721 in 1999. The
project on LA28 had a length of 6.7 miles with an ADT of 5,500 in 2001. The profiles of
pavement structures of the two projects are shown in Figure 16.

Table 5
General information of selected projects
Road Name | District Parish Project Number ADT | Accepted Date
LA10 61 Pointe Coupee 219-30-0012 721 01/27/1999
LA28 08 Rapides 417-02-0031 5,500 02/19/2001
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Figure 16
Pavement structures of selected projects

The axisymmetric FE models were created to simulate the rut depths of selected projects.
The proposed P-D model was applied for all pavement materials. Material parameters were
obtained from laboratory P-D tests. The effects of load wander and temperature change were
also considered. The calculated permanent deformations were multiplied by the shift factor
obtained from the six APT sections. Finally, the predicted permanent deformations were
compared with field measured rut depths.

Development of P-D Prediction Models (Transfer Function) for Base and
Subbase/Subgrade Materials

Although the proposed FE model can efficiently simulate the permanent deformation of APT
sections, to perform such an FE analysis requires a basic understanding of the FEM and a
familiarity of the ABAQUS software. To better implement the FE model developed in this
study, the calibrated FE model was used to develop P-D prediction models (transfer
functions) for pavement base and subbase/subgrade materials.

Transfer functions act as a link between pavement responses and performances (rutting,
cracking, etc.). It assumes that pavement distresses under repeated loads are directly
attributable to pavement responses under a monotonic load. The transfer function is the
biggest “empirical” component of the M-E pavement design. It is important to note that
because transfer functions are empirical, they are developed for a specific set of conditions,
such as a range of HMA thickness, a given climate, a certain range of material properties,
and a certain level of distress, etc.
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In this study, the transfer function was modified from the formula of the accumulated
permanent strain of the P-D model by introducing a number of calibration factors. FE
simulations were performed on a large number of computer-generated pavement sections
with assumed material properties. The variation of material properties were based on the
laboratory P-D test data collected in this study. Calibration factors in the transfer functions
were then determined by statistical analysis on the predicted permanent deformations from
FE simulations.

Formula of the P-D Transfer Function
From equations (8) and (9), for laboratory P-D test, the accumulated permanent strain can be
written as:

S

i S )

=1

where, £P(n) is the permanent strain after n load cycles, o is the cyclic deviatoric stress, o,

is the yield stress, h,. is the hardening constant, E; is the constant loading modulus, a and b
are the permanent deformation parameters.

The value of the parameter a of different materials are generally much smaller than the value
of i®, especially as load cycle i becomes larger. Assuming that a + i? ~ i?,

ot (]

i=1

The equation (14) could be further simplified as:

O'—O'y+0' a
h. E, 1-b

eP(n) =~ [(n+ )P - 1] (15)

When b = 1, a number that is very close to 1 (e.g., 0.9999 or 1.0001) can be assigned to
equation (15). More details about the derivation of equation (15) are provided in Appendix B.

In equation (15), the permanent strain developed in the first load cycle (represented by U:’y )

is generally much smaller compared to the total permanent strain generated after a large
number of load cycles. Therefore, this part of strains can be omitted, and equation (15) can
be further simplified as:
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L

eP(n) =
() E 1-b 1-b
where, €, can be considered as the vertical resilient strain.

In a pavement structure, the permanent deformation (rut depth) on the surface of the
pavement can be calculated by summing up the permanent deformation developed in each
sublayer:

PD = z £ - AR (17)

where, PD is the accumulated vertical permanent deformation of pavement, &P is the
accumulated vertical permanent strain at the mid-depth a sublayer, and Ah is the thickness of
the sublayer.

Development of P-D Transfer Function

Obviously equations (16) and (17) cannot be directly used to predict the permanent
deformation of an APT section because the conditions (e.g., temperature, load, time, etc.)
between a laboratory P-D test and a field APT test are different. To account for the different
conditions, equation (16) was modified by introducing a number of calibration factors. In this
study, a general form of the transfer function was proposed:

e = fo(e,) (@) (18)

(n+ 1) — 117
1-b

where, €P is the accumulated vertical permanent strain at the mid-depth a sublayer, ¢, is the
vertical resilient strain calculated by the structural response model at the mid-depth of the
sublayer, a and b are the permanent deformation parameters, and £ , , 3 are the calibration
factors.

In this study, pavement base and subgrade materials were classified into four categories:
stabilized base materials (e.g., stabilized BCS materials); unbound base materials (e.g.,
stone); treated subbase/subgrade materials (e.g., lime, lime/fly ash, and cement treated soils);
and untreated subgrade soils. For each category material, three levels of material parameters
(loading modulus and permanent deformation parameters a and b) were selected to conduct
the FE simulation based on the laboratory test result range.

Table 6 presents the parameters of the FE simulation for obtaining the calibration constants
of the base, subbase, and subgrade materials.
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Table 6
Parameters used in the FE simulation for various base and subbase/subgrade materials

Materials

Loading
modulus
(ksi)

Permanent
deformation
parameter a

Permanent
deformation
parameter b

Stahilized base materials 75, 115,140 | 0.003, 0.007,0.01 | 0.55,0.65, 0.75

Unbound base materials 15, 35, 60 0.06, 0.11, 0.16 0.60, 0.65, 0.70

Treated subbase/subgrade | o, 4= 70 | 0.002,0.006,0.01 | 0.55,0.75, 0.95
materials

Untreated subgrade 5,10, 15 0.02, 0.04, 0.06 0.55, 0.65, 0.75

A series of axisymmetric FE models for pavements were developed to predict the vertical
permanent strains in the middle of each element (sublayer) under the centerline of the APT
load. The effect of load wander on permanent strains was considered. The shift factor
obtained from the six APT sections was applied. The final predicted permanent strains were
treated as the “real” permanent strain in the pavement. Meanwhile, the corresponding vertical
resilient strains were calculated at the middle of each sublayer under the centerline of APT
load. The Statistical Analysis Software (SAS) was employed to conduct the regression to
obtain the calibration constants 3, ; , 3 for each category of material. A linear regression was
conducted by rewriting equation (18) as:

1)1t —1
log(e?) = log(Bo) + 1 log(e,) + B log(a) + B3 log l(n +1 )_

b l (19)

Verification of P-D Transfer Functions

The developed P-D transfer functions were applied to simulate the permanent deformation of
the APT sections and the two selected low volume pavement structures in Louisiana. The
elastic vertical strains at the mid-depth of each pavement sublayer under the centerline of
load were calculated by ABAQUS. (It can also be calculated by other elastic layered
pavement analysis programs, e.g., BISAR and ELSYMS5 etc.) The permanent deformation
parameters (a and b) of pavement materials are obtained from P-D tests. The accumulated
permanent strains at the mid-depth of each pavement sublayer under the center of load were
calculated by developed transfer function equations. The accumulated permanent
deformation is the sum of products of mid-depth permanent strain and thickness for all
sublayers [see equation (18)].

36



DISCUSSION OF RESULTS

Verification and Sensitivity Analysis of the Proposed P-D Model

The proposed P-D model was verified by the laboratory P-D test data of eight pavement
materials. A sensitivity analysis was conducted to evaluate the effect of material model
parameters, pavement structures, and load configurations on the permanent deformation of
pavement structures.

Verification of P-D Model with Laboratory Tests

Figure 17 presents a comparison between measured and calculated axial stress-strain curves
for the first 10 cycles of load repetitions. It is shown that the proposed P-D model
approximates the hysteresis loops by a series of linear loading and unloading paths. Although
the nonlinearity during loading/unloading was ignored, the proposed model simulates the
accumulation of permanent strain very well.
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Axial Strain
(a) Measured axial stress-strain curve (b) Calculated axial stress-strain curve
Figure 17

An example of axial stress-strain cyclic behavior (1 psi = 6.894 kPa)

Figure 18 presents the calculated and measured accumulated permanent strains for eight
pavement materials selected in this study. The measured accumulated permanent strain after
10,000 load cycles ranged from 40 to 21,000 microstrains. Figure 18 shows that the
calculated permanent strains matched well with the test data for all eight materials evaluated.
The differences between the predicted and the measured strains were less than 10 percent.
This result indicated that the proposed model is generally suitable for the simulating P-D
tests for a variety of pavement materials.
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Measured and simulated axial permanent deformation of selected materials

Sensitivity Analysis of the Proposed P-D Model
Table 7 presents parameters used in the sensitivity analysis. The 18 trial cases were
designed according to the Taguchi experiment design method.
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Sensitivity analysis results of base layer permanent deformation

Table 7

P1 P2 P3 P4 P5 P6

Base Base Layer | Base Layer | Base Layer

Trail No. HMA I_3ase Loading Subgrade permanent | permanent Permane_nt

Thickness| Thickness Modulus | deformation | deformation [Deformation
(in.) (in.) Modqlus (ksi) Parameter | Parameter (in.)

(ksi) e e

1 2 6 25 5 0.003 0.7 0.005
2 2 9 75 10 0.1 0.57 0.007
3 2 12 125 15 0.2 0.45 0.010
4 6 6 25 10 0.1 0.45 0.005
5 6 9 75 15 0.2 0.7 0.004
6 6 12 125 5 0.003 0.57 0.002
7 10 6 75 5 0.2 0.57 0.002
8 10 9 125 10 0.003 0.45 0.001
9 10 12 25 15 0.1 0.7 0.003
10 2 6 125 15 0.1 0.57 0.005
11 2 9 25 5 0.2 0.45 0.025
12 2 12 75 10 0.003 0.7 0.004
13 6 6 75 15 0.003 0.45 0.002
14 6 9 125 5 0.1 0.7 0.003
15 6 12 25 10 0.2 0.57 0.007
16 10 6 125 10 0.2 0.7 0.001
17 10 9 25 15 0.003 0.57 0.002
18 10 12 75 5 0.1 0.45 0.002

Figure 19 shows the average effects of the varying parameters on permanent deformation in
the base layer. Among the six parameters investigated, HMA thickness and the permanent
deformation parameters a and b have a significant influence on the calculated permanent
deformation in base layer. The calculated permanent deformation decreases with an
increasing HMA thickness, a decreasing a value and an increasing b value. Thus, a smaller a
value and a larger b value are desirable base material properties to reduce rutting.

The other three parameters — base thickness, base modulus, and subgrade modulus — only
display intermediate influences to the predicted base layer permanent deformation. Although
typically a thicker base layer would reduce the total rut depth of a pavement, it may result in
more permanent deformation in the base itself. On the other hand, permanent deformation is
a plastic behavior of materials. Thus permanent deformation in the base layer is more
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dependent on the plastic parameters (a and b), rather than the elastic loading modulus of the
base layer.
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Figure 19

Effects of varying factors on base layer permanent deformation (1 in. = 25.4 mm)

Figure 20 presents the influences of the two P-D parameters (a and b) on the calculated base
permanent deformation with varying the HMA thicknesses. Similar to the results in Figure
19, base layer permanent deformation decreases with an increasing HMA thickness. Figure
20 also indicates that the calculated base layer permanent deformation is more sensitive to
the P-D parameters (a and b) when the HMA layer is relatively thin (less than 6 in.). This
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observation suggested that the proposed P-D model would be more effective in predicting the
permanent deformation for a base or subbase layer in thinly paved roads.
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Sensitivity analysis of parameters aand b (1 in. = 25.4 mm)
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The data in Table 7 were analyzed using the ANOVA technique by the SAS program with a
level of significance of 0.05 to examine the relative contribution of influential factors to the
predicted base permanent deformation. The ANOVA results are presented in Table 8. A
higher percentage of contribution means more contribution of the factor to the calculated

base layer permanent deformation.

As shown in Table 8, HMA thickness has the greatest contribution (34.1 percent) to the base
layer permanent deformation, followed by base layer parameter a (19.2 percent), base layer
loading modulus (13.6 percent), and base layer parameter b (11.5 percent). The contributions
of base layer thickness and subgrade modulus were less than other factors, only 8.7 and 3.2

percent, respectively.
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Table 8
ANOVA results of base layer permanent deformation properties

Factor Degree of Sum of Mean E Value Contribution of
Freedom(DF) Squares Square Factors, %
HMA Thickness (in.) 2 0.11679  0.05840 8.71 34.1
Base Thickness (in.) 2 0.02979  0.01490 2.22 8.7
Base Loading Modulus (ksi) 2 0.04671  0.02335 348 13.6
Subgrade Modulus (ksi) 2 0.01092 0.00546 0.81 3.2
Base Layer Parameter a 2 0.06598 0.03299 492 19.2
Base Layer Parameter b 2 0.03929  0.01964  2.93 115
Error 5 0.03351  0.00670 9.8
Corrected Total 17 0.34299 100

Figure 21 presents the effects of load levels on pavement permanent deformation. It is shown
that rut depths increases almost linearly with the load.
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Figure 21
Effective of load configuration on permanent deformation (1 in. = 25.4 mm)

Preliminary Results of FE Simulation of APT Test

All three developed FE models (3-D model with a moving load, 3-D model with a repeated
load, and axisymmetric model with a repeated load) were preliminarily compared by
simulating one of the APT sections.
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3-D Model with a Moving Load

The 3-D model with a moving load provides the most accurate simulation of the wheel load
applied in an APT test. Figure 22 presents a deformed 3-D model with a single-axle-dual-
wheel moving load. As expected, permanent deformation occurred on the path of the wheel
load.
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Figure 22
Deformed 3-D model with moving wheel load

Figure 23 and Figure 24 present the calculated stresses and strains at the top and bottom of
the base layer, respectively. The principle directions are: 1— transverse direction, 2 —
longitudinal direction, and 3 — the vertical (depth) direction. For example, “S33” means the
normal vertical stress, and “S23” means the shear stress on a horizontal plane and along the
longitudinal direction. As shown in Figure 23 and Figure 24, the 3-D model with a moving
load can accurately simulate the stress and strain rotation induced by a moving wheel.

However, running such a model was extremely time-consuming. It took about 12 days on a
PC with a Pentium Dual-core 3.2GHz central processing unit (CPU) and 2.0G memory to run
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one cycle of wheel pass. It is impractical to use this model to simulate an APT test with a
large number of load passes.
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Predicted pavement responses at top of base layer under ALF moving load (1 in. =
0.025 m, 1 psi = 6894 Pa)
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Figure 24
Predicted pavement responses at base layer bottom under ALF moving load (1 in. =
0.025 m, 1 psi = 6894 Pa)

3-D Model with a Repeated Load

When the moving load is directly above a given point, the vertical normal stress at this point
iIs at its maximum; and when the wheel load is a considerable distance from a given point, the
stresses at this point return to its at-rest value. It is therefore reasonable to assume that the
stress pulse at a given point can be simulated by either sinusoidal- or triangular-shaped
repeated load applied at the same position. By applying the repeated load in a static location,
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the size (or the number of elements) of the numerical model can be greatly reduced. The 3-D
model with repeated loading can also simulate multi-wheel configurations.

To determine the suitable mesh density for the 3-D model with a repeated load, a series of FE
models were created with different numbers of elements. A linear elastic model was used in
this part of the analysis. Figure 25 to Figure 28 exhibit various pavement responses with
different models. Based on the mesh sensitivity analysis, the model with a total of 4,752
elements was selected.
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Figure 26

Vertical stress and strain on HMA surface and base top with different mesh sizes
(1 psi = 6894 Pa)
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Horizontal stress and strain on HMA surface with different mesh sizes (1 psi = 6894 Pa)
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The selected numeric mesh was then used to simulate the six APT sections. Since this part of
simulation was for comparison purposes, only a single level of load was modeled. The effects
of temperature and load wander were not considered. Figure 29 presents the calculated HMA
surface rut depths of the six APT sections. Sections 4-1A, 4-2A, and 4-1B were constructed
with the different base materials and a lime-treated subbase. Figure 29a shows that the
calculated rut depths after 3000 load cycles are 0.003 in. in section 4-1A, 0.004 in. in section
4-2A, and 0.03 in. in section 4-1B. Sections 4-2B, 4-3A, and 4-3B were constructed with the
different base materials and a cement-treated subbase. Figure 29b shows that the calculated
rut depths after 3000 load cycles are 0.03 in. in section 4-2B, 0.04 in. in section 4-3A, and
0.07 in. in section 4-3B.
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Figure 29
Calculated rut depths by the 3-D model with a repeated load (1 in. = 25.4 mm)

With the 3-D model with a repeated load, it took about 230 to 400 hours to simulate 3,000
cycles of load on a supercomputer with four CPUs (16GB RAM) at Pelincan IBM pSeries
cluster at Louisiana State University (LSU). Obviously it is still impractical to use this model
to simulate APT tests.

Axisymmetric Model with a Repeated Load

An axisymmetric model simplifies a 3-D problem with a 2-D model, which uses a much
smaller number of elements. To determine the suitable element size for the axisymmetric
model, a series of FE models were created with different numbers of elements. Linear elastic
models were used in this part of the analysis. Figure 30 and Figure 31 present various
pavement responses with different models. Based on the mesh sensitivity analysis, the model
with a total of 3400 elements was selected.
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Strain and stress on HMA surface center with different mesh sizes (1 psi = 6.894 kPa)
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Strains and stresses on base surface center with different mesh sizes (1 psi = 6.894 kPa)

Since a linear elastic constitutive model was used. The calculated pavement responses by
ABAQUS can be compared to those calculated by an elastic-layered pavement analysis
program. Figure 32 and Figure 33 present radial and vertical stresses and strains at different
depths along the center line of the model calculated by ABAQUS and BISAR. The calculated
results from the two programs matched well with each other.
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Figure 32
Radial and vertical stresses at different depths by BISAR and ABAQUS (1 m = 3.28 ft.,
1 psi = 6.894 kPa)
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Radius and vertical strains at different depths by BISAR and ABAQUS (1 m = 3.28 ft.)
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The selected numeric mesh was then used to simulate the six APT sections. Since this part of
simulation was for comparison purposes, only a single level of load was modeled. The effects
of temperature and load wander were not considered. Figure 34 presents the calculated HMA
surface rut depths of the six APT sections. Figure 34a shows that the calculated rut depths
after 10,000 load cycles are 0.005 in. in section 4-1A, 0.007 in. in section 4-2A, and 0.06 in.
in section 4-1B. Sections 4-2B, 4-3A, and 4-3B were constructed with different base
materials and a cement-treated subbase. Figure 34b shows that the calculated rut depths after
10,000 load cycles are 0.06 in. in section 4-2B, 0.08 in. in section 4-3A, and 0.13 in. in
section 4-3B.
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Calculated rut depths by the axisymmetric model with a repeated load (1 in. = 25.4 mm)

The main advantage of an axisymmetric model is its computational efficiency. For example,
to complete 100 cycles of simulation, it only needed about 1.5 to 3 hours by a personal
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computer with a Pentium Dual-core 3.2GHz CPU and 2.0G memory, while for 10,000 cycles
of simulation, it needed about 150 to 200 hours by a supercomputer with 4 CPUs (16GB
RAM) at Pelincan IBM pSeries cluster at LSU, which was about half the time consumed by
the 3-D model with repeated loading to finish 3,000 cycles.

When the accelerated analysis procedure was adopted, which only needed to be simulated
about 100 cycles, the axisymmetric model became practical to conduct on a personal
computer. Thus, this model was selected to predict the permanent deformation of the APT
test sections after preliminary simulations.

Comparison between the Axisymmetric Model and the 3-D Model with a Repeated
Load

In the 3-D model with a repeated load, the ALF dual wheel load was simulated as two
distributed loads in two rectangular areas. In the axisymmetric model, the effect of multi-
wheel configuration cannot be explicitly considered because the ALF load was simplified to
a circular distributed load. In order to estimate the pavement response under multi-wheel load
configurations, the numerical result from an axisymmetric model has to be interpreted by a
superposition process, which is often adopted in the current MEPDG. Figure 35 presents the
surface vertical displacement profiles from the 3-D model and the axisymmetric model (after
superposition). It is shown that the numerical results from the 3-D and the axisymmetric
models were comparable to each other.
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0 20 40 60 80 100

== Axisymmetric model
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Vertical displacement (in.)

Figure 35
Vertical displacements of one circular load and two rectangular loads
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Conclusions of Preliminary FE Simulation

The preliminary results of the APT simulation suggested that the developed FE models with
the P-D materials model had the potential to predict the permanent deformation of the APT
sections. In consideration of the computational efficiency, the axisymmetric model was
finally selected for the further studies described in the following sections.

Results of FE Simulation of APT Tests

Material Parameters of the APT Sections
Table 9 presents the material parameters used for calculating permanent deformation of the
APT sections.

Table 9
Field modified material parameters for APT test sections
Parameters for P-D model Accelerated
Materials . G ) d=a/N°+1 Poisson's analysis

Ev (ksi) (psyi) h (ksi) a b Ratio paramgter B
HMA 100* 13 189 | 0.0100 | 0.60 0.35 0.2
BCS/Slag 128 12.6 155 | 0.0059 | 0.67 0.3 0.31
BCS/Fly ash 86 12.2 149 | 0.0073 | 0.56 0.3 0.41
Stone (4-1B) 19 10.7 71 0.1200 | 0.62 0.3 0.31
Stone (4-2B) 33 10.7 71 0.0960 | 0.64 0.3 0.31
FAS50 28** 10.2 46 0.1250 | 0.62 0.35 0.32
FA100 25** 10.0 49 0.1560 | 0.63 0.35 0.32
Cement-treated soil 65 5.0 67 0.0027 | 0.56 0.3 0.24
Lime-treated soil 30 4.6 98 0.0052 | 0.63 0.3 0.36
Subgrade 7 4.2 7 0.0340 | 0.59 0.45 0.47

Note: * For Section 4-3A and 4-3B, E_ of HMA layer will be adjusted by field temperature; see Table 10.
** E_ of FA base layer will be adjusted by field temperature; see Table 10.
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Table 10 presents the modified moduli of asphalt materials at sections 4-3A and 4-3B.

Table 10
Moduli of HMA layer and foamed asphalt base at sections 4-3A and 4-3B
4-3A 4-3B
Load Cycles Temperature HMA | FA50% Temperature HMA | FA100%
adjustment | Modulus | Modulus | adjustment | Modulus | Modulus
factor (ksi) (ksi) factor (ksi) (ksi)
1-25,000 1.61 161 45 2.64 264 67
25,001-50,000 1.89 189 52 1.80 180 46
50,001-75,000 2.66 266 74 1.45 145 37
75,001-100,000 2.02 202 56 1.51 151 38
100,001-125,000 2.40 240 67 1.31 131 33
125,001-150,000 1.54 154 43 1.13 113 28
150,001-175,000 1.34 134 37 1.01 101 25
175,001-200,000 1.13 113 31 0.91 91 23
200,001-225,000 1.01 101 28 0.89 89 23
225,001-228,000 0.89 89 25 - - -

Effects of Load Wander on Permanent Deformation
Figure 36 presents an example of surface permanent deformations at the center line with

different load wander offsets under ALF_Load I. As can be seen, a larger load wander offset
would produce a smaller surface permanent deformation at the center line.
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Figure 36

Example of surface permanent deformation at central line with
different load wander offsets
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Figure 37 presents the percentages of permanent deformation with wander to without wander
at different load wander offsets under ALF_Load I. Table 11 presents the calculation of the

wander adjustment factor for APT sections under ALF_Load I. The wander adjustment

factors ranged from 68.3 to 71.6 percent under ALF_Load I.

Rut Percentage to No Wander (%)

19
1TZO

Wander Offset (in)

Figure 37
Wander adjustment factor under ALF_Load I

Table 11
Calculation of the wander adjustment factors for APT sections under ALF_Load |

Load Load Ratio of rut depth with load offset x over offset zero, (Dy,
Offset | Frequency %)

in (%) 4-1A 4-2A 4-1B 4-2B 4-3A 4-3B
-14.00 0.2 0.01 0.01 0.00 0.00 0.00 0.00
-13.78 0.2 0.01 0.01 0.00 0.00 0.00 0.00
-12.80 0.4 0.03 0.03 0.01 0.01 0.00 0.00
-11.81 0.4 0.04 0.04 0.01 0.02 0.01 0.01
-10.83 0.8 0.09 0.09 0.04 0.05 0.04 0.04
-9.84 1.6 0.23 0.22 0.15 0.16 0.14 0.14
-8.86 1.6 0.29 0.28 0.24 0.24 0.22 0.23
-7.87 2.4 0.55 0.55 0.53 0.53 0.52 0.54
-6.89 3 0.91 0.91 0.96 0.94 0.95 0.98
-5.91 3.8 1.64 1.63 1.69 1.67 1.68 1.71
-4.92 4.6 3.13 3.06 2.79 2.82 2.76 2.75
-3.94 5.6 4.58 4.49 4.17 4.20 4.12 4.10
-2.95 6.2 5.60 5.54 5.30 5.32 5.26 5.24
-1.97 7 6.72 6.67 6.54 6.55 6.52 6.51

(continued)
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-0.98 7.4 7.33 7.31 7.28 7.28 7.27 7.27
0.00 9 9.00 9.00 9.00 9.00 9.00 9.00
0.98 7.2 7.13 7.11 7.08 7.09 7.08 7.07
1.97 7 6.72 6.67 6.54 6.55 6.52 6.51
2.95 6.4 5.78 5.72 5.47 5.49 5.43 5.41
3.94 5.6 4.58 4.49 4.17 4.20 4.12 4.10
4.92 4.8 3.26 3.19 291 2.94 2.88 2.87
5.91 4 1.72 1.72 1.78 1.76 1.77 1.80
6.89 3.2 0.98 0.97 1.02 1.00 1.01 1.04
7.87 2.4 0.55 0.55 0.53 0.53 0.52 0.54
8.86 1.8 0.32 0.31 0.27 0.27 0.25 0.26
9.84 14 0.20 0.19 0.13 0.14 0.12 0.12
10.83 0.6 0.07 0.07 0.03 0.04 0.03 0.03
11.81 0.6 0.06 0.05 0.02 0.03 0.01 0.01
12.80 0.4 0.03 0.03 0.01 0.01 0.00 0.00
13.78 0.2 0.01 0.01 0.00 0.00 0.00 0.00
14.00 0.2 0.01 0.01 0.00 0.00 0.00 0.00
Sum 100.0 71.6 70.9 68.7 68.9 68.3 68.3

Table 12 presents the wander adjustment factors for APT sections under four different load
levels. The wander adjustment factor increased as the load level increased. When the load
level increased from ALF_Load I (9,750 Ibf) to ALF_Load IV (16,650 Ibf), the average
wander adjustment factor for APT sections increased from 69.4 to 78.6 percent.

Table 12
Wander adjustment factors for APT sections

Load Level 4-1A 4-2A 4-1B 4-2B 4-3A 4-3B | Avg.
ALF_Loadl 71.6 70.9 68.7 68.9 68.3 68.3 69.4
ALF_Loadll 76.3 75.8 72.2 72.8 71.6 71.2 73.3
ALF Loadlll 79.7 79.1 75.0 75.9 74.4 73.7 76.3

ALF_LoadlV 82.2 81.6 77.2 78.2 76.6 75.7 78.6

Results of Predicted Permanent Deformation of APT Sections

Figure 38 presents the measured and predicted surface permanent deformations of the six
APT sections. Note that the field measured surface permanent deformations were the average
values from eight measurement stations. As shown in Figure 38, the predicted permanent
deformations were in a reasonably good agreement with the field measured results. The shift
factors for the six APT sections ranged from 0.8-1.6.
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Figure 38

Measured and predicted surface permanent deformation of APT test sections (1 in. =

25.4 mm)

Figure 39 presents the measured (from multi-depth deflectometer [MDD] stations) and
calculated percentages of the total permanent deformation contributed by each layer. Note
that the HMA layer deformations were not measured by MDDs. As shown in Figure 39, the
calculated results closely match the measured results. The differences were generally less
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than 11 percent except for the subbase layer in section 4-3A, where the difference was about
17 percent.

Contribution of Permanent Deformation (%)

Contribution of Permanent Deformation (%)

[N
o
]

80 -

60 -

40

20

100

80

60

40 A

20 4

67
|iI

O Predicted
B Measured

25
’_i ’ii
BCS/Fly ash Lime treated soil Subgrade

(a) section 4-2A*

83
1

6 5
[

O Predicted
B Measured

16

i |

Stone

(c) section 4-2B*

*The pavement structure and materials of each section are described in Table 2

Cement treated soil

Subgrade

100

Contribution of Permanent Deformation (%)

=
=)
o

Contribution of Permanent Deformation (%)

Figure 39
Measured and predicted layer contribution of permanent deformation

80

60

40 4

20 1

81
70
16
i

O Predicted
W Measured

14
i

Stone Lime treated soil

(b) section 4-1B*

Subgrade

80 1

60 -

20 1

2
!L.

@ Predicted
B Measured

21
12

71
63
FA50

(d) section 4-3A*

Cement treated soil

Shift Factor for Predicted to Measured Permanent Deformation
The shift factors calibrated from the APT sections are summarized in Table 13. The average
of the shift factor was 1.13, and the coefficient of variation was 26.6 percent.

Subgrade

Table 13
Shift factors for APT sections
Sections 4-1A 4-2A 4-1B 4-2B 4-3A 4-3B
Shift Factor 1.0 1.4 1.6 1.0 0.8 1.0
Avg. 1.13
Stdev. 0.30
Cov (%) 26.6
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Results of Prediction of Permanent Deformation with Other Materials

Material Parameters

The designed lime/fly ash content (by weight) was 2.6 percent lime/6 percent fly ash to
achieve a seven-day UCS strength of 150 psi. To achieve a similar UCS strength, the cement
content (by weight) was between 2 and 4 percent. The contents of 3 percent (interpolated)
and 4 percent cement treated soils were selected to compare with 2.6 percent lime/6 percent
fly ash to treat soil. More detail of laboratory design and P-D tests results are provided in
Appendix D.

Table 14 presents the material parameters for lime/fly ash and cement treated soils obtained
from the P-D tests.

Table 14
Material parameters for lime/fly ash and cement treated sandy clay
Proposed Permanent Deformation Model Accelerated
Materials d=a/NP+1 analysis
EL (ksi) | oy (psi) h (ksi) " . parameter B
_ #1 60.5 4.7 49.9 0.061 0.83 0.19
L'r/'lesf'y #2 79.9 48 41.1 0.064 0.74 0.21
Ave. 70.2 4.7 45.5 0.063 0.78 0.20
#1 55.4 4.7 37.6 0.088 0.85 0.19
3% Cement #2 84.4 45 47.1 0.256 0.95 0.20
Ave. 69.9 4.6 42.3 0.172 0.90 0.20
#1 79.0 4.6 55.4 0.123 0.92 0.19
4% Cement #2 101.2 5.0 45.3 0.037 0.76 0.15
Ave. 90.1 4.8 50.4 0.080 0.84 0.17

FE Simulation Results

Figure 40 presents the predicted permanent deformation development of pavement with
cement and lime/fly ash treated subbase under APT loading. Table 15 shows the predicted
layer permanent deformation after 700,000 cycles. Based on the prediction results, the stone
base layer contributes the most permanent deformation for all three pavement structures,
followed by the subgrade and treated subbase layer. The 2-in. HMA layer contributed
negligible permanent deformation. This trend was consistent with the finished ALF4 APT
tests [49]. For the treated subbase layer, the 3 percent cement treated subbase developed the
largest permanent deformation, followed by 2.6 percent lime/6 percent fly ash and 4 percent
cement treated subbase layers. The treated subbase layer also had an influence on the
permanent deformation of the base and subgrade. The ranking of surface permanent
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deformation from high to low was the pavement with 3 percent cement treated, 2.6 percent
lime/6 percent fly ash treated, and 4 percent cement treated subbase layer.
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Predicted layer permanent deformation with lime/fly ash and cement treated subbase

layer (1 in. = 25.4 mm)

Table 15
Predicted permanent deformation with lime/fly ash and cement treated subbase layer
Rut Depth After 700,000 cycles, unit: in.
Pavement Layer -
3% Cement 4% Cement 2.6% Lime/6% Fly ash
HMA Layer 0.001 0.002 0.002
Base Layer 0.36 0.33 0.36
Subbase Layer 0.03 0.02 0.03
Subgrade Layer 0.21 0.17 0.16
Total 0.6 0.52 0.55
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Figure 41 presents the predicted average and upper and lower bounds of permanent
deformation for pavements with lime/fly ash and cement treated subbase. Table 16 presents
the pavement life when the predicted surface average permanent deformation reached 0.5 in.
(12.5mm). The predicted pavement life for pavements with 3 percent cement, 2.6 percent
lime/6 percent fly ash, and 4 percent cement subbase layer were 401,000; 509,000; and
612,000 cycles, respectively. Based on the predicted permanent deformation, the
performance of the 2.6 percent lime/6 percent fly ash treated subbase would be similar to that
of a 3.5 percent cement treated subbase.

18
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Figure 41

Predicted surface permanent deformation with lime/fly ash and cement treated subbase
layer (1 in. = 25.4 mm)

Table 16
Predicted pavement life with lime/fly ash and cement treated subbase layer
Subbase Material 3% Cement 4% Cement 2.6% Lime/6% Flyash
Pavement Life @ 0.5 in. 401,000 612,000 509,000

Figure 42 presents the predicted or tested surface permanent deformation for pavements with
various subbase materials under APT loading. All these pavements share the same pavement
structure: 2-in. HMA layer, 8.5-in. stone base layer, 12-in. treated subbase layer, and
subgrade. The APT loading was 9750 Ibf, and the tire pressure was 105 psi. The permanent
deformation of sections 4-1B with 3.2 percent lime (by weight) treated subbase and section
4-2B with 6.9 percent cement (by weight) treated subbase were measured during APT testing
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at every 25,000 cycles. The predicted surface permanent deformation of pavements with 2.6
percent lime/6 percent fly ash and 3 and 4 percent cement treated subbase were larger than
those of section 4-2B, but smaller than those of section 4-1B.
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Economic Analysis

Table 17 presents the economic analysis results of lime/fly ash and cement treated subbase
layers. For subbase layers treated by 2.6 percent lime/6 percent fly ash and 3.5 percent
cement, which have a similar performance based on predicted pavement life, material linear
foot costs were 5.36 and 5.46 dollars/linear ft., respectively. The analysis showed that
lime/fly ash treated soil could be a viable alternative to cement treated subbase.

Table 17
Economic analysis of lime/fly ash and cement treated soils
. Content in W_e ight per Material Cost

Materials volume (%) |, )inear ft (dollars/linear ft.)

(Ib/linear ft.) '
2.6% Lime/6% Fly Lime 8.3 37.8 2.76 5 36

ash Fly ash 11.1 86.6 2.6 '

3% Cement 3.6 44 474
4% Cement cement 4.7 57.4 6.18
3.5% Cement 415 50.7 5.46
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Results of Predicted Permanent Deformation of Typical Low Volume Pavement

Table 18 presents the traffic information for the selected project on LA28. The equivalent
single axle loads (ESALS) after 1.9, 3.9, and 5.8 years were 131,173; 271,897; and 408,224,
respectively. Table 19 presents the traffic information for the selected project on LA10. The
ESALs after 1.8, 3.7, 5.6, and 8.1 years were 10,859; 22,641; 34,760; and 51,237,
respectively. As shown in Table 18 and Table 19, although the percentages of vehicle type 9

were small in ADT percentages (4.5 percent for LA28 and 3.0 percent for LA10), the vehicle

type 9 contributed the largest part of ESALS for both projects, which were about 60 percent
in these two projects.

Table 18
Traffic information for the project on LA28
Vehicle | Percentage Annual ESALs
Type (%) Growth 1/13/2003 1/17/2005 11/22/2006
(%) (1.9 Years) (3.9 Years) (5.8 Years)
1 0.2 1.0 2 3 5
2 56.7 1.0 435 901 1,352
3 31.5 1.0 9,078 18,817 28,252
4 0.5 1.0 1,481 3,069 4,608
5 4.0 1.0 11,846 24,555 36,867
6 1.0 1.0 6,277 13,012 19,536
7 0.1 1.0 628 1,301 1,954
8 1.1 1.0 14,862 30,807 46,253
9 4.5 1.0 75,880 157,285 236,146
10 0.1 1.0 2,223 4,607 6,917
11 0.1 1.0 2,821 5,847 8,778
12 0.1 1.0 2,821 5,847 8,778
13 0.1 1.0 2,821 5,847 8,778
Total 100 131,173 271,897 408,224




Table 19

Traffic information for the project on LA10

Vehicle | Percentage Annual ESALs
Type (%) Growth | 10/28/2000 | 10/16/2002 | 8/27/2004 | 2/25/2007
(%) (1.8 Years) | (3.7 Years) | (5.6 Years) | (8.1 Years)
1 0.2 1.5 0 0 1 1
2 54.4 1.5 52 108 166 245
3 35 1.5 1,254 2,615 4,015 5,919
4 0.5 1.5 184 384 589 869
5 5.6 1.5 2,063 4,300 6,602 9,732
6 1.3 1.5 1,015 2,116 3,249 4,788
7 0.0 1.5 0 0 0 0
8 0.0 1.5 0 0 0 0
9 3.0 1.5 6,291 13,117 20,137 29,683
10 0.0 1.5 0 0 0 0
11 0.0 1.5 0 0 0 0
12 0.0 1.5 0 0 0 0
13 0.0 1.5 0 0 0 0
Total 100 10,859 22,641 34,760 51,237

The permanent deformations for selected projects were measured about every two years by a
laser profilemeter, and the interval of measurement stations was 0.1 mile. For the project on
LA28, permanent deformations were measured on 01/13/2003, 01/17/2005, and 11/22/2006.

For the project on LA10, permanent deformations were measured on 10/28/2000,

10/16/2002, 08/27/2004, and 02/25/2007. Table 20 presents the measured permanent
deformations of the selected projects.

Table 20
Measured rut depths for selected projects
LA28 LA10
Rut Depth (in.) Rut Depth (in.)
Date Avg. Std. Date Avg. Std.
01/13/2003 0.106 0.026 10/28/2000 0.104 0.010
01/17/2005 0.196 0.054 10/16/2002 0.118 0.020
11/22/2006 0.191 0.059 08/27/2004 0.150 0.042
— — — 02/25/2007 0.208 0.079
Note: “—"means not applicable.
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Table 21 presents the material parameters used for two selected projects.

Table 21
Material parameters for the selected projects

Proposed Permanent Deformation Model

Accelerated

' =a/NP . analysis

Materials E|__ Oy h_ d=a/N"+1 P0|ssc_)ns parameter
(ksi) (psi) (ksi) A b Ratio «g”
HMA 100 13 189 | 0.0100 0.6 0.35 0.2
Soil Cement Base 65 10.9 67 0.0090 0.55 0.3 0.24
Crushed Stone Base 33 10.7 71 0.0960 0.64 0.3 0.31
Ceme“tBigb"'ZEd 65 | 50 | 67 | 00027 | 056 0.3 0.24
Subgrade 7 4.2 7 0.0340 0.59 0.45 0.47

The load wander effect and the shift factor of 1.13 obtained from the APT sections were used
in the FE simulation. Figure 43 presents the predicted and measured permanent deformations
of the selected projects. Overall, the predicted permanent deformations matched well with
measured deformations. Figure 44 presents the predicted permanent deformations in each

pavement layer.
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P-D Prediction Models (Transfer Function) for Base and Subbase/Subgrade Materials

Development of P-D Transfer Function
The P-D prediction models (transfer functions) for four categories of pavement base and

subbase/subgrade materials were developed based on the FE simulation. Table 22, Table 23,
Table 24, and Table 25 present the results of the regression analysis for P-D transfer
functions of these materials. The regressive transfer functions have R-Squares higher than
0.90. The F-test indicated the all three independent variables (Log(e,), Log(a), and

(n+1)1-b
1-b

Log|

_1]) have a significant influence on the dependent variable Log(eP).
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Table 22
Regression analysis for transfer function of stabilized base materials

Dep. Var.=Log () N =3384  R-Square =0.9848  Adjusted R-Square = 0.9848
Root MSE = 0.05015 Dependent Mean =-2.63499  Coeff. Var. = -1.90320

STD STD Type Il

Variable Coefficient Tolerance F Value
error Coef. SS

Intercept -2.82054  0.01937 0 : 53.32705 21204.1

Log(ey) 0.46816  0.00503 0.20240 0.94709 21.75146  8648.88

Log(a) 0.12250  0.00445 0.05982  0.95180 1.90940 759.22

Log[%] 0.89856  0.00210 0.92646 095916 4615609 183527

Analysis of Variance

Sum of

Source DF Mean Square F Value Pr>F
Squares
Regression 3 552.13975  184.04658 73181.1 < 0.0001
Residual 3380 8.50052 0.00251

Corrected Total 3383 560.64026

Table 23
Regression analysis for transfer function of unbound base materials

Dep. Var.=Log () N=4,872 R-Square =0.9611  Adjusted R-Square = 0.9610
Root MSE = 0.08293  Dependent Mean = -2.09502  Coeff. Var. = -3.95854

Variable Coefficient STD STD Tolerance Type ll F Value
error Coef. SS

Intercept -0.68039  0.01548 0 . 13.27941  1930.77

Log(e,) 0.85216 0.00464 0.52123 0.99511 2324201 33792.9

Log(a) 0.58708 0.00703 0.23700 0.99350 47.97490 6975.35

Log[%] 0.78918  0.00286 0.78097  0.99807 523.3389  76091.3

Analysis of Variance

Source DF Sum of Mean Square F Value Pr>F
Squares
Regression 3 826.22362  275.40787 40043.2 <0.0001
Residual 4868 33.48102 0.00688

Corrected Total 4871 859.70463
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Table 24
Regression analysis for transfer function of treated subbase/subgrade materials

Dep. Var.=Log () N=2033 R-Square =0.9308 Adjusted R-Square = 0.9307
Root MSE = 0.10188  Dependent Mean = -3.03005 Coeff. Var. = -3.36233

Variable Coefficient STD STD Tolerance Typell F Value
error Coef. SS
Intercept 0.27772  0.03935 0 . 0.51712 49.82
Log(ey) 1.03095 0.01371 0.53829 0.66566 58.71689  5656.97
Log(a) 0.43255 0.01190 0.25736 0.68002 13.71097 1320.96
Log [%] 0.59982 0.00479  0.74137 0.97395 162.9604 15700.1
Analysis of Variance
Source DF SS um of Mean Square F Value Pr>F
quares
Regression 3 283.36483 94.45494 9100.09 < 0.0001
Residual 2029 21.06012 0.01038

Corrected Total 2032 304.42495

Table 25
Regression analysis for transfer function of untreated subgrade

Dep. Var.=Log () N=1596 R-Square =0.9031  Adjusted R-Square = 0.9029
Root MSE = 0.20457  Dependent Mean = -3.37127  Coeff. Var. = -6.06806

Variable Coefficient STD STD Tolerance Type ll F Value
error Coef. SS

Intercept 5.74466  0.15636 0 . 54.49084  1349.86

Log (&) 3.02187 0.03501 0.68911 0.95506 311.7597 7449.59

Log (a) 0.37620 0.04164 0.07392 0.90954 3.41589 81.626

Log [(h+1)° -1
1-b

} 0.99161  0.01153 0.68880  0.94929 309.5893 7397.73

Analysis of Variance

Sum of

Source DF Mean Square F Value Pr>F
Squares
Regression 3 620.77090  206.92363 4944.50 <0.0001
Residual 1592 66.62402 0.04185

Corrected Total 1595 687.39492
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From the regression analysis, the P-D transfer functions of base materials can be written as:

Stabilized base materials:

P = 0.00151(,) 46816 (q)0-1225 [(n +11)—1_bb — 110.89856 R2 = 0.98
Unbound base materials:

P = 0.20874(g,)85216(q)0:58708 l(n + 1)_1_; — 110.78918 R? = 0.96
Treated Subbase/Subgrade materials:

P = 1.89548(¢,) 103095 (4)043255 (n +11)—1_bb _ 110.59982 R2 = 0.93
Untreated Subgrade:

gP = 1574466 (¢ )3.02187()0.3762 l(n +11)—1_bb _ 110-99161 R2 = 0.90

(20)

(21)

(22)

(23)

Figure 45 to Figure 48 present the comparison between “measured” and predicted permanent

strain for pavement materials. Here, the “measured” permanent stains are obtained by FE

simulation; whereas, the “predicted” permanent strains are predicted by the developed

transfer functions. It can be found that the “measured” and predicted permanent strains are

reasonably close.

68



0.03

£ 002l  N=3384
s 002 y=0.9746x
w0 * e 2
o % & R?=09744
& ? ”““‘
2 002 - Y <
XK
S RIX, 28
S h
2 001 -
(&)
o
°©
® 001 A
o
OOO T T T T T
0 0.005 0.01 0.015 0.02 0.025

"Measured" Permanent Strain

Figure 45
Comparison between “measured” and predicted permanent strains for stabilized base
materials
0.12
£ N =4,872
= 0.09 y =0.9573x
» 2
= R®=0.9435
) . *
% * Q ‘ ¢
£ 0.06 - N <%
& o2
3
o **
- 0.03 4
g
o
0.00 . . .
0 0.03 0.06 0.09 0.12

"Measured" Permanent Strain

Figure 46

Comparison between “measured” and predicted permanent strains for unbound base

materials
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Comparison between “measured” and predicted permanent strains for treated
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Verification of P-D Transfer Functions
Prediction of Permanent Deformation of APT Sections by Prediction Model. The
developed P-D transfer functions were utilized to predict the permanent deformation of six
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APT test sections. Figure 49, Figure 50, and Figure 51 present the comparison between
predicted and measured permanent deformations of the base, subbase, and subgrade layer of
six APT sections, respectively. Figure 52 presents the comparison between predicted and
measured total permanent deformations under HMA layer of six APT sections. It can be
found that the permanent deformations predicted by transfer functions are in good agreement
with measured ones.
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Comparison between predicted and measured base layer permanent deformations of
APT test sections (1 in. = 25.4 mm)
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Rutting predicted by FE Simulation (mm)
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Comparison between predicted and measured total permanent deformations under
HMA layer of APT test sections (1 in. = 25.4 mm)

Prediction of Permanent Deformation of Low Volume Pavements. Since only
transfer functions for base and subbase/subgrade materials were developed in this study, the
permanent deformations under the HMA layer were calculated. Figure 53 presents the
predicted and measured permanent deformation under the HMA layer for the two selected
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projects. To obtain an estimate of the true field permanent deformation under the HMA layer,
the percentage from the FE predicted permanent deformation under the HMA layer was
multiplied by the average total permanent deformation. As shown in Figure 53, the predicted
permanent deformations match well with measured ones for project LA10, which had a
similar four-layer pavement structure with ALF sections. The transfer function slightly over-
predicted permanent deformations for project LA28, which had a three-layer pavement
structure. It should be noted that for LA28, the predicted permanent deformation after
275,500 ESALs was within the 90 percent confidence limit; whereas, the measured average
permanent deformation after 406,500 ESALs was smaller than that after 275,500 ESALSs for
some unknown reasons. On the other hand, since the transfer function was developed based
on ALF section structures, further calibration is recommended when it is applied to other
pavement structures.
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CONCLUSIONS

A P-D material model was proposed in this study for simulation of pavement base and
subgrade materials under repeated loading. This model was modified from a conventional
elastoplastic model with linear strain hardening. The permanent deformation behavior of
materials under repeated loading was approximated by varying the loading and unloading
moduli in the constitutive model. The proposed P-D model contains four sets of input model
parameters. All model parameters can be obtained from a single laboratory P-D test. A P-D
test data analysis spreadsheet by Excel Macro (VBA) was developed to obtain these model
parameters from the P-D test data.

The P-D model was verified by simulating the laboratory P-D tests on eight pavement base
and subbase/subgrade materials. A sensitivity analysis was conducted to evaluate the effects
of material model parameters, pavement structures, and load configurations on permanent
deformation in the pavement structure. The proposed P-D material model was implemented
into a commercial FE program, ABAQUS, through a user-defined UMAT subroutine. FE
models were created to simulate the permanent deformation of the six APT test sections and
two low-volume road pavements in Louisiana.

The following conclusions can be drawn from this study:

e Comparison showed that the axisymmetric model has the best computational efficiency
and meanwhile produces compatible results compared with the more “realistic” 3-D
model.

e The sensitivity analysis results indicated that the proposed P-D model could effectively
predict the permanent deformation for different pavement structures.

e By simulating the permanent deformation of the six APT test sections, a shift factor of
1.13 was calibrated to account for the condition differences between the laboratory P-D
test and the field.

e Based on the FE predicted permanent deformation, the performance of 2.6 percent lime/6
percent fly ash (by weight) treated sandy clay subbase would be similar to that of 3.5
percent cement (by weight) treated the same soil subbase. The analysis also showed that
lime/fly ash treated soil could be a viable alternative to cement treated soil.
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The developed FE model and the calibrated shift factor (1.13) were applied to predict the
permanent deformation of two typical low volume pavement structures used in Louisiana.
Overall, the predicted permanent deformations matched well with the measured data.

The APT test calibrated FE model was used to develop P-D prediction models (transfer
functions) for pavement base and subbase/subgrade materials. The predicted permanent
deformations based on transfer functions also matched well with field measured data.



RECOMMENDATIONS

It is recommended that the developed FE model may be used in one of the following
application areas:

e Determination of the APT permanent deformation performance of other stabilized base or
subbase materials to be used in a similar pavement structure as those of the ALF 4
without the need of actual running APT tests.

e Asa pre-analysis tool in the selection process of APT test sections for a new APT
experiment in which test sections with different combinations of materials and layer
thicknesses may be proposed and the preliminary performance for each proposed section
may be predicted using the FE model developed and compared to each other.

e Asacomparison tool to the DARWin-ME (or MEPDG) in the prediction of permanent
deformation for stabilized base and subbase materials, and use the comparison results in
the development of pavement design manual for LADOTD.

In addition, the developed permanent deformation prediction models (or transfer functions)
for various pavement materials are also recommended to be used in the prediction of the
permanent deformation of pavement structures under accelerated loading. However, the
developed transfer functions are limited only to those materials considered in the ALF4
experiment of this study. Therefore, developing transfer functions for other pavement
materials is recommended to be considered in the future. In the mean time, the calibration
constants of developed transfer functions may be further calibrated by more field projects.
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APPENDIX A

In this study, two approaches of permanent deformation prediction were developed: FE
method and prediction model (transfer function) method.

Procedure for FE Method

The pavement permanent deformation can be predicted by FE method by following steps:

(1) Development of FE Model. The axisymmetric modeling is suggested in the permanent
deformation simulation considering the computational efficiency. The size and the mesh
density of the FE model should be determined by sensitivity analyses. It is suggested that
finer mesh be assigned near the surface load. Element of CAX8R in ABAQUS is suggested.
The load can be simplified as a circular uniform pressure. A repeated load with a triangle-
shape can be applied sequentially to simulate the repeated load.

(2) Material Model and Parameters. The proposed P-D model is applied for pavement layers
in the developed axisymmetric FE model. The material parameters are determined by the
laboratory P-D test. The user-defined UMAT FORTRAN subroutine for the proposed P-D
model was developed in this study. The details about the parameter determination are
provided in Appendix C in this report.

(3) ABAQUS FE Simulation. The developed FE model with UMAT subroutine is run in
ABAQUS for a reference number of cycles (around 100 cycles). FE simulation with each
load level and temperature level needs to be run separately.

(4) Accelerated Analysis Procedure. Based on the predicted permanent deformation
developed for a reference number of cycles, the accumulation of permanent deformation is
extrapolated via equation (11). If the pavement is subjected to several load and temperature
levels, the permanent deformation is first extrapolated separately and then connected as
described in this report.

(5) Effect of Wander. The wander adjustment factor for the predicted permanent deformation
is calculated by equation (12). For pavements with similar wander as the ALF tests in this
study, the wander adjustment factors can be found in Table 12.

(6) Shift Factor for the Predicted Permanent Deformation. The predicted permanent
deformations from the previous steps need to be adjusted by a shift factor of 1.13 calibrated
from the six APT sections in this study. This shift factor is suggested being further calibrated
with more simulation cases in the future.

89



Procedure for Prediction Model (Transfer Function) Method

The permanent deformation of pavement can also be predicted by the transfer function
method with the following steps:

(1) Calculation of Elastic Vertical Strain. The elastic vertical strains at the mid-depth of each
pavement sublayer under the center of load are calculated by ABAQUS or other elastic-
layered pavement analysis programs (e.g., CHEVRON, DAMA, DISAR, ELSYMS5, and
KENLAYER etc.)

(2) Material P-D Parameters. The P-D parameters (a and b) of pavement materials are
determined by laboratory P-D tests.

(3) Calculation of Permanent Vertical Strain. The accumulated permanent vertical strains at
the mid-depth of each pavement sublayer under the center of load are calculated by transfer
function equations (20) to (23).

(4) Calculation of Permanent Deformation. The accumulated permanent deformations of

pavement under the center of load are calculated by equation (17), which is the sum of
products of the mid-depth permanent strain and the thickness for all sublayers.
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APPENDIX B

Implicit Integration of Proposed P-D Model

The UMAT is written in a FORTRAN code, and the flowchart for developing the
FORTRAN Subroutine is presented in Figure 54. The integration scheme for the model is an
implicit scheme called radial return method. More details of the radial return method may be
referred elsewhere [35]. It is important to note that in the implicit scheme, all quantities are
written at the end of the time increment. This ensures that, the yield condition is satisfied at

the end of the time increment, therefore avoiding “drift” from the yield surface that can occur
in the explicit scheme [35].

Determine the applied loading cycle (N)
and d,

v

Unloading & maximu
effective stress of loading

No

c=d, c=1

Set up the Elasticity matrix: C [D]
v

Determine the elastic trial stress: o"
v

Determine the trail yield function: f
Next v

increment
Determine if actively yielding—
>0?

Use Newton interaction to determine
the effective plastic strain increment

No

=0

v v
Determine plastic and elastic strain and stress
increments

Update all quantities to the end of the time
increment

v

Determine consistent Jacobian: J

Figure 54
Flow chart of proposed model
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In the flow chart, the elasticity matrix is given as:

A+ 2u

A A

+ A
A A+2u
0 0 (24)
0 0
0 0

A
coox~s Tt
N
=

oOOoO® OO OC
oxT oo o o
'FOOOOCDI

where, C = dywhen unloading, and the maximum effective stress during loading at the same
Ev

cycle is larger than the initial yield stress, otherwise, C = 1.0; and A = ———and
a+v)(1-v)
u=G= E__ are the Lame constants.
2(1+v)

The elastic trial stress is given as:
ol" =0, + 2GAc + AMAs: 1 (25)

The trail yield function can be written as:

1
3 . "\2 26
fzaetr—r—ay=<§o'”:0”> —-r—o0, (26)

where, al"is the effective trial stress, o' is the deviatoric trial stress, and 7 is the linear
hardening function.

When the material yields, the effective plastic strain increment can be determined by the
Newton interaction:

r® =1, + hAp 27)
alm —3G6Ap®) — 1) — g
dAp = 2 P y 28)
3G+ h
The plastic and elastic strain and stress increments can be written as:
3 "3 o'
Ae? = —Ap— == (30)
TP, T2 P

92



Ae® = Ae — A€P (31)
Ao = 2GAe® + AIAgé: 1 (32)

The consistent Jacobian is given as:

_ d0Aoc

/= 32¢ )

!
- Ae® + 2GRAe + (K —2GR) 11: Ae in which @ =3 (

1
1+(3G/h)

O't
tr tr
O¢g O¢

where, Ac = 2GQ

oeoetr, R=ceovetr, and A=£3(1-2v).

Physical Meaning of P-D Parameters a and b

In the proposed P-D model, material permanent deformation property can be characterized
by the modulus ratio function d,, = ib + 1. The value of d,, changes with load cycle (N).
N

The P-D parameter a can be written as:

t t_ r p
a=d-1=2-1=5"%_% (34)

g g '

where, &/, &, and g/ are the total strain, permanent strain, and resilient strain at the 1*

cycle, respectively; and d; is modulus ratio at the 1% cycle.

The physical meaning of P-D parameter a is the initial ratio of permanent strain over resilient
strain. Figure 55 presents materials with different parameter a values. The material with a
higher a value has a larger d,, value and permanent strain (gp).
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Figure 55
Schematic representation of materials with different parameter a values

Figure 56 presents a schematic representation of materials with parameter a = 0. In this case,
dn has a constant value of 1, and the stress-strain curve of materials is the same as a
conventional elastoplastic model. The material becomes elastic after the first repetition, and
the no permanent strain will be developed in the succeeding repetitions if the stress level
does not increase.

A
dn| c

!

(@) dn with cycle number N (b) stress-strain curve

Figure 56
Schematic representation of materials with parameter a =0

Figure 57 presents a schematic representation of materials with parameter a— +o0. In this
case, all strains are permanent strain, and no elastic stain will be found under repeated
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loading. The permanent strain of material would increase linearly after first cycle.

A A
(¢ €p

L L a— Foo a— +oo
A Y

(a) dn with cycle number N (b) &, with cycle number N

Figure 57
Schematic representation of materials with parameter a— + o

Figure 58 presents equation (9) in log-log figure. As shown in Figure 58, the log(a) is the
intercept of (d,, — 1) and N at log-log figure, while the regression parameter b is the slope of
(dr-1) and N at log-log figure, which reflects the attenuation rate of d, .

og (a) Log (dn-1) = log (a)-b*Ipg (N)

Log (dn-1)

1 10 100 1000 10000

Figure 58
Modulus ratio function d, and parameters a and b
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P-D parameter b can be written as:

gl &g g’ P
log| =% log| = |—log| =~
b: 81 gn - _ gn 1 (35)

log(N) log(N )~ log (1)

M

where, £ and &, are the permanent strain and resilient strain at the 1% cycle, and & and
&, are the permanent strain and resilient strain at the N™ cycle.

Figure 59 presents materials with different parameter b values. The material with a larger b

value has smaller d, value and permanent strain (gp).
A A

dnl Spl

b
b.>b, b1>b, ’

bl \\
. bl

N N
(a) dn with cycle number N (b) &, with cycle number N

Figure 59
Schematic representation of materials with different parameter b values

Figure 60 presents a schematic representation of materials with parameter b = 0. In this case,
the d,, value equals to a + 1. The material would produce same permanent strain in each
cycle after the first one, and the permanent strain would increase linearly.

dn] GT Splll
b=0 (
,’l b = 0
at+l b=0
5 T Agye, o <
(a) d,, with cycle number N (b) stress-strain curve (c) gy with cycle number N
Figure 60

Schematic representation of material with parameter b =0
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Figure 61 presents a schematic representation of materials with parameter b — +o. In this

case, the d, value is a + 1 at the first repetition and equal to one from the second repetition.

The material becomes elastic after the first repetition, and the permanent strain will not be
predicted in succedent repetitions if the stress level held as a constant.

b — 4+

of

b — +w

£l

b — +w

N

(a) d,, with cycle number N

—_

€

(b) stress-strain curve

Figure 61

—

N

(¢) g, with cycle number N

Schematic representation of material with parameter b— + o

Effects of Other Parameters on Permanent Strain

Figure 62 presents the effect of modulus parameter E,_ on the permanent strain. As shown in
the figure, the permanent strain decreases with an increasing E, value.

30,000

—— EL=7ksi
= EL=30ksi
24,000 1 | 4 EL=60 ksi
—¢ EL=100 ksi
18000 | [ EL=145ksi

12,000

Permanent Strain (ustrain)

6,000

—X

30,000

Permanent Strain (ustrain)

0

0 2,000

(a) permanent strain with varying

4,000 6,000 8,000

Load Cycles

modulus Ep

10,000 12,000

Figure 62

24,000

18,000 -

12,000 -

6,000 -

50 100 150 200

E. (MPa)

strain

Effect of modulus E; on permanent strain (1 ksi. = 6.894 MPa)

In a P-D test, initial yielding stress will affect the permanent strain at first cycle. Figure 63

(b) effect of modulus E. on permanent

exhibits the effect of initial yielding stress on the first cycle permanent strain. A higher yield

stress will produce a smaller permanent strain in the first cycle.

97



A
T
B
e
]
~ ;)V — &
g 3 lp J
“ov
81
Figure 63

Effect of initial yield stress on the first cycle permanent strain

The hardening constant will affect the first cycle permanent strain as well. Figure 64 shows
the effect of the hardening constant on the permanent strain in the first cycle (hcy < hez < heg).
A higher hardening constant will produce a smaller permanent strain in the first cycle.

A
@ [ e
EL(l_ L ]
EL+hc3 EL 1— EL
E _+h,
E
................. E|1- L
gy L[ EL+hczj
. :fp _/ €
“3 Y
— P _/
UZY
p
81
Figure 64

Effect of hardening constant on the first cycle permanent strain

Simplifying the P-D Formula

The purpose of simplifying the P-D formula is to find a simple relationship form among
laboratory permanent strain, elastic stress and/or strain, material parameters, and load cycles
for developing the P-D prediction model (transfer function) for pavement base and
subbase/subgrade materials. This relationship is selected as the basic formula of transfer
function. Then, the selected formula of transfer function can be calibrated to account for the
differences between laboratory and field tests.
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As shown in equation (8), for the permanent deformation test, the accumulated permanent
strain is:

y(n):ﬁ"ug(l-%j E‘j(i):";"uEig(l-ij (36)
then,
oy 0-0, oad( 1
nj= 37
#'(n) h | E ;(aﬂbj 7

In this study, a values of all tested materials are relatively small compared to i°, especially

when the load cycle (i) becomes large. Assuming: a + i°~ i’

— n — . n 1
gp(n)zah y Eiz( j h6y+aEGZ(i_bj 9

C L i=1

The error of assuming a + i° as i’ is:

t 1

a+i® i"|_@a

T (49
a+i’

From equation (39), the highest a value and lowest b value will produce the largest error. In
this study, of the eight tested materials, the maximum a value of 0.156 and the minimum b
value of 0.44 will produce the largest error. As shown in Table 26, the error of assuming a +
i’ as i° decreases as the load cycle (i) increases. At the 10" cycle, the error was about 5.7
percent, while at the 100" cycle, the error was only 0.13 percent. It is acceptable in practice
since pavement life is much longer than this value.
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Table 26
Error of assuming a + i° as i°

Load cycles (i) 1 10 100 1,000 10,000 100,000

Error (%) 15.6 5.7 0.13 0.048 0.017 0.006

Forz— when0<b <1,

i=1 |

nt 1 1l a1 : (n+)"-1 &1 nl’b
k<Y< [ dx  ie, (FD 1 2 (40)
! X" gib ! (x-1) b &1
whenb =1,
n+1 n+1 1 1 2 1
[ 41 z I e, In(n+1)<> = <In(n)+1 (41)
1 =
whenb > 1,
Inﬂid Sia[t g ie, (D71 1 nob (42)
=dk (x-1) 1-b Si° 1-b

n
The errors of using lower limits to substitute the series on; are given:
i=1

When0<b<1,
1 (n+1)" -1 n~
2| 1-b 1-b || n™—(n+1)" +1 )
1'(n+1)“’—1+ Y )
2| 1-b  1-b]

In this study, for eight tested materials, the b value of 0.71 (upper limit) will produce the

largest error. As shown in Table 27, the error of using lower limits to substitute the series of
n ]

Z; decreases as the load cycle increases. When n = 10,000 cycles, the error was about 3.6
i=1

percent, which is acceptable in practice since the pavement life is much longer than this

value.
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When b =1,

ln()+1-i(n+2] n( ")

‘;[In(n)+1+ In(n +1)]‘ i In(nrli n)+1

(44)

Assuming a material has a b value of 1, as shown in Table 27, the error of using lower limits

n 1
to substitute the series of Z$
I

i=1

will increase as the load cycle increases. When n=10,000

cycles, the error was about 5.1 percent, which is acceptable in practice since the pavement
life is much longer than this.

When b > 1,
1 (n+1)" -1 n"-b
2|  1-b 1-b n* —(n+1)" +1-b
3 1o S| R T (45)
1| (n+1) -1, 0" -b|l n +(n+1)" -1-b
2| 1-b 1-b |

Assuming a material has a b value larger than 1.5, as shown in Table 27, the error of using

n 1
lower limits to substitute the series of zqwill be larger than about 20 percent, which is
i=1

unacceptable for this substitute. However, based on the laboratory tests for various pavement
materials in this study, no b value was found larger than 1.
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Table 27
Errors of using lower limits to substitute the series of ii
HJ

|

N Errors of using lower limits to substitute the series of Z":l
Condition b =i
n=1,000 n=10,000 n=100,000 | n=1,000,000
b<1 0.71 7.2 3.6 1.8 0.9
b=1 1 6.7 5.1 4.2 3.5
1.0001 6.7 5.2 4.2 35
12 11.8 10.6 10.0 9.6
b>1 15 20.5 20.2 20.1 20.0
2 3.4 33.3 33.3 33.3
3 50.0 50.0 50.0 50.0

From equations (43), (44), and (45), when b # 1, the lower limit has the same form of
(n+1)~" -1

, While when b = 1, the form of lower limit is In(n + 1). Table 28 presents the

comparison of different lower limits fori_i. As shown in Table 28, when b is equal or very

i1 |

close to 1, the different lower limits are very close. This means these different lower limits

1-b
can be unified as one form ofw, and when a material has a b value of 1, a number

that is very close to 1 (e.g., 0.9999 or 1.0001) can be assigned to calculate the lower limit of
(n+1)° -1

3 ib by formula
i1 |

Table 28
Comparison of different lower limits for -1

=

b Lower n
limit 10 100 1,000 10,000 | 100,000
(n+1)"° -1

0.9999 1-b 2.3982 | 4.6162 | 6.9111 | 9.2147 | 11.5196

1.0 In(n+1) 2.3979 | 4.6151 | 6.9088 | 9.2104 | 11.5129
(n+1)*" -1
1.0001 1-b 2.3976 | 4.6141 | 6.9064 | 9.2062 | 11.5063
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As aforementioned, equation (38) could be further simplified as:

£" = “;"v +E£ﬁ[(n+l)“’ ~1 (46)

c L

P-D Index

To characterize or compare material permanent deformation property, P-D parameters a and
b are needed, which makes the comparison inconvenient. In this study, the conception of a P-
D index is introduced to characterize or compare material permanent deformation property
easily. The P-D index (A) is defined as the area of between curvesd,andd =1, fromn=1to
10,000 (Figure 65), which can be calculated from equation (47).

dn

g

Z

7

1 ‘ . P
1 10 100 1000 10000
N
Figure 65
Area between curve d,andd =1
10000 A a
A= —dx =——(10000*° -1 47

= ) (47)

For the P-D test in this study, the load number n is 10,000. Equation (46) can be written as:

2% L 92 [10001)" —1
e~ T2 22 [a0000) -] “9)

c L

103



From equations (47) and (48):

£°(10,000) ~ er feA (49)

c

where, ¢°(10,000) = permanent strain after 10,000 cycles; o = effective stress; o, = yield
stress; he = hardening constant; E; = loading modulus, a; and b = P-D parameters; A = P-D
index; and ¢ = the elastic strain.

As shown in equation (49), permanent strain after 10,000 cycles approximates to the first
cycle plastic strain plus the product of elastic strain and the P-D index (A).

Table 29 presents the P-D index of tested materials. The calculated permanent strains by
equation (49) were close to those measured by P-D tests.

Table 29
P-D index of tested materials
£(10,000) |/
easured
Materials (o-ay)/h & A € *A calculated Permanent
(1e) (1e) (Le) by Eqg. Strain (ui)
(49)
BCS/Slag 6.1 105.3 0.36 37 44 42
BCS/Fly ash 8.6 156.7 0.94 147 156 154
Limestone 39.6 407.5 7.08 2,884 2,924 2,738
FAS50 70.6 4864 | 10.56 5,139 5,209 5,079
FA100 71.0 534.0 | 41.47 | 22143 22214 21.100
Cement 6.4 83.3 0.35 29 35 34
Treated soil
"'mesézfated 7.8 179.8 | 0.41 74 82 80
Subgrade 163.8 758.5 3.54 2,683 2,846 2,865
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APPENDIX C

The P-D test data analysis spreadsheet was developed to obtain P-D model parameters. This

spreadsheet was developed in the Microsoft Office Excel 2007 by Visual Basic Macros.
document provides main procedures information related to using the spreadsheet. For ot
detailed concepts, refer to the LTRC Final Report 452. This document does not contain
detailed instructions regarding the normal file operations associated with the Windows
operating environment.

1. Start Spreadsheet

This
her

e Double click the Excel file “P-D Test Template .xIsm,” and it is recommended to

save this spreadsheet as a new file with another name before processing data.
o In the first worksheet named “Original Data,” Click “Options...” after “Security
Warning: Some active content has been e
. vy « s . @ Security Alert - Macros & ActiveX
disabled,” select “enable the content,” click acos & Actvex
“OK_” the source of this file,

Macros and one or more ActiveX controls have been disabled, This active content might
cantain viruses or other security hazards. Do nat enable this content uness you trust

Warning: It is not possible to determine that this content came from a
trustworthy source. You should leave this content disabled unless the

@

__,tn_'\_ &‘ _l _1 ._j = p-D1 content provides critical functionality and you trust its source.
[ % ] = More information
3530 More information
_/ Heaa e FrrlEEr E T Fr i File Path:  C:\Documents and Settings\Farid Abed\Desktop'P-D Test Template .xism
) Help protect me from unknown content (recommended)
=1 & i s == = @ Ensble s content
J Arial -l A AT == | =wr
i ¢ |B L Ui - & A~ |E = =||E E| HMe
Clipboard M= Font F} Alignment
L;j Security Warning Some active content has been disabled. Options... Open the Trust Center
| 126 - 5|
2. Input and Check Raw Data
° Open the P-D 63\ H9- QO EE )+ 3% Cement#1.dat - Microsoft
- —/ Home Insert Page Layout Formulas Data Review View
testdata fileby — .
E I E] & cu Calibri -1~ A= || &2~ | | = Wrap Text General
Xcel; Co =3 Copy = ==
1 py Pavste  Format Painter (B O[S Av. = €= 35 || [ Merge & Center~ ||| $ ~ % o ||%
the test head Clipboard I} Font (F] Alignment [} Mumber
information to Al - J‘;| MTS793|MPT|ENU|1|2].|/]:]1]0]0]A
A B e D E F G H I 1
Spreadsheet_ 1 [MTs793|MPT|ENU|1]2].|/]:|1]0]0lA
2
3 |Data Acquisition Time: 0.042155 Sec 3/11/2010 13:12|
4 |Axial Cour Axial LoacLDT 1 LDT 2 Pore Pres: Confining Pressure
5 [segments Ibf in in psi psi
5] 0 -1.7425 -0.02534 -0.09391 1.23656 6.00046

e Copy the raw data of “Time,” “Axial Count,” “Axial Displacement,” “Load,”

“LVDTI1,” “LVDT2,” and “confining pressure” from test result “.dat” file to the

spreadsheet.
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Cn) H 2 - BAE)+ P-D Test Template .xism - Microsoft Excel
it
[ Home | Inset  Pagelayout  Formulas  Data  Review  View
a iz:;y Arial -l -[A A [ = =|®] | Siwrap e General _Eg f};f :;‘dl ﬁm j‘\ ]
Past = -A-l=E==== 5 ; - - . .08 | Conditional Format Cell || Insert Delete Fi
A  Format Painter B 7 U5 A||E = =|[2F =] B Merge & Center $ % |8 58 Fonr:‘na‘té;nga' as?;rgwaev Sty\ees- A
Clipboard = Font = Alignment = Number = Styles Cells
A22 - fe | 15713325
A B e D E E G H J K L M il C
; Delete Space | Delete Errar
3 |MTS793MPTIENU[1]2 1]00jA
4
5 |D: lisition Time 0.042155|Sec 40248.55043
6 |A rAxial Load DT LDT 2 Pore ning Pressure
7 |se b in
g
9 -40
10
11 -35
12
13 -30
14
15 g +
16 2 b 1
= -20
17 g 1
18 = 5 4
19
Time  Asial Count ! losd  LvDT1 Lvpre Confining 10 3
20 Displacement Pressure
in Ibf i in. Ibffin"2 5
S HeEETA 2917 ! O1571 Tw# ARRES
- Time (Sec.)

18 -0.0948| 1.997405

o Click the “Delete Space” button and wait until the function is finished. This step is to
delete the head information and blank rows between two recorded cycles.
Click the “Delete Error” button and wait until the function is finished. This step is to

02544

delete the redundant rows between two recorded cycles.

A curve between loads and time for the first three cycles is created automatically for

the user to check whether the loads were applied correctly during the P-D test. Users
can change the data range to check loads for other cycles.

3. Preprocess Data

In the second worksheet named
“Preprocess,” click the “Calculate” button
and wait until the function is finished. In
this step, the first row of data of “Time,”
“Axial Displacement,” “LVDT1,” and
“LVDT?2” are considered as the reference
points with a value of zero. And the load
cycles are calculated based on the “Axial

Count” information.

4. Calculate Peak Strains

(D) 9 - S OG-+
‘:g/'
— Home Insert Page Layout Formulas Data Review
3 "\“’C”t Arial -l -la = \
Past _é COpy ....... & A p—
aste || - - -|[||=
= - Format Painter N = L] =
Clipboard F] Font (F]
AS - Lo
A B c D E F
, Caute |
Calculat
2 alculate
3 Time Cycle Disp Load LVDT1 L\VDT2
4 in in in
5
6
7 g
o 1E0

marked in red; click the “Peak Deformation” button waiting until finished. In this
step, the peak strains are calculated, and a curve between peak strains and cycles is

created automatically.
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@ H9-c-305
ity —
‘ Home ‘ Insert Page Layout

P-D Test Template .xlsm - Microsoft Excel

Formulas Data

= * cut Arial |10 - |A‘ A'| %Wrap Text General = ﬁ g E- ?‘ [

—— 153 Copy

Pa‘ste ¥ Format Painter | e v” '” &.v é ‘| QMHQE&CM“’ i | B ”fﬁa :‘H'E| IE;r':ndag%r;alv a:?’;’;la:' StSI:IL‘ Ins'ert DEI'Ete |

Clipboard 7} Font F} Alignment (P Mumber (F} Styles Cells
H2 -0 fe| 551
A B c D E F G H | al K L M N o] B

1 _ Sample Height
2 I 5.51!

3 Time Cycle Disp Load LVDT1 LVDT2 LVDT_Awve Strain_Ave
4 Sec in Ibf in in in 106

5 0 0 0 0 0" 0 0 300

6 1/ 0.001019] 35.10902  0.000633 0.000788 0.00071 128.903 M

T 2| 0.001134) 3595245 0.000711 0.000827 0.000769  139.5057 250 ~

8 3| 0.001145) 36.29996 0.000743 0.0008457 0.000794| 144.1134

9 4, 0001216 3649942 0000763 00008577 000081 1469544 | 3 200
10 5 0.001154) 3647092 0.000778 0.0008770.000824 1495113 é
M 6 0001197 3659228 000079 0.00087770.000834 151.2785| T 150
12 7/ 0.001238 365419 0.000801 0.0008857 0.000843 152.9662 'E
13 5 0001199 3675705 0000803 0000895 0000852 154 6115 » 100
14 9 000126 3665357 0000823 00008997 0.000861 156.238
15 10| 0.001266 3659618 0.000816 0.000904 7 0.00086 156.1042 30
16 20| 0.001285 3658338 0.000869 0.0009467 0.000907 164.6915
v 30| 0.001337| 3656583 0.000901 0.0009647 0.000932 169.2357 0 T T T T T !
18 40| 0.001392| 36.63029| 0.000918| 0.000985" 0.000951 172.6775 0 2000 4000 6000 8000 10000 12000
19 50 0.001399 3662841 0000943 0.00100570.000974 176.8235
20 B0 000143 367604 0000957 0.00102270.000989 179.5199 Cyeles
21 70/ 0.001468| 36.74353| 0.000966 0.0010347  0.001) 181.4814

5. Calculate Permanent Strains

In the fourth worksheet named “PD,” click the “Permanent Deformation” button and

wait until the function is finished. In this step, the permanent strains are calculated,
and a curve between permanent strains and cycles is created automatically.

(Og) H9-¢t-30F

W

| Home_‘ Insert

P-D Test Template xlsm - Microsoft Excel

Page Layout Formulas Data Review Wiew
= * oL Arial | - |AA A'l |§ %Wrap Text General < ﬁ g E- E
~—' 52 Copy
Paftc }Format Painter B I U '” — '” &.. A 'l |g EMHQE&CEMH - ‘ o] ”(:ﬁa _;“_E IEg:nr:ndaltt'E;r:‘v asF?r;rSIa:' StSI:Il' Ins'ﬂt B
Clipboard i Font L} Alignment ) Number Fi Styles Ce
85 -~ £]o
A B E D E F G H J K L M N 0
1
2 _Pormaneni Dsomation |
3 Time Cycle Disp Load LVDT1 LVDT2 LVDT_Ave Strain_Ave
4 Sec in Ibf in in in 10%-6
5| o 0 0 0 o 0 0
6 10000254 362332 000025 00001137 0.000181 32.88344| 250
T 2| 0.000297 3596645 0000285 0.00014170.000213) 38.65807 g
8 3| 0.000318 3.657086  0.000305 0.00016] 0.000233 4220225 =
e 4/ 0.000339 3.642901| 0000318 0.000172] 0.000245 44 51828 @0
10 5| 0.000357 3.663931) 0.000329) 0.000185] 0.000257 46.67832 -
1 6 0000363 371928 0000333 00001357 0.000267 48.40132|%
12 7| 0.000375 367425 0.000341) 0.000204] 0.000273 49.48511 §50
13 3/ 0000386 3653772 0000343 0000217 0.000279 5068349 &
14 9| 0.000391 3.688648) 0.000353) 0.000218] 0.000286 51.83056 EOO
15 10/ 0.000406 3.691083| 0000357 0.000225] 0.000291| 52.87767 5_’
16 20| 0.000479 3.705436) 0.000397 0.000274] 0.000335 60.83948 =
17 30| 0.000516 3646202 0.000422| 0.000304" 0.000363 65.87736|-250
18 40| 0.000558 3.676221| 0.000444| 0.000327" 0.000385 69.94762|.5
19 50/ 0.000582 3.685628 0.000458| 0.000349] 0.000403| 73.20357 =
20 60 0.000611 3.662685 0.000475 0.00035470.000419 76.0719] O ! ! ! !
21 70| 0.000628 3.707249) 0.000484 0.000379] 0.000431| 78.2734 0 2000 4000 6000 2000 10000 12000
22 80| 0.000641 3656256 0.000494) 0.00039] 0.000442 80.18933 Cveles
77 anl 0 NANRARR| 3 RAARIT N ANNANR! N NNNANAT N NNURR| R2 T1AT1 =
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6. Calculate Resilient Modulus

o Inthe fifth worksheet ~ (&) @7 & 445 ° e
Home Insert Page Layout Formulas Data Review View
133 *1: ER) =
named resﬂlent, the 3 *E“t Arial -l - |A AT|||F =i Wrap Text Hun
ags 538 Copy
resilient modulus for P et it &A= i Merge & Center + || §
collected CyC|eS and the Clipboard El . Font El Alignment El
H3 v fe | =AVERAGE(E4:E69)
average value are ] & B * B E & £ =
H H Resilient  Cycli Cycli
CaICUIatEd Wlth unlts Of Cycle ;?:;nn Styli;slcs Mr (psi} (Ml‘u"'!jra) Strgscszv M[:;\;e. NEI{EQ:?
. (107} (psi) e. (psi)
both “pSl” and “MPa.” 0 0 5455825 388]

96.01956 5.129613 53422 58047 368.3357
100.8476 5.254679 5210512561 359.2522
101.9112 5301301 52018.834  358.6572

AT 4984 | £ 22E007  LAAOA ARSI LA ALAD

This information is not
required for the P-D
model, but can be a reference for user.

o || 4w
SR oo

7. Calculate P-D Parameters a and b
e In the sixth worksheet named “dy,” a curve between Ln (d-1) and Ln (N) and a
regression equation as Y=pX+q is created automatically. Input the “p” and “q” values
to cells marked in red from the regression equation. The P-D parameters “a” and “b”
are calculated automatically.

-3\'. o9~ FRR &)= P-D Test Template xlsm - Microsoft Excel

ia
—/ Home Insert Page Layout Formulas Data Review View
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A B £ D E F G H | J K L M M 8] P Q R
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3 0 0 0 0 I -0.§525 -2 4355! 0.087528 0.8525
4 1 3288344 96.01956 128.903 32.88343626 128.9029946
5 2 38.65807 100.8476 139.5057 5.774633783 106.6222806 1.05726 0.05726 -2.36014 0.693147 a Ln(N)
3] 3 4220225 101.9112 1441134 3544176051 1054553601 1.03478 003478 -3.3588 1.098612 ! ! ! ! !
7 4 4451828 102.4361 146.9544 2316033119 104.7521096 1.02261 0.02261 -3.78938 1.386294 2 4 & 8 10
8 5 46.67832 102.833 149.5113 2160044209 104.9930638 1.02101 002101 -3.86298 1.609433 -z
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12 9 5183056 1044075 156.233 1147071054 1055545342 101099 001099 461109 2197225 | T N B
13 10 5287767 1032265 1561042 1047111981 104 2736156 101014 001014 459089 2302585 | 5
14 20 6083948 103852 164 G915 079618064 104 6481737 100767 000767 -4 8709 2 995732
15 30 6587736 1033583 1692357 050378813 1038620923 100487 000487 -53238 3401197 | -3
16 40 6994762 1027299 1726775 040702654 103 1368983 100396 000396 -5 53098 3 688879
17 50 7320357 1036199 1768235 0325594174 1039455315 100314 000314 -576283 3912023 | g
18 60 760719 103448 1795199 028683362 103 734805 100277 000277 -588792 4094345 *.
19 70 782734 103208 1814814 0220149763 103428148 100213 000213 -615019 4 248495
20 B0 8018933 1025727 1827621 0.19159283 1027643342 100167 000167 -628296 4382027 | 2

9
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8. Calculate Loading Modulus (E.)

Do)\ = 92~ FREN=DE

e In the seventh worksheet named “E,” the loading e
= b cu Arial -l <A A
modulus (E.) for collected cycles and the average = ! aon 2|
. Feste # Format Painter | | L el g | = | RSl
value are calculated automatically. Gpses ) 2
| £3 - ﬁe| =AVERAGE(D4:D69)/1000
A B C D E F
1
Cycle Mr EL Ei_Ave.

. dn N
(psi) (psi) ksi
0 55.4.
5342258 1342466 3979436
5210513 1.057261 4928313
52018.83 1.034777 5027057
52091 1.02261 50939.28
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9. Calculate Yield Stress (6,) and Harden Constant (h.)

In the eighth worksheet named “first cycle,” input the sample diameter (by inch). A

curve between stress and strain for the first cycle is created automatically. Select the
point where the slope begins to change smaller as the yield point. Input the stress and

strain values of the yield point to cells marked in red from figure or columns “G” and
“H.” The harden constant (hc) is calculated automatically.

{ \,I =N BOE) -+ P-D Test Template xlsm - Microsoft Excel
= Home | Insert Pagelayout  Formulas Data Review  View
o i ma e N
=} ii:iy Arial M SN = [[#~] | Siwrap Text General - ijf‘ %ﬁl—ﬂ ':;dl il _;,‘J
Pajtﬂ # Format Painter B U -fE- S A= =29 Merge & Center = ||| § - % & |[%8 398/ Fc:r';‘n“la‘gﬁ":;‘v ESF?;E\E:- S&i‘lv 1"‘5'“ DE'_“E Fﬂff‘at
Clipboard ] Font & Alignment & Number LE] Styles Cells
G2 - [ fx| 2.8
A B c D E F G H J K L M N 0 B
1 Sample Diameter
2 .
3 Time Cycle Load LVDT1 LVDT2 LVDT Ave. Stress " Strain  Yield Stress >eak Stres:  E1 E2 he
4 Sec Ibf in in in psi psi psi ksi ksi ksi
5 0 0 0 0 0 0 0 0 4.68 5228022 458 206 376
6 0.002 0 0166227 -74E-06 -6.7E-06 -7.1E-06 0.026996 -1.282E-06
7 0.003% 0 -0.03233 1.71E-06 9.19E-06 545E-06 -0.00526 9.398E-07 Strain@yield Peak strain
8 0.0059 0 0163866 -1.7E-06 -3.2E-06 -2.5E-06 0.026612 -4.486E-07  0.0001023 0.000129
9 0.0078 0 0051935 1.06E-06 4 18E-06 262E-06 0008434 475E-07
10 0.0098 0 0400473 -51E-06 -53E-07 -28E-06 00650358 -5.091E-07
1 0.0117 0 0506705 27E-06 894E-07 18E-06 008229 326E-07
12 0.0137 0 108616 -53E-06 131E-05 39E-06 0176396 7.082E-07
13 0.0156 0 1999973 -11E-06 1.54E-05 T7.18E-06 0.324802 1.304E-06 /
14 0.0176 0 2963971 -14E-06 474E-05 23E-05 0481358 4 178E-06 i
15 0.0196 0 4277723 206E-05 6.79E-05 442E-05 0694715 8.03E-06 = / /
16 0.0215 0 5644043 254E-05 0000101 6.32E-05 0916609 1.147E-05 £
17 0.0235 0 6919973 535E-05 0000125 892E-05 1123824 1.618E-05 5 / /
18 0.0254 0 8637126 6.19E-05 0000158 0.00011 1402695 1.998E-05 & 2
19 0.0274 0 999075 0000108 0.000199 0000154 1.622528 2787E-05 / /
20 0.0293 0 119218 0000142 0000221 0000181 1.936135 3 289E-05 1
21 0.0313 0 1355766 0.000177 0.000263 0.00022 2201805 3989E-05 t o I""
22 0.0332 0 1536881 0.000204 0.000304 0000254 249594 4 60GE-05 —od T T T T !
23 00352 0 1744644 000025 0000351 0000301 2833355 5458E-05| -0.00002 0.00002 0.00004 0.00006 0.00008 0.0001 0.00012 0.00014
24 0.0371 0 19.17839 0.000281 0.000397 0.000339 3.114628 6 148E-05 1 Strain
25 0.0391 0 2126018 000033 0000428 0000379 3452717 6.882E-05
26 0.041 0 2275499 0000364 0.00049 0000427 3.695479 7.753E-05

10. Export and V

alidate Parameters

In the last worksheet named “Parameter & Validation,” parameters needed for P-D

model are exported. To validate the obtained parameters, two curves between

permanent

strains and cycles from P-D test and prediction based on obtained

parameters are created automatically.

( Vil 9 - FRRN=D P-D Test Template .xlsm - Microsoft Excel
a
7 fome | nsem Pagelsjout  Formums  Data  Review  View
Cut = = = ) \ | Zm Tk (@] || T AutoSum -
j;copy Arial -0 -|A A= =|[®-| |SiwrapTe General - ij‘ ﬁjﬂ \:;‘ﬂ jm = [l g - %7
P romatpaner | (B 2 8 7|[27][ A e Merae v enee = (B o Bl |~ e | e (G e
Clipbaard & Font & Alignment & Number o Styles Cells Editing
| A2 - £
A B c D E F G H J K L M N 0 B Q
1 Parameters  E (ksi) Yla\?pz(}ress heksi) a b 250
2 .I 554 4.68 376 0.088 0.85
3 g 200
£ H
2 lic st £ 150
. cycl I(Cpsﬁl)fESS EpW S
7 54 185386E-05 5§ 100 o Test
8 Pred.  Test g —m—pred
9 n dn epn ep ep (10%-6) N & =0
10 1 1.087528 7 80903E-06 26 1 26 32 88343626
1 2 1048475 448592E-06 3 0833BE-05 3 2 31 38.65807004 0
12 3 1034308 321841E-06 3 4052E-05 34 3 34 4220224609 ' ' ' ' ' ! '
13 4 1026847 253674E-06 3 65887E-05 37 4 37 4451827921 0 2000 4000 5000 5000 10000 12000
14 5 1022196 2 10684E-06 3 .86955E-05 39 5 39 4667832342 Cydes
15 6 1018001 1.80921E-06 4.05047E-05 4 6 41 48.40131739
16 7 1016661 1.58007E-06 4 20948E-05 42 7 42 4848510832
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APPENDIX D

Table 30 presents the soil properties of untreated soil. It was classified as CL soil based on

USCS and A-6 soil based on the AASHTO Soil Classification System. Figure 66 presents the
particle size distribution of untreated soil.

Table 30
Physical properties of untreated soil

Soil Tvoe Silt | Clay | LL PL Pl Wope | Maximum Dry | Specific |  Classification
yp (%) | (%) | (%) | (%) | (%) (%) Density, pcf | Gravity | USCS/AASHTO

Lt-cslzry‘dy 23.7| 310 325|157 | 168 | 157 111.4 2.65 CL/A-6

100 A g
80 \

) \
40

20

Percent Finer (%)

10 1 0.1 0.01 0.001
Grain Size (mm)

Figure 66
Particle size distribution of the untreated soil (1 in. = 25.4 mm)

Figure 67 presents the compaction curves of untreated, lime/fly ash treated, and cement
treated soils. Table 31 presents the optimum moisture and maximum dry density of untreated

and treated soils. The additions of lime/fly ash and cement increased the optimum moisture
contents and decreased the dry weight density.
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Figure 67
Compaction curves of untreated and treated soils

Table 31
Optimum moisture and maximum dry density of untreated and treated soils
Material Optimum Mooisture Content Maximum Dry Density
(%) (pcf)
Untreated Soll 15.7 111.4
Soil + 6% Lime + 2.6% Fly Ash 18.0 105.5
Soil + 9% Cement 15.8 110.3

Three samples were prepared for the UCS test for each untreated and treated soils. For
treated soils, the molded samples were sealed in plastic bags immersed in a water bath at
104°F (40°C) for 7 days. After the 7-day curing, the samples were taken out from plastic
bags. The lime/fly ash treated soil samples were wrapped with wet absorptive fabric and
placed on a porous stone in a shallow pan for 24 hours prior to testing at room temperature
for the capillary soak. The cement treated soil samples were immersed in water at room
temperature for 4 hours prior to testing. Table 32 presents the UCS test results for untreated
and treated soils. It can be found that the additions of lime/fly ash and cement increased the
UCS strength. To achieve 150-psi design strength for subbase layer, the content of 2.6
percent lime with 6 percent fly ash (by weight) was selected for lime/fly ash treated soil,
while the cement content was about 3 percent (by weight) by the interpolation method.
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Table 32

UCS test results for untreated and treated soils

UCS after 7 day curing with 40°C (psi)

Materials
#1 #2 #3 Average Stdev. Cov.(%)

Untreated soil 33.1 23.9 24.1 27.0 5.3 194

Soil + 2.6% Lime +6% Fly Ash 167.8 148.0 1354 150.4 16.3 10.9
Soil +4 % Lime + 1.7% Fly Ash 159.1 166.9 141.8 155.9 12.9 8.3
Soil + 6% Lime + 2.6% Fly Ash 126.2 139.8 155.6 140.5 14.7 10.5
Soil + 8% Lime + 3.4% Fly Ash 132.2 119.7 145.0 132.3 12.7 9.6
Soil + 2% Cement 68.1 85.9 - 77.0 125 16.3

Soil + 4% Cement 253.5 229.9 271.4 251.6 20.8 8.3

Soil + 6% Cement 373.1 385.9 370.8 376.6 8.1 2.2

Soil + 9% Cement 584.1 599.9 537.1 573.7 32.7 5.7

Soil + 12% Cement 585.7 575.5 627.5 596.2 27.6 4.6

Soil samples with 2.6 percent lime/6 percent fly ash, 3 percent cement, and 4 percent cement
were selected to conduct the P-D test. The samples had a diameter of 2.8 in. and a height of
5.6 in. The same curing method was applied as the UCS samples. The confining pressure of 2
psi and a cyclic stress of 5.4 psi were applied in the P-D test for 10,000 cycles. Figure 68

presents the P-D test results for 2.6 percent lime/6 per fly ash, 3 percent cement, and 4
percent cement treated soils. The permanent strain of 2.6 percent lime/6 percent fly ash

treated soil after 10,000 cycles was between those of 3 percent cement and 4 percent cement

treated soils.

350
—0— 2.6% Lime/6% Flyash
o~ 300 —m— 3% cement
g 250 -|{| —&— 4% Cement
£
©
5 200 A
T 150 -
c
©
€ 100
[}
a
50
0
0 2000 4000 6000 8000 10000
Load Cycles
Figure 68

Permanent deformation test results for lime/fly ash and cement treated soils
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