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Parameter Studies on Three-Dimensional Finite Element Analysis
of Rigid Pavements
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ABSTRACT: The main objective of this study was to conduct m-depth parameter studies on
3-D fmite element (FE} analysis of rigid pavements under edge loading conditions. A
systematic analytical approach was utilized and implemented in a Visual Basic software _
package to study the effects of mesh fineness and element selection, The deflection and stress
convergence characteristics of various 2-D shell and 3-D solid elements were investigated.
Several guidelines in mesh fineness and element selection were developed and recommended.
Using the principles of dimensional analysis, an additional dimensionless variable (h/a) was
dentified and verified to have a substantial influence on ABAQUS runs using either 2-D shell
or 3-I solid elements. Separate 3-D FE stress and deflection databases were developed using
all dimensionless variables. An example critical stress predictive model was developed.
Together with the existing 2-D FE research findings, a tentative stress prediction equation was
proposed to lustrate its possible applications.

KEY WORDS: Rigid pavement, finite element model, stress, deflection, design, evaluation.
L INTRODUCTION

Determination of critical structural responses in terms of stresses and deflections in a concrete
slab is essential to mechanistic-based design as well as structural evaluation procedures. Two-
dimensional (2-B, ILLI-SLAB) finite clement (FE) models have been successfully utilized to
account for the effects of many practical pavement conditions more realistically than
theoretical solutions based on infinite slab and full contact assumptions (Lee, 1999). The
applicability of the ILLI-SLAB program for stress estimation has been previously
nvestigated through comparisons of the resultin g stresses and the actual field measurements
from some test sections of Taiwan’s second northern highway, the AASHO Road Test, and
the Arlington Road Test with reasonably good agreements.

With the introduction of three-dimensional (3-D, ABAQUS) FE and all the promising
features and results reported in the literature (foannides and Donnelly, 1988; Kuo, 1994; Brill,
1998; Hammons, 1998; Thompson and Navncet, 1999; Kim and Hjelmstad, 2000}, its
applications on pavement engineering become inevitable. Nevertheless, due to the required
running-time and complexity, 3-D FE analysis cannot be easily implemented as a part of
design or structural evaluation procedure. Thus, the main objective of this study is to conduct
in-depth parameter studies on 3-D FE analysis of rigid pavements (Wu, 2003). A single slab
resting on a Winkler foundation with edge loading conditions was considered. The ultimate
goal of this study is to bridge the gap among various 2-D and 3-D FE idealizations and
closed-form solutions for future development of a 3-D FE mechanistic-based design and
structural evaluation procedure.



2. CLOSED-FORM SOLUTIONS AND FINITE ELEMENT IDEALIZATIONS

Based on the assumption of an infinite or semi-infinite slab over a dense liquid (Winkler)
foundation, Westergaard obtained the following closed-form solutions subjected to a single
edge wheel load (Toannides, 1985):
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Where o, is Westergaard's closed-form edge stress solution, [FL™?]; 8ye is the edge
deflection, [L}; P is the single wheel load, [F]; & is the thickness of the slab, {L]; a is the
radius of the applied load, [L]; #=(E*h3/(12%(1-pn2)*kN>* is the radius of relative stiffivess of
the slab-subgrade system [L]; k is the modulus of subgrade reaction, [FL™]; £ is the concrete
modulus of the slab, [F1?]; xis the Poisson’s ratio. Note that primary dimension for force is
represented by [F], and length is represented by [L]. 3=0.577215664901 is Fuler's constant,
The analysis of finite slab length and width was not possible until the introduction of finite
clement (FE) models. The well-known ILLI-SLAB (2-D) and ABAQUS (3-D) FE models
were selected for this study (Korovesis, 1990; Hibbitt, Karlsson, and Sorensen, 2000). Brief
summary characteristics of the ILLI-ST.AB finite element, 2-D shell and 3-D solid elements
from the ABAQUS library including both linear and quadratic elements emploving both full
and reduced integration were given in the literature (Kuo, 1994; Hammons, 1998; Wu, 2003).
Two types of thin shell elements (4-node, 8-node, and 9-node) are considered: those satisfy
the thin shell theory {the Kirchhoff constraint) analytically and those converge fo thin shell
theory numerically as the thickness decreases. The selected 3-D solid {brick) elements (8-
node, 20-node, and 21~27-node) include first-order (linear) and second-order {quadratic)
interpolation elements. Second-order elements provide higher accuracy than first-order
clements and are very effective in bending-dominated problems. Reduced irtegration reduces
the computation time through the use of a lower-order integration to form the element
stiffness. Generally speaking, the accuracy achieved with full versus reduced tegration first-
order clements is largely dependent on the nature of the problem. For second~order clements,
reduced-integration elements generally yield more accurate results than the corresponding
fully integrated elements (Hammons, 1998; Hibhitt, Karlsson, and Sorensen, 2000)

3. PARAMETER ANALYSIS AND MODEL BUILDING
3.1. Definition of mesh fineness and mesh generation

Mesh generation in the horizontal direction as shown in Figure 1 gencrally follows the
following steps: the consideration of applicable symmetry option, generation of finer mesh at
the loaded area (Zone I) and at its neighborhood area (Zone 1), and progressively increasing
to coarser mesh further away (Zone 11T} for efficiency consideration. Horizontal mesh
fineness is defined as the ratio of the length of the loaded area to the selected element length
throughout this study. In addition, Zone T and Zone 1T was chosen to have the same mesh
fineness, whereas the mesh of Zone I1I was decided as 4 times coarser than Zone | according
to previous literature. The length of neighborhood area (nC) will be further investigated,
though it was usually selected as 2 times the length of the loaded area {C). Although there are
some controversies regarding the mesh generation in the vertical direction (Toannidcs 1984,
loannides and Donnelly, 1988; Kuo, 1994, Hammons, 1998), vast amount of computer



resources are required if a certain aspect ratio in the vertical direction is chosen espectally for
a small wheel load area and/or small horizontal mesh length. Thus, it was decided that vertical
mesh fineness be defined as the number of evenly divided layers for practical model building
concern in this study.
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Figure 1: Hlustration of Horizontal Mesh Generation Zones

3.2, Deflection convergence characteristics

A single finite slab resting on a Winkler foundation under edge loading conditions with the
following input parameters: finite slab length /=5.00m (197 in.), slab width W=5.00m
(197in.), £=8.27GPa (1.2Mpsi), h=21.6cm (8.5in.), k=27TMN/m’ {100pci), tire pressure
p=620kPa (90psi). 17=0.15, P=10kN (2,250tbs) was chosen for the horizontal mesh fineness
study. According to the principles of dimensional analysis, this is equivalent to a pavement
having of ¢=0.1, L/ ¢=7, Wi ¢ =7, and h/'o=3 to be discussed later. For higher aceuracy
constderation, same horizontal mesh fineness of up to 10 for Zone I and Zone 1T was
considered, in which the length of Zone 1 was set to 8 times the length of the loaded area (C).
The slab thickness was sub-divided into up to 4 sub-layers for vertical mesh fineness study.
The deflection convergence characteristics of various element types were investigated, The
resulting deflections are generally in the following descending order: ABAQUS 3-D solid
elements, 2-D shell elements, TLLI-SLAB element, and Westergaard solutions. The element
types SBR, S8R5, and SRS resulted in very close deflection solutions. For d-node shell
elements, the deflections are in the following order: S4R5<84<54R when coarser mesh was
used. The convergence characteristics of 8-node and 9-node elements are more effective than
4-node elerments; and their deflections are generally slightly higher than 4-node element’s
deflections. For 3-D solid elements, using vertical mesh fineness of 1 (or I-layer) was proved
inadequate. By increasing hotizontal and veriical mesh fineness, the resulting deflections of §-
node solid elements are very close to 20-node and 27-node elerents, Uenerally speaking, the
deflections of all 2-D shell and 3-I solid elements tend to increase to convergence when a
finer horizontal mesh is used. Nevertheless, the deflections of C3D20, C3D20R, and C3D27
tend to increase to convergence whereas the deflections of C3D8, C3DBR, and C3D2TR tend
to decrease to convergence for finer vertical mesh, i.e., sub-divided into more layers. To
achieve high accuracy and computation efficiency, it was recommended that element Lypes



C3D20 or C3D27 with a horizontal mesh finencss of 3 and a vertical mesh fineness of 3 be
selected for further analysis.

3.3, Stress convergence characteristics

Similarly, the stress convergence characteristics of various element types were subsequently
investigated. The stresses of 8-node and 9-node shell elements tend to decrease to
convergence whereas the stresses of 4-node shell elements increase to convergence when
finer horizontal mesh was used. The element types SSR3 and S9RS5 resulied in very close
stress sotutions. Using vertical mesh fineness of 1-layer was proved inadequate and should be
avoided for 3-D solid elements.

Regardless of increasing horizontal and vertical mesh fineness, the resulting stresses of 8-
node solid elements are very different from 20-node and 27-node elements. The edge stresses
of element types C3D20 and C3D27 increase to convergence at a faster rate than any other 3-
D solid elements when finer vertical mesh was used. The solid elements with reduced
integration resulted in stress reduction of approximate 1% when compared to those without
reduced integration. The stresses of 20-node elements were approximate 2% lower than 27-
point elements when coarser mesh was used. The execution time of 20-point clements is
approximate 60% of that of 27-point elements.

Thus, the above recommendation for selecting element types C3D20 or C3D27 with a
herizontal mesh fineness of 3 and a vertical mesh fineness of 3 remains unchanged to achicve
high accuracy and computation efficiency. Figure 2 and Figure 3 display the edge stress
convergence characteristics of 2-D shell and 3-D solid elements, respectively. In which, stress
ratio is defined as the ratio of the resulting FE stresses to the carresponding Westergaard
solutions; horizontal mesh fineness=1~10; and vertical mesh fineness=1~-4.
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Figure 2: Edge Stress Convergence Characteristics (2-D Shell Elements)

3.4. Convergence characteristics due {o different stab thicknesses and load sizes

The following 8§ pavement-loading systems were chosen to investigate the effects of different
slab thicknesses and load sizes to convergence characteristics: L/f=7, W/f=7; hia=2, 4; and

al £=0.05, 0.1, 0.2, 0.3. Element type C3D?27 was chosen for the remaining analyses hereafler.
The vertical or horizontal mesh fineness was set to 3 to study the effects of horizontal or
vertical mesh fineness (up to 5) to the convergence characteristics of edge loading conditions.
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Figure 3: Edge Stress Convergence Characteristics (3-D Solid Elements)
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Figure 4: Mesh Fineness Studies for Different Slab Thicknesses and Load Sizes




The deflections increase to convergence when finer horizontal mesh or finer vertical mesh is
used. The deflections of a pavement with smaller slab thickness and load size (smaller A/ and

all} converge faster. Similarly, edge stress convergence patterns were investigated as shown
in Figure 4. The edge stresses of C3D27 element decrease to convergence when finer
horizontal mesh is used, whereas they increase to convergence when finer vertical mesh or
more sub-layers are used. In which stress ratio (1) stands for the ratio of the resulting
ABAQUS siress of any mesh fineness to that of the finest mesh used.

The effect of vertical mesh fineness to stress is higher than that of horizontal mesh fineness.
The thicker the pavement (larger i/a), the more difficult the stresses will achieve CONVergence.
The aforementioned recommendation of selecting a horizontal mesh fineness of 3 and a
vertical mesh fineness of 3 is adequate to achieve good convergence and computation
efficiency,

3.5. Determination of the length of neighborhood area

The length of neighborhood area (nC) selected for finer horizontal mesh was further
investigated, in which n ranging from 1 to § was selected to study its effects on the resulis of
FE computation accuracy. The pavement-loading system having o/ £=0.1, L/ ¢ =7, W/ £ =7,
and //a=3 previously described in Section 3.2 was re-analyzed here. All the aforementioned
clement types with a horizontal mesh fineness of 3 and a vertical mesh fineness of 3 were
analyzed. The resulting FE deflections and stresses of any mesh fineness were compared to
the corresponding ones with the finest mesh (or 8 times the length of the loaded area C).

The deflections and stresses of TLLI-SLAB and 4-node elements were affected by the length
of Zone 1I. However, the resulting deflections and stresses of $-node and 9-node elements
were identical when nC is greater than or equal to 2 times the length of the loaded area C.
Regardless of different nC values selected, the resulting deflections and stresses of 20-node
and 27-node solid elements are identical or almost identical. The differences in deflection due
to the selection of nC are negligible. When nC is greater then or equal to 3 times C, the
differences in the resulting stresses of 2-D shell elements are negligible. Thus, a value of 3
times C is recommended for all element types for consistency and conservative consideration.

4. IDENTIFICATION OF ADDITIONAL DIMENSIONLESS VARIARLE

Ascording to previous literature, the following relationship has been identified and verified
through many 2-D JLLI-SLAB studies for a constant Poisson’s ratio {Toannides, Thompson,
and Barenberg, 1985; Toannides and Salsilli-Murua, 1989; Salsilli-Murua, 1991; Lee, 19933
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Extreme difficulties were encountered while using only these three dimensionless variables
for 3-D FE (ABAQUS) analyses. Based on the principles of dimensional analysis, in addition
to the normalized load radius (a/#), the normalized finite slab length (L/{}, and the normalized
tintte slab width (#7¢}, an additional dominating dimensionless variahle {(h/a) defined as the
ratio of slab thickness (/) and load radius (a) was subsequently identified. The following

relationship can be used to account for the theoretical differences of various 2-D shell and 3-
D sohid elements:
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While keeping the above four dimensionless variables constant and changing any other input

parameters {a, &, £/ L, W, E, k, P}, the resulting dimensionless 3-I3 FE stresses (oh’/P) and



deflections (5k4*/P) remained constant. This relationship was numerically verified with the

selected element type C3D27 as well as the aforementioned 2-1) shell element types (W,

2003). Some results for edge loading analysis are summarized i Table 1 for the identification
of an additional dimensionless variable.

Table 1: Identification and Verification of Dimensionless Variables (HEdge Loading)
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MNote: 1 iﬁ.22.54<:'m9 1 psi=06.89kPa, and | pei = 0.27TMN/m’ . 1 kip=4.45 kKN,

The wdentification of the aforementioned parameter (/a) was originally inspired by the
solutions and charts of Burmister’s layered theory for a two-layer system and a three-layer
system (Burmister, 1943, 1945; Huang, 1 993}, A more in-depth literature survey conducted
after the completion of the study by Wu (2003) also indicated that analytical solutions derived
for thick elastic plates are governed by the ratio of a cirenlar load radius, ¢, 10 the thickness of
the slab, A (Shi and Yao, 1989; Van Cauwelaert, 1990; loannides and Khazanovich, 1994;
Khazanovich and Toannides,1995). In which, different a/k ratios were used 10 compute the
maximum bending stress at the bottom of the slab, o, in terms of the percent of the applied
pressure, p. The conventional Westergaard’s ordinary theory solution results in an
overestimate in the bending stress. The correction introduced by Westergaard's special theory
resulls in bending stress reduction, bringing it in line with Burmister’s layered solutions
(Toannides and Khazanovich, 1994).

5. DEVELOPMENT OF DATABASES AND PREDICTION MODELS

An antomated analysis program was developed using the Visual Basic software package to
automatically construct FE models, generate the input files, conduct the Tuns, as well as
summarize the results. This program was also capable of assisting in conducting all the
aforementioned analyses through the selection of various 2-I) shell and 3-D solid elements,
horizontal and vertical mesh fineness, and the length of the Zone I1.

A series of 3-D FE factorial runs was conducted for a single slab resting on a Winkler
foundation with edge loading conditions based on the following dimensionless parameters:
LiE=2~T (step by 1); Wit =L/ 4, a/#=0.05,0.1~0.5 (step by 0.1); and h/a=0.5~6 (step by
0.5). These ranges were carefully selected to cover a very wide range of highway and airficld
rigid pavement couditions. Separate deflection and stress databases were created using
clement type C3D27 with a horizontal mesh fineness of 3, a vertical mesh fineness of 3, and
the same finer mesh extended to 3 times the length of loaded area (C).

Deflection ratios and stress ratios defined as the ratio of 3-D FE results to Westergaard
solutions were calculated while assuming the normalized slab width W7 ¢ equals to /7, i.e,,



square slabs. Note that Westergaard’s closed-from solutions only serve as benchmarks herein
instead of “exact solutions” since the solutions are based on the simplification which ignores
plate compressibility and shear deformation. Since the resulting defloction ratios always had a
value greater than one, their reciprocals or adjustment factors (R) will range from 0 to 1. The
very high deflection ratios oceurred when a thicker pavement {(larger A/a) or a larger foad size
(larger a/() was analyzed. Similarly, the resulting edge stress ratios ranged from 0.25 to 1.03.
To illusirate possible applications of these databases, the following predictive mode} was
developed for critical edge stress estimation using projection pursuit regression tech nique
(Lee and Darter, 1994; Friedman and Stuetzle, 1981}

o a L i
R = SL}F”‘?‘E{"‘ = T T W)
Ve f{!{"f a

5

Ry, =0.69149+ 0259 @, +0.03318 @, ©

® :{1 ST8+6.013(A1)+2.673(A1Y +0.208(A1Y if (A1)<-0.25
LO76+1.812(A1) - 5.796(A1Y + 4.942(A1Y if (A1)>-0.25

® :{m2.649—-P78.163(A2)+381.681(A2}2 -15547.789(A2Y if (AZ)<0.05
-0.927+39.165(A2)-321.743(A2) -877.365(A2) il (A2)> 0.05 ©)

Al=0.36539x1-0.01440x2 - 0.04566x3+ 0.85799x4 - 0.35545x5 + 0.04123x6
A2=0.23203x1+ 0.01107x2-0.00427x3- 0.97246x4 + 0.01825x5- 0.00230%6

X = [x1, %2, x3, x4, x5, x6] = f,ﬁ,fﬂ/iﬁ-xﬁfi,’q
Ll ad i F oa il oa

Statistics: N=432, R*=0.9988, SEE=0,008745

Limits: 0.05<a//<05,05<5h/as60,2<L/0<T, Wil=L/Ff
In wineh, N stands for the number of observations; R” is the coefficient of determination; SEL
is the standard error of estimation. A scatter plot matrix of the data also indicated that this
additional variable (/) is the most influential pararaeter among those dominating
dimensionless parameters.

6. IMPLICATIONS TO FUTURE APPLICATIONS

Jointed concrete pavements consist of many single finite concrete slabs jointed by aggregate
mterlock, dowel bars, or tie bars. Traffic loading may be in the form of dual, tandem, or
tridem axle. A widened outer lane may also shift the wheel loading away from Westergaard’s
critical loading locations. A tied concrete shoulder and a second bonded or unbonded layer
may also result in different degrees of stress reduction. The effect of a linear or nonlinear
temperature differential may alter the magnitude of critical stresses. Thorough treatments of
various conibinations of all such conditions are extremely challenging due to the complexity
and vast amount of required computation time in 3-D FE analysis.
A possible but aggressive approach to this problem may be to make the best use of the
existing 2-D FE research findings (Lee, 1999), and strive to integrate them with new 3-D FE
results. Since, adjustment factors are simply defined as a proportional relationship of the
results of a specified condition to those of an ideal condition, Thus, the following tentative
stress predictive model may be used to estimate critical edge stress in a mechanistic design
procedure, though its applicability should be further verified and adjusted:

G&V = ((ywe * "RMJ * R(’} ¥ RS = ‘R{) * RM + RT * aa) (7}
Where, Rsp stands for an adjustment factor for finite slab len gth and width using 3D FE
analysis. The remaining adjustment factors still remain as the same existing 2-D FE findings,



in which Ry is the adjustment factor for different gear configurations including dual-wheel,
tandem axle, and tridem axle; Rythe adjustment factor for a tied concrete shoulder; Ry is the
adjustment factor for a widened outer lane; Ry, is the adjustment factor for a bonded/unbonded
second layer; and Rris the adjustment factor for the combined effect of loading plus daytime
curling. o is the Westergaard/ Bradbury edge curlin g solution, [FL™).

7. DISCUSSIONS AND CONCLUSIONS

In-depth parameter studies on 3-D ABAQUS finite element analysis of rigid pavements under
edge loading conditions were conducted. As expected, the resulting deflections are generally
in the following descending order: ABAQUS 3-D solid elements, 2-D) shell elements, ILLI-
SLAB element, and Westergaard solutions. Generally speaking, with the exception of C3Dg,
C3D8R, and C3D27R elements, the deflections of all 2.3 shell and 3-D solid elements tend to
increase fo convergence when a finer horizontal and or vertical mesh is used. The stresses of
8-node and 9-node shell elements tend to decrease to convergence whereas the stresses of 4-
node shell elements increase to convergence with finer horizontal mesh. The stresses of
element types C3D20 and C3D27 increase to convergence at a faster rate than any other 3-D
solid elements when finer vertical mesh was used.

The vertical mesh fineness was defined as the nuraber of evenly divided slab layers for
simplicity and practical mode building concern in this study. Using vertical mesh fineness of
1 {or 1-layer) was proved inadequate and should be avoided for 3-D solid clements. To
achieve high accuracy and computation efficiency, element type C31327, a horizontal mesh
fineness of 3, a vertical mesh fineness of 3, and a value of 3 times C as the length of
neighborhood area are recommended and adopted in this study. This recommendation for
vertical mesh fineness is also in good agreements with Hammons® study {1998) that “at cast
three (evenly divided) elements through the stab thickness is likely a good choice ..."
Nevertheless, atferpt to maintain the element aspect ratios in all three dimensions to
reasonable values may be too cumbersome espectally for a small wheel foad area and/or small
horizontal mesh length.

An additional dominating ditaensionless variable (h/a) was identified and verified to have a
substantial influence on ABAQUS runs using either 2-D shell or 3-D solid elements.
Separate stress and deflection databases were created using all dominating dimensionless
parameters. An example critical stress predictive model in terms of adjustment factors was
presented to illustrate their possible applications.
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