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Abstract: The main objective of this study was to conduct in-depth parameter studies and verifications on three-
dimensional (3-D) finite element (FEM) analysis of rigid pavements. A systernatic analvtical approach was utthized and
rmplemented in ¢ Visual Basic software package to study the effects of mesh fineness and element selection. The de.
flecton and stress convergence charactenistics of various 3-D shell and solid elements were investigated. Several cuide-
lines in mesh fineness and eiement selection were developed and recommended. Using the principles of dimensional
analysis, an additional dimensioniess variable (A/a. where h is the. thickness of the slab and o i< the radius of the ap-
piied Joad) was identified and verified to have a substantia! influence on ABAQUS runs using erther 3-D shell elements
or 3-D solid elements. Separate 3-D FEM stress and defiection databases were developed using all dimensionless vari-
ables. An example critical stress predictive model was developed. Together with the existing two-dimensional FEM re-
search findings. a tentative stress prediction equation was pmp{)atd to Hlustrate 1ts possible applications.

Kev words: rigid pavement. finite element model. stress. deﬂ&c;ion. design, evaluation.

Résumé 1 L'objeciif principal de la présente étude est d éwudier en profondevr les parametres et d effectuer des véri.
ﬁmmm% de Panalyse uidimensionnelle par éléments finis des chaussées rigides. Une approche analviigue svstéma-
lque a cte unhbsée et implantée dans un Jogiciel en Visual Basic afin d'étudier les effets de lu finesce aes mailles et
de la selection des éléments. Les caractéristiques de flexion et de convergence des contraintes de divers éléments
pleins et d enveloppes uidimensionnels ont été étudides. En utilisant les principes d analvse dimensionnelic. une va-
riable additionnelie sans dimension (A/a) a été identifiée et 1l a été confirmé qu elle avait une influence substantielle
sur les passages ' ABAQUS utilisant soit 'enveloppz tidimensionnelle ou les éléments plems ridimensionnels. Des
bases de données séparées sur la flexion et la contrainie selon une méthode par cltements finis ndimensionnels ont
cte développées en utilisant toutes les variables sans dimensions. [in exemple d un modele de prévision des con-
traintes critiques & €é développé. En combinaison avec les conclusions existantes de rechierche par une méthode par

ciements finis bidimensionnels, une equation provisoire de prédiction des contraintes es L proposee atin d en ifiusirer
fes utilisations possibies.
Mots clés - chaussée rigide. modéle d éléments finis. contrainte. flexion. concepnuon. evaluanon.
CTraduit par la Rédacuon]
introduction SLAB program for stress estimation hes been previousiy 1n-

Petermination of critiesd huu ural responses in terme of \feﬂtiga:ted. through c.{}nm%}riSiﬁu‘}sg gf the resuluing stresses NL..HJI
sitresses and deflections in a concrete a*m 1S essential 1o th_e: ac.‘;:%zz-_il f‘}ﬁ:ldTn’;e,::-iﬂ;m'-mwzm fmm “ome test sections of
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of FEM runs. a syvstematic analvtical approach was utilized
and tmplemented in a Visual Basic software package to au-
romatically construct FEMs. venerate the input files, conduct
the rups, and summarize the resuits. Several guidelines n
mesn hineness and the selection of varicus element ;‘;}:;’@
were subsequently developed. The principles ot dimensional
analysis were utilized throughout this study. Besides the nor-
malized load radius (z/f w% ere a 15 the radwus of the applied
load and [ 18 the radius of relative stiffness of the slap—
a';agahﬁmd@ system). the z‘}(arrs’aaii?ﬁ‘i finite slab length (L//
where Lo1s the finite slab length), and the normalized finite
stab wadth (W/[0 where W ois the finite slab width), an addi-
nonal domunating dimensionless variable (A/a) defined as the
ratio of slab thickness (&) to load radius (¢) was identified and
verified o have a substantial iﬂﬂﬁﬁmce on ABAQUS runs us-
mmg etther 3-D shell elements or 3-D solid elements. This ad-
ditonai mechamsne varnable can ha, uam to account for the
differences among various 2-D and 3-D FEM idealizations
and theoretical closed-form stress and d lection solutions.
>eparate stress and deflection databases were created us-
g these dimensioniess mechanistic variables. Example pre-
dicuive models in terms of adiuﬂ;[m@m factors of critical
stresses and deflections in a concreie slab were developed to
Hlustrate themr possible app Ii{:;;'itu‘m:i.
this study 1s to bridge the gap between various 2-D and }D
FEM idealizations and closed-form solutions to develop
new mechanistic-based design procedure using the results 01
=D FEM analysis.

Closed-form solutions and finite element
idealizations

Based on the assumption of an infinite or semi-infinite
slab over a dense hquid (Winkler) foundation, Westergaard
obtained the following closed-form solutions subjected 1o a
single edge, interior, and corner wheel load (loannides et al.
L9383
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1he ultimate goal of

those saustying the thin shell

WHEre G,.. T, and o, are Westercaard's closed- f{}rrrl edee.
mterior, and corner stress solutions, respectively [FL™; 3 Ouve s
O, . and o, are the edge, interior. and corner deflections. re-

ectively {L ;218 the smeie wheel load [F1; /1 15 the thick-
ss of the siab Liiaas the radius of the applied load {LJ:
f = [EL12(1 kY = 15 the radius of relative stiffness
of the ﬁéﬁl[}—%uhﬂhlut svstern [L: & 1s the modutus of sub-
orade reaction _{FL""E}; 18 the concrete modulus of the slab
FL -1 1S Potsson’s ravo: and v = 0.3772 is Euler's con-
stant. Note that the primary dimension for force is repre-
sented by [Fl. and fength is rey L

the analysis of Gnite slab length and width was not possi-
ble until the introduction of FEMs. The well- known [LLI-
SLAB (2-D) and ABAQUS (3-D) FEMs were selected for
this study (Korovesis 1990; Hibbitt, Karlsson. & Sorensen.
inc. 2000). Table | contains a brief summary of the charac-
teristics of the [LLI-SLAB finite element and 3-D shell and
sofid elements from the ABAQUS library considered in this
study {Kuo 1994 Hammons 1998; W _.k_J(__}f_i_}. These include
both linear and quadratic elements emploving both tull and
reduced 1ntegration. The number of nodes, the degrees of
treedom. and the number of Gauss integration points per
clement indicating thewr relative complexity and required
computation time are also summarized. As shown in
Figs. la-lc. different tvpes of thin shell elements {four-
node. eight-node. and nine-node) are considered. ncluding
theory {the Kirchhoft con-
straint) analytically and those converging to the thin shell
thu“)ry numertcally as the thickness decreases. The selected
3-D solid (brick) elements (cight-node, 20-node. and 21- t©
2/-node) include first-order (linear) and second-order (qua-
dratic) imerp{)ia[ion clements as shown in Fies. 1d-1f
second-order elements provide hicher accuracy than first-
order elements and are very effective in bending-dominated
problems.

The element types S4 and S4R are general-purpose shells.
The 54R>, S8R5, und SIRS shell elements. which impose the
Karchhott constraint numerically, are intended {or the analvsis
ot thin shells, whereas the efement type S8R should be used
only for thick shells. Element type C3D20 has 27 integration
poimﬁ; whereas C3D20R has only eight integration points.
The C3D27 and C3D27R elements are variable-node cle-
ments, of which the number of nodes can be reduced to 21 (Or
any number between 21 and 27) per element by removing the
intertor node from each of the faces ot the element as desired
(Hibbitt, Karlsson, & Sorensen. Inc. 20000,

Reduced integration reduces the computation time through
the use of a lower order integration to form the element stiff-
ness. Generally speaking, the accuracy achieved with tull ver-
sus - reduced  ntegration  first-order  elements is  largely
dependent on the nature of the problem. For second-order ele-
ments, reduced-integraton elements generallv vield more ac-
curate results than the corresponding fully integrated elements

(Hammons [1998; Hibbitt, Karlsson, & Sorensen. Inc. 2000).

1]

Parameter analysis and model building
Definition of mmh fineness and mesh generation

Mesh generation in the horizontal direction as shown in
rig. 2 generally includes the tollowing steps: consideration
of applicable symmetry option, generation of finer mesh at

o 2004 NRC Canada
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Table 1. Chdrdue*}‘«,uu ot ILLI-SILAB element, ABAQUS 3-D &hell elements. and ABAQUS 3-D solid

elements.

No. of Deﬂrreea ()f Reduced | No. of
Name nodes ~ ireedom - ntegranon | Interpolation aUss poImis
ILEI-SLAB
RPE12 4 3 Linear 4
ABAQUS 3-D shell elements
S4 | 4 6 Linear 4
S4R 4 6 Yes Linear _i
SARS 4 5 Yes Linear ]
S8R & 6 Yes (Quadratic 4
SEKRS & 5 Yeg - Quadratc 4
SORSA Y 3 Yes - Quadratic 4
ABAQUS 3-) solid elements
C3D8 o 3 - Linear N
C3DKR & 3 YFI‘H Linear !
3020 20 3 Quadratic 27
C3D20R 20) 3 Yes (Quadratic &
C3D27 21-27 3 ; Quadratic 27
C3D2T7R 21=27 3 Yes Quadratic [4

the loaded area (zone [V and al its netghborhood area
(zone I1). and progressive increase 1o coarser mesh farther
away (zone 1) for efficiency consideration. Throu chout this
study. horizontal mesh fineness 1s defined as the ratio of the
length of the loaded area to the selected element length. In
addinon. zones I and Il were chosen to have the same mesh
fineness. whereas the mesh of zone IIT was chosen to be four
times coarser than that in zone | accordine 1o previous litera-
ture (loannides 1984). The ength of the neighborhood area
(. where 1718 4 muitiphier and (18 the length of the loaded
area) will be further investigated. though it was usually se-
lected as twice the lenoth of the loaded area (C). Although
there are some controversies regarding mesh ecneration 1n
the vertucal direction (Joannides ]9%5;:, Kuo 1994 Bammons
[OURT vast amounts of computer resources are required if a
certasn aspect ratio mn the vertical direction. e.o.. iess than
U.8. 18 chosen. especially for a small wheel joad area and
(or) smatl horizontal mesh fength. Tnut it was decided that

vertical mesh fineness would be defined as the number of

evenly divided favers for practical mmid building concerns
i this study.

Deflection convergence char 'wmrigtic‘:

A smgele fimite slab restne on a Winkler f‘ﬁﬂ)ufadatio*} under
three loading conditions {edge, interior. corner) with the o
IOWING IMpul parameters was Chaﬁs;em for the h_oi_l;ac:mt:al mesh
hneness study: L= 500 m (197 .. W =500 m (197 1. ).
Eo= 827 GPa (1. Mpa) h = ”’I cm (8.5 iny. b o=
27 MIN/m? (100 Ib/in). tire pressure po= 620 kPa {9*’} DSt ).

—"

re pr
= U 15 and £ = 10 L“\i _3?5 Jiby. Ammdiﬂg ¢ the princi-
ples of dimensional analvsis. this i< eguivalent 1o a pavement
having a/l = Q10 L/ = 7. W/ = 7. and hla = 3. (o be die
cussea Jater. For higher accuracy consideration. the same
horzontal mie: sh f'if}f-;-*’xﬂts:a; of up 1o 10 for zones | and 1] was
constdered. 1 which the length of zone 11 was ser to e oht

times the lenoth of the loaded ared (C1. The slab thicknesc
" four sublavers for verti-

P

was suobanvided mto a maximum of
cal mesh fineness study.

The deflection convergence characteristics of various
FEM element types were investicated. For all three loadine 2
conditions analyzed. the resulting '}E"f”JE‘CIiU‘"l‘% EEU"E‘ H“Imum

in the fol Howing duundmﬁ ::nde ABAQUS 3-D sohd ele-
ments, . .BAQLS -1 shell elements. 1LLI-SI _..;AB eiemen

and Westergaard solutions. The elemen types SSK. SERS.
and SYR5 resulted 1in very close deflection solutions For
four-node shell elements. the deflections are in the foliowing
order: S4R5 < S4 < S4R when coarser mesh was used. The
convereence characteristics of eight- and mine-node elements
are more effective than those of four-node clements, and
their deflections arc eceneratty shehtlv higher than those of
tour-node elements. For 3-D solid ejeme nes, using a vertjcal
mesh fineness of one {(or one mm b proved anadequate. By
nereasing the horizontal and vertical mesh £ neness. the re-
sutting deflections of eioht-node solid elements were VEry
close 1o those of 20- and 27-node elements. Gen crathy
speaking. the defiections of all 3-I) shell elements and solid
eiements tend 10 increase 10 convereence when g {iner NOTI-
zontal mesh 18 used. Nevertheless. I:l e acllecuons of CD20.
C3D20R, and C3D27 tend o increase 1o COnveroence.
whereas the deflections of C3DE. CADSR. and ’”‘"D”7P tend
[0 decrease (o convergence tor finer verucal mesh. 1.e. sub-
divided into more lavers. To achieve ¢ igh accuracy and com-
putaion ethiciency. 1t was recommended thal element types
CaD20 or C3D27 with a horizontal mesh fineness of three
and a vertical mesh fineness of three be selected for further
analysis, Figures 3 and 4. which depict the interior deflec-
tion convergence characteristics of 2-D shell and 3-D solid
ciements. 1"&3%{}@{11‘&%} y. are proviged for illustration purposes.
The deflection ratio is defined as the ratio of the resultng
FEM deflections w0 the corresponding Weste reaard solu-
nons: horizontal mesh fineness = 110, and vertical mesh
fineness = 1—4

FI""

-

L 1--.--"

!

~SITess convergence characteristices
Simtlarlye the suess conves cence charactensucs of various
atl three

LR

element WD@& WEere wt}au ULI:H\ i1 wmﬂ ed, o
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iy Selected e Lmt_;m types njmludmvf (a) four-node. (H) cighi-node, and (¢) nine-node shell elements. and (d) eight-node, (&) 20-
node, and (f) 21- to 27-node solid elements. | |

(a)

/"~ |

(C) (d)

(€) | ()
i3 5| e by A o oy R <111 1T
tig. 2. fllustration of horizontal mesh generation zones (1-111). ivading conditions analyzed, the stresses of e1ght- and nine-

? ) node shefl elements tend to decrease to convergence,
}
[ . | whereas those of four-node shell elements increase to con-
| j il g vergence when finer horizontal mesh was used. The element
} |
|

| types S8R3 and 59RS resulied in very close stress solutions.
S— f ‘ Using a vertical mesh fineness of one layer proved inade-
Er Hi quate and should be avowded for 3-D solid elements.
e h Regardiess of increasing horizontal and vertical mesh
fineness, the resulting stresses of eight-node solid elements
are very different {rom those of 20- and 27-node elements.
o the mtertor and edge stresses of element types C3D20 and
P e— - C3D27 ncrease o convergence at a taster rate than any
H 1 other 3-D solid elements when a finer vertical mesh was
C nC used. The solid elements with reduced integration resulted in
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Fig. 3. Interior deflection convergence charscteristics (3-D shell elements).
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stress reductuion of approximately 1% when compared with
those without reduced integration. The stresses of 20-node
clements were approximately 2% lower than those of 27-
point elements when coarser mesh was used. The execution

mm of 20-point elements is approximatelv 60% of that of

7-pomt elements.

Thux, the aforementioned recommendation for selecting
element types C3D20 or C3D27 with a horizontal mesh fine-
ness of three and o vertical mesh fineness of three remains
unchanged to achieve high accuracy and computation effi-

CIency. F”wuru > and & display thp edge Stress convergence
charactenistice of 3-D shell and 2-D solid elements. respec-

tivelv, in whnch smress ratio is defined a< the rauo of the re-
suting FEM stresses w0 the corresponding  Westergaard
Sc:)lmmm‘;; horizontal mesh fineness = 1-10 and vertical mesh
fineness = 14,

As shown 1 Fig. 7. however, the corner stresses or the
naximum principal tensile stresses at the slab corner
converged 1o o certamn value. even when element type

CaD27 with a very fine horizontal mesh was chosen for a

fine vertical mesh of up to four lavers. Thus, corner stress
analysis using 5-D solid elements may be problematic and

should be turther investigated because of the poor vertical
convergence characteristics of the 3-D sohid elements.

Convergence characteristics due to different slab
thicknesses and load sizes |

The following eight pavement-loading svsiems were cho-
sen tomvestioate the t’ﬁ' ts of different slab thicknesses and
foad sizes 10 convergence characteristics: L/l = 7 Wi = 7:
fila =72 and 4. and «/] = (_.J.(}i 0.1.0.20 and 0.3, Element tvpe
C?D’-’? was chosen for the remaining analvses. The vertical

rhorizontal mesh fineness was set (o three 1o study the ef-
fe.a;ttif-; of horizontal or vertical mesh fineness (up to 5) to the

b

CONVEraence Characterisiics ot three loadine candinons.

had not

TOrIZOoNTg

stmilar deflection convergence characteristics were ob-
servec for all svstems. The deflections increase to conver-
gence when finer honizontal or vertical mesh 1s used for all
three loading cases. The defiections of a pavement with
smalier slab thickness and load size (smaller Ji/g and all)
copverge taster. By the same token. similar stress conver-
gence patterns were observed. The mteror and edee stresses
ot element type C3D27 decrease 10 convereence whern finer
horizontal mesh 1s used, whereas they increase 10 conver-
{“*u}u when finer vertical mesh or more sublavers are used.

he pterior and edge stresses of 2 pavement with smaller
hia and al/l have better convergence characteristics than the
other pavement condiyons.

the effect of verucal mesh fineness on stress is greater
than that of horizontal mesh 'f"menew The thicker the pave-
ment (larger K/a). the more difficult it 1s for the corner siress
10 achieve wmugu‘;m. fhe Ei'f'if’ﬂ”@l’l“li‘-ﬂ[10"“1{53{} r@con’ 117] “nd‘%h-

vertical mes h hmncx% OT ‘t‘f ree 1s adeguate tooachieve g{;}{;)d
comvergence anc computation efficiency. Fioures 8 and 9
aisplay the edge stress convergence characteristics due 10
different horizontal and vertical mesh fineness. respectively
Note that stress rato (1) 1s the rano of the resuline
ABAQUS stress of any mesh fineness 10 the stress of the fin-
est mesh used n the analysis. which 18 shichtly different
from the stress ratio used in Fios, 5-7

Uetermination of the length of neighborhood area
The le i f‘rtgh of nerghborhood area (nC) selected for finer
““}E"%h was further mvestigated. i which n. rane-

e from 3 G 5. was selected 1o study s effects on the re-
sults of FE _i\f’i computation accuracy. The pavement-loading

=1

sveteny described previously and havine «f/f = GV L) = 7.

W/l = 7. and la = 3 was reanal j,';jf,@f:i here. All the atoremen-
noned elemeni tvpes with o horizontal mesh fimeness of

{.

:":'-b'-
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Fig. 4. Interior deflection convergence characteristios for (a)y C3D8, (b)Y C3D8R, (¢) C3ID20, () T3D20R. (¢) C3D27. and (fy C
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three and a vertical mesh fineness of three were analyzed.
The resulting FEM deflections and stresses of any mesh fine-
ness were compared with the corresponding ones with the fin-

-

est mesh (or eight times the length of the loaded area ),

The deflections and stresses of ITLLI-SLLAR and four-node

clements were affected by the leneth of zone Il However,
the resulting detlections and stresses of eight- and nine-node
ciements were 1dentical when nC s greater than or equal to
two times the length of the joaded arca C. Regardiess of the
diticrent #C values selected. the resulung deflections and

stresses of 20- and 27-node solid elements are identical or

I:r"“.

AHOSt i(‘immcal The differences in deflection due 1o the se-
lection of n(C are ne ghg_ﬁmie or up to .3%. When nC 1
greater thay or equal to three umes €. the differences in the
resuliine stresses of 32D h | —rif:nwmc; are withim .29,

L.

Fioure 10 depicts the. edoe

all element types for consistency and conservative consider-
ation.

gentitication of additional dimensionliess

variahie

According 10 earher literature. the following relationship
has been idenufied and verified through manv 2-D ILLI-
AR studies for a constant Poisson's ratio (loannides et al
19850 Joannides and  Salsilb-Murua 1989: Salsilli-Murus
1991 Lee 1993

o sh~ oki- ff ¢ LW :
I ] reremermmn s _h_ ______ = I —
j A fl '1 :F ; f f

where o 18 the slab bending stress. and 8 is the slab deflec-

Extreme difficulnes were encountered while using only
these three dimensionless variables for 3-D FEM analvses.

ress convercence characiers-
tics., Theretore. a value of tmec times O 18 recommended for

Based on the principles of dimensional analvsis. in addition
to the normalized load radius (a/f). the normalized finite slab |
tength (L/7). and the normalized finite slab width (W/h, an
adgdittonal dominaung dimensionless variable (A/a) defined
as the ratio ot slab thickness (h) to Joad radius (¢} was sub-
sequently adentified. The following relationship can be used
to account for the theoreucal differences of various 3-D
shell and sohd elements:

¥ - ' R I \H"

PO - A R
i - n—— . .._m,...--f—- — _j; ;! ...... et e ammrer

P r LT )

while keeping these four dimensionjess variables constant
and changing any other mput parameters (a. i, [ L. W. £ I..
i the resulting dimensionless 3-D FEM stresses (Gh=/P)
and detlections (847-/F) remained constant. This relationship

was numencally venfied with the selected element type
C3D27 under all three loading cases (interior. cdee. and cor-
ner). Some results for ‘L‘hf--ﬁ: identification of an addiuonal
dimensiontess vartable for edge Joading analysis are summa-
rized in Table 2. In ads htim; the relavonship given bv eq. [3]
was further verified for all the aforementioned 5-10 shel l e e
ments under the intenor loadine condition with excellent
agreements.

The adenufication of the aforementioned an ameter (hla)
was orngmally nspired by the solutions and charts of
Burmister's Tavered theorv for a two- }Mw svstem and a
three-laver system (Burmister 1943, l}’i“?  Huange 993 A
cted af
|

F

'

more in-depth literature survey condu ler thie comple-

tnon of the study by Wu (2003 also m(' cated that analvucal
sotutions derived for thick elasuc plates are coverned by the
ratio of r:"‘n'cm_ar load radius. ¢, 10 the thickness of the slab.
1 (Shy and Yao 1989 Van Cau Wf:fhfi&f‘i JOU Toanmides and
K h L;.mm_}‘w_ldﬁ [994 Khazanovich and Toannides 19633, in
which different «//i rattos were used (0 compute the maxi-
mum bending stress at the bouom of the slab. o terme of

Koy
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IFig. 6. Bdge stress convergence characteristics for (¢) C3D8, (b) C3D8R. (3 C3D20. (d) C3DZ0R, (ey C3D27, and (/) CID2TR ele-
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ment types {3-D solid elements). Note |- stands for the selected vertical mesh fineness. respectively.
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: Fg. 7. Corner stress convergence characteristics for (@) C3D8, (b) C3D8R, (¢) C3D20, (d) C3D20R., (¢) C3D27. and (f) C3D27R ele-
ment types (3-D solid elements). Note 1—4 stands for the selected vertical mesh fineness, respectively.
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Fig. 8. Horizontal mesh fineness convergence study (edge stress).
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Fig. 9. Verucal mesh fineness convergence study (edee stress).
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the percentage of the applied pressure, p. The conventional
Westergaard’s ordinary theory solution results in an overes-
imate of the bending stress. The correction introduced by
Westergaard’s special theory results in a reduction in bend-
ing stress, bringing ii in line with Burmister’s layered solu-
nons (loanmdes and Khazanovich 1994).

TR ;

wevelopment of databases and

prediction

An automated analysis program was developed using the
Visual Basic software package to automatically construct

Layer

FEM models, generate the input files, conduct the runs, and
summarize the results. This program was also capable of as-
sisting - conducting  all the aforementioned analyses
through the selection of different loading locations, various
3-0) shell and solid elements, horizontal and vertical mesh
fineness, and the length of zone 1.

A sertes of 3-D FEM factorial runs was conducted for a
single slab resting on a Winkler foundation with three criti-
cal loading conditions based on the following dimensionless
parameters: L/f = 2-7 (step by 1): a/l = 0.05. 0.1-0.5 (step
by O.1); Ala = 8.5-6.0 (step by 0.3} and W/l = L/l. These
ranges were careruily selected to cover a very wide range of

€& 2004 NRC Cuanada
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Fig. 10. Edge stress convergence study due 10 the length of neighborhood area.
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highway and airfield rigid pavement conditions. Separate de-
ﬂ{,cuon and stress databases were created for all three load-
ing conditions using element type C31527 with a horizontal
mesh fineness of three, a vertical mesh fineness of three. and
the same fmer mesh extended to three times the iength of the
ioaded area (O,

Detflection ratios and stress ratios defined as the ratio of

3-D finite element results to Westergaard solutions were cal-
cutated while assuming the pormalized slab width W/
equals L/l y.e.. square slabs. Note that Westercaard's closed-
form solutions only serve as benchmarks herein instead of
“exact solutons.” since the solutions are based on the sim-

Ryp, = 30FEM _ ol LB
R N b |
T Ll a)
Rop = 0.69149 + 0259, + 0.033180,
. 1578 + 6.013(A, ‘+i§é73@4@ﬁ-+(l£08@493
i, == “
“1 ¢ Y e ] . .
LO76 4+ T.812(A,) —=5.796(A,)" + 4.942(A
[~ A -
) q 2649 - T8II63(A.) + 381.681(A,)- —15547.7
O ) S , e -
- U927 - 39.165(A-) — 321 ?4-3‘@43_}” ~877.365

r o T
f, o L onoall ah L/
}'x = 1:{],-};2 L% A 4. AR 4 :'i—_—'r“?'?‘““"ﬁ_f—t“l—ﬁ—m! -
Y LI la hila '
where the number of obee ;mz;ama 1s N =437 the coeffi-
crent of determination i1s R~ = (.9988. and the standard

error ol the esumation i1s SEE = 0.008745 (s1a11801Ccs )
U.05 <o/l <05 0.8 <h/g < 6.0, 2 <L/F<T . and W/l = L/]

Number of C

plification that ignores plate compressibility and shear defor-
mation. Since tth resulting deflection ratios alwavs had
value greater than 1, their reciprocals or adjustment factors
(/) will range from O to 1. The very high deflection ratios
occurred when a thicker pa\femem (larger h/a) or a larger
toad size (larger a/l) was analyzed. Simiiariy, the resuiting
edge stress ratios ranged from 0.25 o 1.03.

To 1llustrate possible applications of these databases. the
tollowing predictive model was developed for critical edge
stress estimation using the projection  pursuit regression
technique (Lee and Darter 1994: Friedman and Stuetvzie
19¥81):

if (A)) < —0.25
if (A) > —0.25

TRO(A L) if (A} < 0.05

(A,)° i (Ay) > 005

; 4'(103'1 “(J [)4\)66}'&" -+ 08579{2}:1»1 "”O 16%4.\)1.; -+ 0( 73.}»“
4, :(123203m +(101]07;1~(J0 427, ~ 0.97246x, + 0.01825x —0.00230x,

Gimits): Ry 1s the adjustment factor for finite siab
length and width using 3-D FEM analysis: @, and @, are
nonparametric transformation functions of the projected

lengths a, 'x: A1 and A2 are the projected lengths a, 'x:

3 20 4 NRC Canadd
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and G;.pppy 18 the critical edge stress obtained by 3-
D FEM analysis.

Jointed concrete pavements consist of many single finite
concrete slabs jomted by ageregate interlock. dowel bars. or
tie bars. Traffic loading mav be in the form of dual. tandem:
or tridem axles. A widened ocuter lane may atso shift the
wheel loading away from Westercaard’s critical foading lo-
cations. A tied concrete shoulder and 2 second bonded or
unhﬁndcd laver mav also result in different dearees of stress

eduction. The effect of a temperature differential or mois-
ture gradient (Linear or nonlinear) may alter the magnitude
o1 critical stresses. Thorough treatments of various combina-
uons of all such conditions are very challenging due o the

complexity and vast amount of required Compuiaton tume in

3-D FEM analysis.

A possible but aggressive approach to this problem may
be 10 make the best use of the mxtmﬂ 2-1 FEM research
findings (Lee 1999) and strive to integrate them with new 3-
D FEM results. since adjustment factors are simply defined
as a proportional Iddzmmmp of the results of a specified
condiion with those of an ideal condition. Thus. the {ollow-
Ing tentalive stress equation may be used 1o estimate criticy)
edge stress (o) in a mechanistic desien procedure, though
its apphicability should be further verified and adjusted 1f
NEeCessary:

&

. '
[ SR

O, = C" f“rﬂ “}‘.)(“ fgg}h{}Rhf; ~+ [’{)I‘C"{

L

where o, 15 the Westergaard—Bradbury edge curfing solu-
tion; Ry p 1s an adjustment factor for finite slab length and
width using 3-D FEM analysis: and the remaining adjust-
ment factors still remain as the same exisung 2-1D FEM find-
ings, i which R is the adjustment factor for different SEHr
f;.onfagurati{:im Oncluding  dual-wheel. tandem  axle. and
ridem axle). Rq is the adjustment factor for a tied concreie
shoulder. R, is the adjustment ftactor for a widened outer
lane. Ry, 18 the adjustment factor for a bonded-unbonded
second layer, and Ky 18 the adjustment facror for the com-
omed effect of loading plus daviime curlin ¢

in-depth pa;'e‘-m’w‘*tfﬂr' studies and vertficatons were con-
ducted on 3-D ABAQUS finite element analvsis of rieid
pavements. A systematic analvucal approach was utilized
and mimplemented 1 a Visual Basic sofrware PACKage 10 au-
tomatically conduct the analyses for consistency and effi-
clency  consideration. For all  three loading  conditions
analyzed. the resulung deflections are generallv in the fol-
lowmg descending order: ABAQUS 3-D solid elements.
ABAQUS 3-D shell elements. TLLI-SLAE element. and
Westercaard solutions

The detlection convergence characteri
nime-node elements are more '%‘i"i' eClIve
node elements. Generally L
ement types CHDE. C3D E‘ah., L--md LJLL ,E‘x. I.h@ ﬂc:.,[JE;L.UQI'I.% Uf
2il 3D shell and solid elements tend 10 increase o convel
eence when a finer horizontal and (or) vertical mesh i< used.

$st1cs of e eht- and
i;}’i::'.i.n mm@ of f{:«ur‘-v

heraad

The stresses of eight- and nine-node shell elements tend 1o
aecrease (o convereence, whereas the .‘r'%f.'i“iiﬁfél.%ﬂf*% f:ﬂ' four-node

to convergence with a finer horizon-
emnent (vpes

shell elements increase
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C3D20 and C3D27 increase to convergence at a faster rate
than any otner 5D solid elements when a finer vertical 'ﬂ.e:;h
Wwas used.

By increasing the horizontal and vertical mesh fineness.
the resulting deflections of eight-node solid elements are
very close to those of 20- and 27-node elements: however.
the resulting ewght-node stresses are very different from
those of 20~ and 27-node ¢ ium nts. Using vertical mesh fine-

ness of one (or one laver) prove d to be inadequate and
should be avorded for 3-D ml;d ments. in additton, using

3-13 solid elements for corner ﬁ;trmi;*; analysis may be prob-
lematic and should be further investigated due to their poor
vertical convergence characteristics.

The vertcal mesh fineness was defined as the number Ot

evenly dmded slab layers for simplicity and practical mode]
butiding concerns in this study. It was found that a certain
aspect ratio n the vertical direction, e.o. less than 0.8 as
recommended by previous literature. may be too burden-
some. To achieve high accuracy and computational effi-
crency, the selectuon of element types C3D20 or C3D27 with
a norzontal mesh fineness of three and a vertical mesh fine-
ness of three may be adequate.

Similar conclusions were reached for mesh fineness and
ciement selection study using different slab thicknesses (i/a)
and load sizes (a/l). ’Thcﬁ: Mleu ions and stresses of [LLI-
SLAB and four-node elements were affected by the e ength
of zone I, whereas the mfﬂ:r ences in o deflecuons and
stresses due (o the selection of #nC are limited or negligible
tor 3-D shell and solid elements. Thus, a value of three
ames C was recommended for all element tvpes for consis-
tency and conservative consideration.

An additional dominating dimensionless variable (#/a) de-
fined as the ratio of slab thickness (/1) to load radius {a) was
wentified and verified 1o have a substantial influence on
ABAQUDS runs using either 3-D shell or solid elements. To-
gether with the normalized load radius (/D). the normalized
finite slab length (L/0). and the normalized finite slab width
W, this additional mechanistic variable can be used o ac-
count for the differences amone vartous 2-D and 3-D FEM
idealizations and theoretical closed-form stress and deflec-
ton solutions. Separate stress and deflection databases were
created using these four variables for the C3D27 element.
An example critical stress predictive model in terms of ad-
justment factors was presented to illustrate their possible ap-
plications, since adjustment factors are simplv defined as a
propocuonal relationship of the results of a specified condi-
i‘ion t(‘:a those ol an ideal condition. Together with the exist-

ng 2-D FEM research findings, a tentative stress prediction
equation was proposed and should be subjected to further

enfications.

—
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List of symbols

a radius of the applied load

projected lengths « x

C length of loaded area

£ concrete modulus of the slab

h thickness of the slab

K modulus of subgrade reaction

! radius of relative stiffness of the stab—subgrade svsiem
L tinite slab length

Can. J. Civ. Eng. Vol 31, 2004

multiplier

number of observations

tire pressure

single wheel Joad

adjustment factor for finite slab tength and
width using 3-D FEM analysis

coefticient of determination

adjustment factor for different gear configura-
tions 1ncluding dual-wheel. tandem axie, and
trnidem axie

adjustment factor for a bon ded-unbonded
secona layer

adjustment factor for a widened outer tane
adpustment factor for a tied concrete shoulder
adjustment factor for the combined effect of
ioading plus davume curiing

standard error of the estimation

finite slab width

vector of predictor variables

siab deflection

edge, interior, and corer deflections

bBuler’s constant

Poisson’s ratio

stab bending stress

Westergaard-Bradbury edge curling solution
critical edge stress

critical edge stress obtained by 3-D FEM
analysis

Westergaard's closed-form edge, interior, and
COrner stress soiutions

nonparametnic transformation functions of the
projected lengths «a] x
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Fig. 10, Edge stress convergence study due to the fength of neighborhood area.
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highway and airfield rigid pavement conditions. Separate de-
flection and stress databases were created for all three load-
ing conditions using element type C3D27 with a horizontal
mesh fineness of three, a vertical mesh fineness of three. and
the same finer mesh extended to three times the length of the
loaded area (C).

Deflection ratios and stress ratios defined as the ratio of
3-D finite element results to Westergaard solutions were cal-
culated while assuming the normalized slab width W/I
equals L/, i.e., square slabs. Note that Westergaard's closed-
form solutions only serve as benchmarks herein instead of
“exact solutions,” since the solutions are based on the sim-

’

O3.DFEM a L h
R» = — = —_——y —
b Ouwe f(l / a)

Ry = 0.69149 + 0.259®, + 0.03318®,
{1.578 +6.013(A,) + 2.673¢A,)? + 0.208(A,)°

"7 1076 + 1.812(A,) —5.796(A,)? + 4.942(A,)*

] @, | T2649+TI63(4) + 381.681(A,)? ~15547.789(A,)?
21 -0.927 +39.165(A,) —321.743(A,)? 4877.365(A,)°
,AA———

A =0.36539x; —0.01440x, — 0.04566x; + 0.85799x, — 0.35545x5 + 0.04123x,
Ay =0.23203x, + 0.01107x, —0.00427x; — 0.97246x, + 0.01825x5 — 0.00230x,

X =[x, 0, X3, x4, X5, X ) = | = = =
prRTRTETS e LlaL/llah/a}

where the number of observations is N = 432, the coeffi-
cient of determination is R?> = 0.9988. and the standard
error of the estimation is SEE = 0.008745 (statistics):
0.058 <al/l €0.5.0.5 <hla <6.0.2 <L/ <7.and W/l = LJ/]

plification that ignores plate compressibility and shear defor-
mation. Since the resulting deflection ratios always had a
value greater than 1, their reciprocals or adjustment factors
(R) will range from O to 1. The very high deflection ratios
occurred when a thicker pavement (larger h/a) or a larger
load size (larger a/l) was analyzed. Similarly, the resulting
edge stress ratios ranged from 0.25 to 1.03.

To illustrate possible -applications of these databases, the
following predictive model was developed for critical edge
stress estimation using the projection pursuit regression
technique (Lee and Darter 1994; Friedman and Stuetzle
1981):

if (A)) <-0.25
if (A,) >-0.25

if (A) <005
if (A > 005

+877.365(4)

(limits); Ry, is the adjustment factor for finite slab
length and width using 3-D FEM analysis; @, and &, are

nonparametric transformation functions of the projected

lengths a,,"x: Al and A2 are the projected lengths a,, 'v:

m
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