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Abstract: In order to study the critical load position that causes
cavities beneath the continuously reinforced concrete pavement
(CRCP) slab under vehicle loading, the elliptical load is
translated into the square load based on the equivalence
principle. The CRCP slab is analyzed to determine the cavity
position beneath the slab under vehicle loading. The influences
of cavity size on the CRCP slab’s stress and vertical
displacement are investigated. The study results show that the
formation of the cavity is unavoidable under traffic loading,
and the cavity is located at the edge of the longitudinal crack
and the slab corner. The cavity size exerts an obvious
influence on the largest horizontal tensile stress and vertical
displacement. The slab corner is the critical load position of
the CRCP slab. The results can be used to assist the design of
CRCP in avoiding cavities beneath slabs subject to vehicle
loading.
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C ontinuously reinforced concrete pavement ( CRCP)
is a good kind of rigid pavement structure with con-
tinuous longitudinal steel reinforcement but with no pre-
ventive measures for contraction joints or transverse ex-
pansion'"’

It is well known that the CRCP cracks are usually
caused by temperature drops and water evaporation in ce-
ment concrete'” ™!
loading force the concrete slab to crack vertically. The
closely spaced transverse cracks and longitudinal joints
cause punchouts failure””'. Therefore, the CRCP pun-
chouts are proposed as the basic design parameter for
CRCP in the Guide for Mechanistic-Empirical Design'.
The punchouts of CRCP are usually related to the cavities
of CRCP. Therefore, it is practically significant to ana-

lyze the cavity position beneath the slab under vehicle

. Repetitive vehicle loading and thermal
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loading of CRCP.

In this paper, the vehicle loading is translated into the
square load according to the equivalence principle first.
Secondly, the finite element model is established and the
reliability of the model is verified. Next, the cavity posi-
tions are analyzed using the FEM. The effects of cavity
dimension on the maximum tensile stress and maximum
vertical displacement of CRCP slab are analyzed. Final-
ly, the critical load position is suggested. These analysis
results are helpful for the study and design of CRCP con-
sidering the adverse factor of cavity foundation under ve-
hicle loading.

1 Simulation of Load Transfer and Vehicle Loading
1.1 Simulation of crack’s load transfer

The spring element is used to simulate the crack’s load
®1 The load transfer efficiency of the crack is
and longitudinal

transfer
simulated using horizontal, vertical
springs in the model. The crack model is shown in
Fig. 1.
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Fig.1 Crack model and connection unit model. (a) Crack mod-

el; (b) Connection unit model

1.1.1
The connection rigidity of longitudinal steels’ position

in the crack section is composed of K , K, K. K (con-

nection rigidity in x) is the extensional rigidity of steel.

The load transfer of longitudinal steels

K, and K_(connection rigidity in y and z) are the shear ri-
gidity under the combined work of steel and concrete at
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the crack, which is composed of S (the shear rigidity re-
sulting from the support of concrete to steel) and S (the
shear rigidity of longitudinal steel). The steel stiffness of
the specific composition is shown in Tab. 1.

Tab.1 Steel stiffness definition of load transfer

Direction Stiffness Remark
4B°E I, K. d\"*
[ —— © =2 pw, P (4E>15)
Tangential 1 1
s T _ 12E _ 12E
k(v T GA
Longitudinal K. =EA /w,

In Tab. I, B is the rigidity of steel relative to concrete;
K, is the support modulus of concrete to steel; E, is the
elasticity modulus of steel; I is the inertia moment of
steel section; G, is the sheer modulus of steel; A is the
effective section area of steel; d is the diameter of steel,;
w,, is the crack width.

1.1.2 The load transfer of concrete crack

The nodes of the crack section can be divided into
nodes in the slab corner, nodes in the slab edge and nodes
in the slab center. The crack rigidity distribution at the
concrete’s three types of positions is allocated according
to the area contribution of nodes, which is shown in Fig.
2. Three kinds of nodes’ area contributions and the com-
putational formulae of node spring element rigidity are
shown in Tab. 2.
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Fig.2 Diagram of node stiffness distribution

Tab.2 Computational formula of node stiffness

. Contribution Number Node
Position i
area of nodes stiffness
Slab b 4 oL
abcomer 4 4(N.N, -N, -2N, +3)
Slab ed 2ab 2(N, +N, -4) 24l
+N. -
ab edge a e T 4(N_N, -N, 2N, +3)
44L,

Slab center 4ab 4(N, -2)(N, -3)

4(N.N, =N, 2N, +3)

In Tab. 2, the parameter ¢ is the load transfer rigidity
of aggregate occlusion; L, is the crack length; N, is the
number of node lines in the crack section; N, is the num-
ber of node rows in the crack section.

1.2 Vehicle loading simulation

The applied loading is the standard axle load ( BZZ-

100). The tire pressure is 0. 7 MPa and the dual tire load
weight is 50 kN. It is assumed that the vehicle loading is
evenly distributed in the contact surface, and the size of
the contact area is related to the contact pressure. The
shape of the contact area between the pavement and
wheels contains two half circles and one rectangular as
shown in Fig.3". The contact area A, is calculated as

A, =w(0.3L)* +(0.4L)(0.6L) =(0.097 +0.24) L’
(1)

A, F/p
L‘«/o.o% +0.24 ~A0.097 +0.24 2)

where L is the length of a wheel track; F is the single-
wheel weight; P is the single-tire pressure.

L L

Fig.3 Diagram of load area transformation

B

For the ease of calculation, the elliptic contact area can
be further simplified as a single rectangle (L' X B).

A 0.097 +0.24
B 0.6 L (3)

L =

As a calculation result, L' =0.228 m and B =0. 157

m. Taking the simplicity of messing and the physical

condition of the load transverse distribution into consider-

ation, the values of the standard load equivalent area and
transverse distribution are shown in Fig. 4.
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Fig.4 Distribution of load area (unit: m)

2 Finite Element Model and Its Verification
2.1 Basic assumptions

Considering the efficiency of the crack load transfer of
CRCP, the following assumptions are proposed for
the FEM"':

1) The longitudinal steels are regularly established
along the vehicle’s direction of movement. They are com-
pletely bonded between concrete and steels with compati-
ble deformations. The reinforcement of the transverse
steels is ignored. The layers of the pavement are homoge-
neous, continuous, isotropic and elastic structures.

2) The deflection of the concrete panel is far less than
the panel thickness, so the slab warpage is a small-deflec-
tion bending problem.
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3) The transverse crack is perpendicular to the traffic
direction.

4) There is complete contact between the pavement and
basement without friction, which means that the pave-
ment can slide along but not separate from the basement.

2.2 Ground model and boundary conditions

Usually, the Winker foundation model is adopted to
analyze the clumpy slab system considering the load
transfer efficiency in the FEM"'.

Clamped boundary conditions are set at both ends of
the two lateral slabs along the moving vehicle’s direction,
and the displacement of the longitudinal steels is zero in
the x-axis direction.

2.3 Model size

The crack distance of the middle slab, which is the
main object in this study, is 0. 6 m. The three-dimen-
sional finite element model of three slabs is established.
The length of each side slab is 3 m. It is assumed that the
crack width is 0. 5 mm. Cao’s research shows that the
slab width has a little effect on stress and deflection'” .
Therefore, the slab width is uniformly set to be 4 m and
the slab thickness is 24 cm. Longitudinal steels are placed
in the middle thickness of slabs with a steel ratio of

0.66% and the spacing is 16 cm.
2.4 Finite element unit selection and meshing

The CRCP slab is meshed into 20-node hexahedron
secondary reduced integral units (C3D20R). The sizes of
the finite element model in the horizontal direction are 8
cm X 6 cm (middle slab) and 8 cm x 10 cm ( both side
slabs), respectively. The slab is divided into four layers
in thickness. The basement is meshed into eight-node lin-
ear hexahedron reduced integral units that are C3D8R.
The width and length of the basement element are 8. 8 and
7.3 cm, respectively. The basement is divided into three
layers in thickness (see Fig.5).

2.5 Structural material parameters

The strength of the concrete is C40 level. HRB335
twisted steels are used as the longitudinal steels. The ma-
terial parameters'”’ are presented in Tab. 3.

2.6 Determination of load position

Wheel load is applied at the middle of the transverse
crack edge, slab corner, middle of the longitudinal crack
edge and slab center, respectively, as shown in Fig. 6.

2.7 Model verification

The crack rigidity coefficient J, is adjusted to meet the
computation results of LTE  (the vertical displacement
load transfer efficiency) calculated by ABAQUS and
AASHTO02002"", respectively. The calculation result is

Pavement
‘—\
(a) Basement

Side slab Middle slab

(b)

Fig.5 Finite element model of pavement structure. (a) Dia-
gram of pavement structure layers; (b) Floor plan

Side slab

Tab.3 Material parameters

. Reaction modulus/ Young’s Poisson’s
Material X
(MPa - m™") modulus/GPa ratio
Concrete 31 0.15
Steel 200 0.30
Basement 2 0.20
Winkler foundation 50

reliable as shown in Fig.7.
3 Cavities Beneath Slab

Cavities occur under the combined actions of vehicle
loading and interlayer stagnant water underneath the slab.
Cavities underneath the slabs of concrete pavement refer
to the formation of voids between the slab and the base.

3.1 Formation mechanism and influence factors

of cavity

Based on the cause and process of cavity formation,
cavities can be divided into two types: the structural cavi-
ties and pumping cavities. It is generally considered that
the incipient cause of cavities is the accumulation of plas-
tic deformation of the pavement slab where the vertical
displacement is relatively large under cyclic vehicle load-
ing'”’. Subsequently, rain infiltrates below the CRCP
slab through cracks and gaps between slabs and forms
high-pressure water under vehicle loading. Under this
condition, high-pressure water that flows through the ed-
ges of slabs and cracks in the underside of slabs at high
speed will result in base erosion and base material loss un-
til forming the cavity.

There are many factors which influence the formation
of cavities'""'. According to the sources of these factors,

they can be divided into external factors and internal factors.
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Fig.6 Load position of middle slab (unit; cm). (a) Load ap-
plied at the middle of the transverse crack edge; (b) Load applied at the
slab corner; (c) Load applied at the middle of the longitudinal crack
edge; (d) Load applied at the slab center
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Fig.7 Diagram of model verification. (a) Load applied at the
middle of the transverse crack edge; (b) Load applied at the slab cor-
ner; (c¢) Load applied at the middle of the longitudinal crack edge; (d)
Load applied at the slab center

External factors include the natural environment, vehicle
loading and the rules that traffic keeps to the right. Inter-
nal factors include the structural characteristics of CRCP,
properties of concrete slabs, properties of base materials,
transverse gradient of pavement, drainage performance of
pavement and subgrade, and construction quality'’’.

3.2 Possible locations of the cavity areas

3.2.1
The vertical displacement of the CRCP slab is closely
related to the vehicle loading position'®’. In general, the
vehicle moving from one side to the other side of the mid-
dle slab in the driving direction has the following paths
1) The wheel moves along the slab longitudinal edge.
2) The wheel has some distance from the slab longitu-

Influences of vehicle loading positions

dinal central line.

3) The wheels are symmetrical to the slab longitudinal
central line.

The computational model is a three-slab system. The
parameters of the pavement structure and material are the
same as mentioned before. During the process of analy-
sis, the standard axle load ( BZZ-100) moves along the
x-coordinate axis and y-coordinate axis. The central sec-
tion of the outmost edge of the wheel path is chosen as
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the datum point. The datum point moves to six load posi-
tions in sequence. These load positions are numbered
from 1 to 6, respectively, which are six kinds of wheel
load position; (x=0.115m, y=0m), (x=0.115 m,
y=0.400 m), (x=0.115m, y=0.80 m), (x =
0.300m, y=0m), (x=0.300m, y=0.400m), (x=
0.300 m, y =0.880 m) (see Fig. 8). The maximum
vertical displacement at each load position is calculated.
The results are shown in Tab. 4.
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Fig.8 Diagram of load position moving along x, y directions
(unit; m)

Tab.4 The maximum vertical displacement

WL,maX/mm

x/m

y=0m y=0.400 m y=0.880 m
0.115 0.830 0.631 0.557
0.300 0.769 0.581 0.516

As shown in Tab. 4, the maximum vertical displace-
ment is at the slab corner (x=0.115 m, y=0 m). It is
1.6 times larger than the minimal value at the slab center
(x=0.300 m, y=0.880 m).

3.2.2

Load position and especially the frequency of repeated
vehicle loading have a great influence on the positions and
severity of cavities. The frequency of the wheel path lat-
eral distribution at the edge of the lane is higher, which
indicates a higher frequency of repeated vehicle load-
ing"”’. Therefore, the edge of the lane is more prone to
have cavities.

Influence of lateral distribution of wheel path

3.2.3 Highest possible locations of the cavity areas

Based on the analysis of the wheel path lateral distribu-
tion law and positions of maximum vertical displacement,
we can infer that the cavity is most likely to emerge at the
slab corner. Deflection in ranges of both sides of trans-
verse and longitudinal edges of the slab is also relatively
large. In these ranges, the formation of cavities is caused
by plastic deformation and erosion of the base.

3.3 Basic shapes and types of cavity

3.3.1 Basic shapes of cavity

The cavity areas underneath the pavement slab are usu-
ally symmetric for the transverse cracks. The cavity space
can be considered as a triangular wedge. The closer to the

slab center, the smaller the cavity depth; in contrast, the
closer to the slab corner, the larger the cavity depth. Do-
mestic documentation on investigation and repair of the
cavity underneath the cement concrete pavement slab
shows that the shape of the cavity underneath the corner
of the slab is approximately circular or triangular. The
shape of the cavity area underneath the pavement slab is

[12-13]

an isosceles right triangle The overview of the

pavement with cavity areas is shown in Fig. 9.

Driving direction
% e

Fig.9 Planform of cavity underneath slab

3.3.2 Influence of cavity dimension on
mechanical response

Six sizes of the cavity area are provided as 0.2 m x 0.2
m, 0.4mx0.4m, 0.6 mx0.6m, 0.8 mx0.8 m,
1.0mx1.0 mand 1.2 m x 1.2 m. Nine cavity depths
are provided as 0.05, 0.1, 0.2, 0.3, 0.6, 0.9, 1.2,
1.5 and 1.8 mm. The influences of plane dimension and
depths of the cavity on the mechanical response of the
load-bearing slab are analyzed as comparisons. During
the process of analysis, the load is applied at the corner
of the middle slab ( see Fig.6(b) ). The thickness of the
pavement is 24 cm, the thickness of the basement is 30
cm, the foundation reaction modulus is 50 MPa/m, and
the interface contact between the pavement and the base-
ment is assumed to be completely smooth.

The variations of both the maximum horizontal tensile
stress ¢, and the maximum vertical displacement w, along
the width direction of the load-bearing slab with plane di-
mension as well as depths of cavities are shown in
Fig. 10.

From Fig. 10, the following conclusions can be drawn

1) The plane dimension of the cavity underneath the
slab has a remarkable influence on the maximum tensile
stress ¢, and the maximum vertical displacement w, of the
load-bearing slab.

2) The influence of depths of the cavity underneath the
slab on the maximum tensile stress ¢, and the maximum
vertical displacement w, of the load-bearing slab is insig-
nificant.

3) Depths of cavity underneath the slab have insignifi-
cant effects on the load stress of pavement. Therefore,
the influence of the plane dimension of the cavity should
be taken into consideration as a major factor in the fol-
lowing analysis.

3.4 Estimation of cavity dimension

The formation of the cavity is closely related to rain-
fall, the properties of base materials, and the frequency
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Fig. 10 Effects of cavity depth on maximum tension stress o,

and maximum vertical displacement w;. (a) o,; (b) wy

of repeated vehicle loading. AASHTO has proposed a
prediction model of the cavity underneath the edge of the
slab which takes into account both rainfall and properties
of base materials. The model is described as'®

V=V, +E, i=1,V,=0 (4)

E, =0.0254( -=0.37 +0.017P,, +0.077 91, +
0.460 6R, (5)

where V, is the total cavity dimension at the end of the year
i; E, is the cavity dimension of the year i; P,y is the pass-
ing ratio of base materials at 0. 075 mm sieve; R, is the av-
erage precipitation of the year i; I, is the cavity index.

4 Critical Load Position of Cavity Slab

The two sets of vehicle positions, slab corner and mid-
dle of the longitudinal crack edge, are simulated for the
finite element model as shown in Figs.6(b) and (c).

The maximum tensile stress ¢, and the maximum verti-
cal displacement w, under the vehicle loading in different
positions are calculated as shown in Fig. 11.

The positions of the horizontal maximum load stress
with other cavity dimensions are similar to those in Fig.
12, and only the load stress values are different.

From Fig. 11 and Fig. 12, the following conclusions
can be drawn:
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Fig. 11 Effects of cavity dimension on maximum tension stress

o, and maximum vertical displacement w;. (a) o,; (b) wy

Stress/Pa:
+9.969¢ +05

+8.390e +04
-9.870e +04
-2.813e +05
-4.639¢ +05
-6.465¢ +05
-8.291e +05
-1.012¢ +06
-1.194e +06

Fig.12 The position of the maximum tension stress with a
cavity dimension of 0.8 m

1) The position of the horizontal maximum tensile
stress o, of the cavity slab is around 1.0 m from the slab
top, which is consistent with the punchout position in the
actual pavement.

2) When the load is applied at the slab corner and the
middle of the longitudinal crack edge, the cavity dimen-
sion has a great influence on the horizontal maximum ten-
sion stress. The horizontal maximum tension stress rea-
ches its summit when the cavity size is 1.2 m. Slab cor-
ner is the unfavorable load position for the maximum hor-
izontal tension stress.

3) The cavity dimension has a great influence on the
maximum vertical displacement of the two load positions.
Corner loading leads to larger maximum vertical displace-
ments. Slab corner is the unfavorable load position for the
maximum vertical displacement.

According to the above analysis, the slab corner is the
critical load position of the maximum tensile stress and
the maximum vertical displacement under the vehicle
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loading when there is a possible cavity.
5 Conclusions

1) The cavity underneath the slab is most likely to
emerge at the slab corner. The shape of the cavity is close
to a triangle.

2) When the load is applied at the slab corner and the
middle of the longitudinal crack edge, the cavity dimen-
sion has a great influence on the horizontal maximum ten-
sile stress and the maximum vertical displacement. The
slab corner is the critical load position of the CRCP slab
when a cavity possibly exists.

3) In order to ensure the safety of the structure, the
vertical displacement and stress of the slab should be ana-
lyzed under vehicle loading which is applied at the slab
corner, particularly when the CRCP is designed for soft
soil base,
subgrade.

loess foundation, liquefied sand and mining
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