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Appropriate Boundary Conditions for Three Dimensional Finite Element
Implicit Dynamic Analysis of Flexible Pavement
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Abstract

Flexible pavement responses to vehicular loading, such as critical stresses and strains, in each pavement layer, could be predicted by the
multilayered elastic analysis. However, multilayered elastic theory suffers from major drawbacks including spatial dimension of a numerical model,
material properties considered in the analysis, boundary conditions, and ill-presentation of tire-pavement contact shape and stresses. To overcome
these shortcomings, three-dimensional finite element (3D FE) models are developed and numerical analyses are conducted to calculate pavement
responses to moving load in this study. This paper introduces a methodology for an effective 3D FE to simulate flexible pavement structure. It also
discusses the mesh development and boundary condition analysis. Sensitivity analyses of flexible pavement response to loading are conducted. The
infinite boundary conditions and time-dependent history of calculated pavement responses are considered in the analysis. This study found that the
outcome of 3D FE implicit dynamic analysis of flexible pavement that utilizes appropriate boundary conditions, continuous moving load,
viscoelastic hot-mix asphalt model is comparable to field measurements.
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1. INTRODUCTION

Pavement researchers have widely used traditional
layered linear elastic theory to predict flexible pavement
responses to various loading conditions. Using this
method, pavement responses to assumed static circular
loading area and uniform load distribution are calculated.
However, such assumptions result in erroneous
pavement responses (Al-Qadi et al., 2003).

In order to overcome the aforementioned drawbacks in
the layered linear elastic theory, finite element method
has recently been widely utilized in pavement
engineering. The finite element method provides
versatility and flexibility in analysis to accurately
simulate many engineering problems. It can successfully
consider various factors in the analysis process such as
nonuniform contact stress distribution, linear or nonlinear
viscoelastic material behavior, moving wheel loading,
interlayer conditions, and infinite foundation, If these
factors are successfully incorporated into a numerical
model, a developed FE model may then be expanded to
other scenarios that were not tested in the field. Hence,
numerical results can be used to define pavement
damage potential(ABAQUS, 2005; Bathe, 1996). In this
study, a three dimensional finite element(3D FE) model
was developed and validated with field measurements.
The model investigated stresses and strains at each
interface layer of a pavement subjected to moving wheel
loads. A convergence study was conducted to define the
proper FE boundary conditions and to attain stable
solutions. The following analytical factors were
considered in the 3D FE model:

1) A spatial dimension of the 3D FE model was
selected in order to reduce boundary condition
errors and keep the size of the FE mesh within
acceptable limits of pavement dimension. The 3D
FE mesh was designed to give an optimal accuracy
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with small elements under the loading area and
relatively larger elements far from the loading area.

2) Four lateral boundaries and one at the bottom of the
flexibie pavement were selected after conducting
sensitivity analyses between a reference model and
an infinite boundary model.

3) All pavement interface layers are assumed as
contact layers subjected to a proper interface
friction model. The interface condition was based
upon the parametric study conducted by Yoo, 2007.
The study utilized layer interface models with
various Coulomb friction coefficients.

4) The commercial software ABAQUS was selected
for FE modeling of pavement structure. This allows
for 3D analyses under moving wheel loading,
various types of material properties including elastic
characteristics for unbound layers, linear
viscoelastic material properties for hot-mix asphalt
(HMA) layers (Yoo, 2007, ABAQUS, 2005).

2. STRUCTURAL PAVEMENT ANALYSIS

Critical pavement responses to loading are often
computed using numerical analysis. In the analysis,
several assumptions, such as static loading condition,
circular loading area, uniform load distribution, and
elastic material properties are inevitably introduced. On
the other hand, finite element numerical analyses allow
considering more advanced conditions such as three
dimensional nonuniform contact stresses, frictional
interfaces, and HMA linear viscoelastity to have more
accurate pavement responses.

The critical pavement responses to loading, which can
be used to predict pavement damage, are often used to
calculate the allowable number of wheel load repetitions.
Pavement failure mechanisms such as fatigue cracking,
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primary rutting within HMA, subgrade rutting, and
surface initiated top-down cracking are strongly related
to critical responses at surface, inside or interlayer of a
pavement system. Hence, accurate pavement responses
determined using advanced numerical pavement analysis
is important for quantifying pavement damage.

2.1 Conventional Analyses

Closed-form solutions for a homogeneous mass have
been developed for calculating stresses, strains, and
deflections. Numerical models developed by Burmister
(1945) assume the load uniformly distributed over a
circular contact area known as uniform pressure model.
This method provides a closed-form solution for
calculating stresses for a homogeneous, isotropic, and
linear elastic semi-infinite space under a point load.

Based on this method, the vertical stress at the

centerline of the load was proposed as follows:
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where,
P point load, and
z :vertical depth of the point of interest.

A similar solution was defined when the point load is
changed to a distributed load resulting in the following
closed form solution at axis of symmetry (Huang, 1993):
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where,
q :normal stress (uniform pressure applied
over a circular area of radius), and
a :flexible plate radius.
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In addition, the multi-layered elastic analysis considers
n-layer pavement system in cylindrical coordinate. The
modulus of elasticity and Poisson ratio are the elastic
material properties in that model. This theory satisty
equilibrium conditions by taking stress components as
derivatives of the Airy stress function, ¢(x,y). The
compatibility condition in terms of the stresses,
o, and o, , for the special case of no-body force is
held as the Eq. (3) (Huang , 1993).

Vo=V, +0,,)=0 3)

The biharmonic Eq. (3) is a forth-order differential
equation, thus, the stresses and displacements formulate
with four constants of integration which must be
determined from the boundary and continuity conditions.
The external load must be a constant load distributed
over a circular area in this case. The closed-form solution
and the multi-layered elastic analysis have some
limitations in considering the time and temperature
dependencies of hot-mix asphalt, various external
loading condition, and the spatial geometry of a
pavement (Huang, 1993).

Prior to executing pavement responses analyses,
contact stress distributions at the surface and within the
pavement system needs to be investigated, which are tire
type dependent. It should be noted that all closed-form
solutions and multi-layered elastic analyses up to date are
independent of tire-pavement contact stress and area.
Major assumptions in conventional analyses are as
follows (Huang, 1993; Ullidtz, 1987):

1) Homogeneous, isotropic, and linear elastic layer.

2) Static loading over a uniform circular area.

3) A semi-infinite subgrade layer with a constant
modulus.

4y Compatibility of strains and stresses is satisfied at



all layer interfaces.
5) Mass Inertia and damping force effects are ignored.

In addition, these models ignore effects of nonuniform
contact stresses and surface tangential forces at tire-to-
pavement surface. However, it was concluded that tire-
pavement contact configuration significantly affects the
contact stress distribution at pavement surface. Several
studies have shown that tire contact stresses are
ponupiform; but rather have unigue shape and
distributions depending on tire configurations (Al-Qadi
et al., 2005; Bonaquist, 1992; De Beer, 1997).

Regarding the nonuniform contact stresses, which are
varied along the width and length of a tire-rib, should be
addressed in computing pavement responses. This may
not be accomplished by a conventional approach; but
through the finite element method.

2.2 Finite Element Analysis

The structural design of flexible pavements assumes
that the vertical component of the contact pressure is
uniformly distributed over a circular tire imprint area and
is normally equal to the tire inflation pressure. However,
considerable experimental evidence suggests that this
assumption is invalid (Sebaaly, 1992).

Hence, to incorporate various tire-pavement contact
shapes in pavement analysis, not only the spatial
dimension of a FE model needs to be defined according to
vehicular loading characteristics; but also there is a need to
select an effective FE analysis method according to
pavement responses of interest and computational
efficiencies. On the other hand, element type, size, and
boundary conditions must be selected carefully through
sensitivity analyses, since the accuracy of an FE
calculation highly depends on them.

Three types of FE modeling approaches have been often
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used for the structural analysis of pavement systems:
axisymmetric, two-dimensional (2D) plane strain, and
three-dimensional (3D) domain. The general advantages
and disadvantages of each approach are as follows:

2.2.1 Axisymmetric FE Approach

This formulation reduces a 3D pavement structure to a
2D by assuming constant properties in all horizontal
planes using cylindrical coordinates. Hence, the traffic
load is applied over a single circular area. This may
results in a serious limitation when a dual-tire assembly
is considered (Cho et al., 1996).

2.2.22-D Plane Strain FE Approach

Although this approach requires less computational
time and memory than 3D domain, it could not
accurately simulate actual traffic loadings. It assumes
that the longitudinal dimension of a pavement system,
which is parallel to traffic direction, has no effect on
pavement responses to loading. Some field
measurements show that longitudinal strain is significant
and may not be neglected in pavement damage analysis
(Al-Qadi et al., 2004; Priest, 2005).

2.2.3 3D FE Approach

The 3D FE approach can simulate a pavement system
more accurately than the aforementioned approaches. It
accommodates various conditions in numetical analysis
including nonuniform loading and contact shape like Fig
1 in this study, pavement discontinuities, and infinite and
stiff foundations. However, this approach requires
relatively longer computational time, memory and pre-
and post-processing efforts than others. Usually a trade-
off between accuracy and computational time is
involved. Although a finer mesh provides a more
accurate solution, it needs more computation time
(ABAQUS, 2005; Desai 1979).
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Fig. 1 Nonuniform Maximum Tire Contact Stresses and
Contact Shapes: Dual-Tire Assembly (275/80R22.5) at
35.5 kN Wheel Load and 720 kPa Inflation Pressure

2.3 Three Dimensional Finite Element Analyses

2.3.1 Sensitivity Analysis for Vertical Mesh Thickness

The mesh size of a 3D finite element needs to be
carefully selected as it directly affects the level of
accuracy. When evaluating resuits of the FE model, two
general criteria are recommended to be checked (Bathe,
1996; Desai, 1979):

1) The FE solution has to converge to the continuum
model solution. To ensure this criterion, a regular
mesh refinement process can be used. The FE
solution is then verified against a simplified solution
through a layered elastic theory based on general
assumptions (e.g., static loading, fully-bonded
interface conditions, uniform contact stress, and
linear elastic material behavior).

2) A mesh refinement criterion can be held when
jumps in stresses across inter-element boundaries

become negligible.

In addition, the selection of element thickness is
proved to be a more complicated one. At the interface
between top layers in a pavement system, the continuity
of stresses is highly affected by the selected element
thickness. Therefore, a detailed sensitivity analysis
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needs to be performed. To ensure an acceptable level
of accuracy of results and the convergence of the
developed 3D FE model, the 3D FE model was refined
until specific criteria were satisfied. A sensitivity
analysis of the element thickness was conducted to
check the jump-stress across inter-element boundaries,
while keeping the computation time within reasonable
limits.

Within the context of a continuum model, no jumps
in vertical stresses should occur at the interface between
the layers. Hence, the criterion used in the evaluation of
the accuracy of the model is the determination of the
vertical stress jump that may occur at the interface. In
this analysis, the different element thicknesses ranging
from 2.38mm to 38.1mm were considered, Table 1.
Table 1 presents the vertical stress jump at the HMA
wearing surface (38.1mm)-base layer interface; being
the closest to the load, it is the most critical interface.
The continuity of stresses at the interface between two
layers is highly affected by the selected element
thickness. If a minimum 5% accuracy of the applied
average contact stress (800kPa) is needed (i.e. 40kPa),
it appears that an element thickness of 9.50mm or
smaller would provide an acceptable level of accuracy.
Another critical factor in the selection of the
appropriate element thickness is controlling the
computational time and data storage space requirements
for the selected 3D element dimension. All FE models
were processed on a dual-core personal computer,
which is equipped with 8GB memory. A significant
increase in computational time and data storage space
occurs after refining the mesh size to a thickness less
than 9.50mm.

2.3.2 Sensitivity Analysis: Boundary Condition
It is also important to select proper boundary
conditions because they highly impact pavement



Table 1. Mesh Size Sensitivity Analysis

Element Data Jump
(Case Thickn:" Model Size | Number of Star YComputation | “WS-“BM
D %! (“DOF) | Flements % i () | Interface
(rmm) (Gbytes)
(kPa)
A | 3810 1172476 42,916 | 2.35 3145 93.2
B 1 18.05 {212,226 55656 | 3.00 | 4871 52.2
o] 9.50 1291,726| 81,136 | 4.19 | 6599 25.6
D | 476 1450,726)132.096| 7.26 | 18565 9.90
E 2.38 760,776 (231,468 | 12.91 | 30551 | 6.97

A0F:Degree of FraadormNumber of Equations, Computation time per step(sec)
“hS:Wearing Surface of HMA, and VBM:Base Mix of HMA

responses. Since a 3D FE model simulates an entire
multi-layered pavement system in this study, it was
unrealistic to impose any fixed boundary conditions.
Instead, infinite boundary conditions were investigated to
simulate the far-field region in four vertical sides and a
horizontal bottom of the pavement.

To reduce the problem size, infinite boundary elements
should be located as close as possible to the area of
interest. However, this will induce some errors in
calculations. This implies that the infinite boundary,
which is coupled with finite elements, should be located
sufficiently far from the area of interest. Sensitivity
analyses were performed to determine the closest
distance where infinite boundary elements can be located
(ARA, 2004),

The load is modeled as a static, uniform 800 kPa
contact stress having a longest radius "t of 150 mm.

Infinite elements were also used to simulate the four
vertical sides and the subgrade’ s support of the pavement
system. The subgrade was divided into four layers: the
upper three layers were defined by elastic material
properties from the backcalculation analysis of FWD
deflection measurements of the Virginia Smart Road,
while the fourth layer, which was at the bottom of
pavement model, was assumed as a bedrock infinite
foundation. All calculations were performed using the
implicit dynamic analysis method(Elseifi et al., 2006;
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Yoo, 2007).

To use a reference model, a large size of pavement, 3m
X 3m X 5m, was modeled as shown in Figs 2(a) and (b).
Roller boundary conditions were utilized for four sides of
this model.

-y
i 3m

(b) In-Plane Dimension

(a) 3D Shape

Fig. 2 Reference Pavement FE Model

The effect of boundary condition on pavement
responses for the reference model was first analyzed.
Analysis results showed that all pavement responses at
the edge of the reference model were negligible, Figs 3
(a) and (b). Hence, pavement responses from this
reference model could be used to compare with the
critical pavement responses from the reduced model,
which has infinite boundary elements.

0
o

Centerof Model

=

£ 20 Jr—

g

B

T 10

= \ Edge of Model
.*é‘}

= 0

- 500 1000 1800

5N
o

Horizontal Length from Load Center{mm)

(a) Longitudinal Strain at the bottom of HMA

FRERES =Y



C0C0000000000CQU0000VCC0000T0OCO000CRV0000000CTV00D0VOV00CDO0BCVOTICITCOCVTIOCOTTOO0

-300
Centerof Model

\

N
£
S

N
0
©

&
&

Com pressivle Stress (kPa)
o
(=)

el LR
tge ofvtodel
‘ LN

0 500 1000 1500
Horizontal Length from Load Center (mm)

()

{b) Compressive Stress at the top of the Aggregate Base

Fig. 3 Reference Model Responses

To describe the mesh schematic of the infinite
boundary element, a symmetric pavement diagram is
presented with a half of the 3D FE model in the 2D plane
in Fig 4. The infinite boundary elements were located at

a distance “Lh” in the horizontal direction and “Lv” in
the vertical direction. The relative response comparison
between the reference model and the infinite model were
made to define the boundaries.

! Lh |

[ 1
v

m Finits Elemnent Domain infinite Boundary Element

Fig. 4 2D Piane Mesh for Boundary Investigation
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2.3.3 Location of Vertical Side Infinite Boundary

The vertical infinite boundaries were located at a
distance “Lh” from the center of the tire load. “Lh” was
varied between two and ten times of the maximum
length of the loading area (2r ~ 10r), as shown in Figs 5
(a) through (d). The results show consistent
convergences to the reference value as ‘Lh’ increases.
In all cases, the differences between the reference (a
single dot in Figs 5 (a) through (d)) and the infinite
model become sufficiently small for “Lh” about six

“

times T

2.3.4 Location of Horizontal bottom Infinite Boundary

In addition to the location of four vertical side's
infinite elements, the infinite elements for a horizontal
bottom of the model were located at a distance “Lv”
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from the surface of the pavement. ‘Lv’~ was varied
between ten and forty times of the loading radius (10r ~
40r), Figs 6(a) through (d).

Pavement responses at the bottom of HMA did not
significantly vary as the depth of the pavement increases
from 10r to 40r, Figs 6(a) and (b). However, compressive
stress and strain at top of subgrade were significantly
affected by the depth of infinite element boundary, Figs 6
(c) and (d). The compressive responses showed
consistent convergences to the reference value as “Lv’
increased. The difference between the reference and
infinite models become insignificantly small when Lv’
was about fifteen times the loading radius (151).

The location of lower infinite boundary element
recommended the depth where the maximum
compressive stress in the subgrade becomes insignificantly
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small, 1% or less of the applied contact stress. A suggested
distance by ARA (2004) for the bottom infinite boundary
ranges 76mm to 1200mm (ARA, 2004). The maximum
difference of the compressive stress in Fig 6(c) resulted in
about 2kPa, which is about 0.25% of applied contact stress
of 800 kPa. _

In addition, infinite boundary elements can be
advantageous in reducing the model size, memory, and
computation time, Table 2.

Table 2. Characteristics of Analysis Domain

Case ID Model Size| Number of | Memory Used |Computation
(DOF) | Elements | (Gbytes) | Time (sec)
Reference
Model 298,152 | 83,688 2.88 8,728
oMnite 115,186 | 5099 | 200 | 5233
oundary

2.3.5 Response Analysis: Multi-Layered Elastic vs.

3DFE

In order to evaluate the accuracy of the FE analysis, a
3D FE model was designed utilizing the same vehicular
loading, material conditions, and static analysis for a
multi-layered elastic software BISAR-3. BIASR may
provide the closest to the closed-form solution. Results
presented in Fig 7(a) show the convergence of the
vertical stress at the bottom of the HMA wearing surface;
while Fig 7(b) presents the convergence of the vertical
strain at the bottom of the HMA base layer. The figure
presents the mesh refinement between multi-layered
elastic analysis and finite element analysis.

Results from static FE models do not appear to exactly
converge to the layered elastic solution, which is
determined by the BISAR, as the mesh is more refined.
Using the same accuracy criterion applied to assess the
jump in the vertical stress across layer interfaces, the
limit of accuracy shown in Figs 7(a) and (b) indicate that
the element thickness of 19.05mm or smaller should

provide a level of accuracy of 5% or better, when
compared to the BISAR s solution.

The agreement between the 3D FE model and the
multilayered theory solution for these cases establishes
the adequacy of the geometry and mesh size for the FE
model. Hence, it can be determined that an element
thickness of 9.5mm for HMA layers would be
sufficient for the executable computational time while

providing an acceptable stress-jump in the interface.
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Fig. 7 Sensitivity Analysis of Vertical Mesh Thickness
After establishing the convergence between two

analyses methods through elastic analyses, the material

properties for each layer are needed to be characterized.



Since HMA only behaves elastically at low temperatures,
the elastic theory to describe the HMA's behavior at
intermediate and high temperatures often results in an
underestimation of pavement responses. Hot-mix asphalt
may exhibit close to viscoelastic or viscous behavior at
high temperatures or under slow loading speeds. The
Prony series, which is equivalent to the generalized
Maxwell solid mechanical model, was utilized to predict
the linear viscoelastic responses at HMA layers as
presented by Al-Qadi et al. 2005 (Al-Qadi et al., 2005;
Elseifi et al., 2006). Al-Qadi et al. (2005) have done the
creep tests for the Prony series at three temperatures of 5,
25, and 40°C. The linear viscoelastic material properties
for HMA at 257 were only utilized for 3D FE analysis
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for the relative comparison with the field measurement,
which was shifted to the 25 C in this paper.

Figs 8 and 9 show that there are significant differences
between the multilayered elastic analysis and the 3D FE
analysis at 25C. The differences in stresses (Maximum
stress of FE model: FE-MAX, Average stress of FE
model: FE AVG, and Multilayered elastic analysis:
BISAR) at the bottom of wearing surface(Fig 8(b)) and
at the bottom of HMA(Fig 9(b)) are relatively smaller
than the differences in the strains(Fig 8(a) and Fig 9(a)),
because the 3D FE model considers viscoelastic strains
rather than the elastic strain only.

For the verification purpose of the developed 3D FE
model, Figs 10(a) and (b) presented the measured and
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Fig. 8 Response Comparison at the bottom of Wearing
Surface(38.1mm)
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Fig. 9 Response Comparison at the bottom of HMA(188mm)
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calculated longitudinal strains at the bottom of HMA
wearing surface and at the bottom of HMA base layer at
loading parameters of 35.5 kN of wheel load, 720 kPa of
tire inflation pressure like Fig 1, and 8 km/h speed,
respectively.

Both the measured and calculated longitudinal strains
show typical longitudinal strain response. As the load
approaches the measuring point, strains are in
compression, and then change the direction into tension
as the load is leaving. The model prediction of

longitudinal strain is in reasonable agreement with field

measurements.
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Fig. 10 Comparison between Measured and Calculated
Longitudinal Strains at 25°C
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3. CONCLUSION

To develop an effective 3D FE model for a numerical
analysis of flexible pavement, the 3D mesh development
and boundary condition analyses are presented.
Sensitivity analyses of the 3D mesh size, infinite
boundary condition, and time-dependent history of
calculated pavement responses were conducted. In order
to overcome some drawbacks in the conventional
multilayer elastic approaches, the developed 3D FE
model successfully considered various factors in the
analysis such as nonuniform contact stress distribution,
viscoelastic HMA behavior, moving wheel Joading, and
infinite boundaries and foundation.

The locations of the vertical infinite boundaries were
recommended at a distance at least six times of longest
loading radius from the center of the tire load (6r). The
location of infinite boundary at the bottom of the
pavement model was recommended the depth where the
maximum compressive stress in the subgrade becomes
insignificantly small, 1% or less of the pavement-tire
contact stress. A suggested distance for the bottom infinite
boundary was about 15 times the loading radius (151).

Both measured and calculated longitudinal strains
showed typical longitudinal strain response. As the load
approaches the measuring point, strains are in
compression, and then change the direction into tension
as the load is leaving. The calculated longitudinal strains
were in reasonable agreement with field measurements.
Since HMA only behaves elastically at low temperatures,
the multi-layered elastic analysis to describe the HMA's
behavior at intermediate temperatares (25C) resulted in

significant underestimation of pavement responses.
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