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Abstract: To investigate the fatigue damage of epoxy asphalt
pavement ( EAP) under a heavy load and and temperature
load, the load-figure of the heavy load on the steel bridge deck
pavement ( SBDP) was simulated first, and the temperature
distribution of SBDP during the temperature-fall period in
winter was also calculated. Secondly, the moving heavy load
coupled with the most unfavorable temperature load was
applied to the SBDP, and the tensile stress on the top of SBDP
was calculated. Finally, the fatigue damage of EAP was
evaluated considering the extreme situation of heavily
overloaded and severe environments. The results show that
both the heavy load and the temperature load during the
temperature-fall period can increase the tensile stress on the
top of SBDP significantly. In the extreme situation of heavily
overloaded and severe environments, a fatigue crack is easily
generated, and thus the SBDP should avoid the coupling
effects of the heavy load and the temperature load in winter.
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poxy asphalt concrete (EAC) has been proved to be

an excellent material and widely used in steel bridge
deck pavement ( SBDP)"'. However, investigations
show that cracking is a major issue in the epoxy asphalt
pavement (EAP) and seriously affects the serviceability
of SBDP'*'.

The SBDP usually carries the heavy traffic volume due
to its unique position in the road network. The research
team of Southeast University'” investigated the traffic
flow of SBDP in the Yangtze River Basin. The result
shows that the axle loads of running trucks on the SBDP
mainly range from 80 to 350 kN, and the volume of over-
loaded trucks ( The axle load exceeds the standard axle
load of 100 kN) is about 80% of the whole traffic vol-
ume. In addition, the SBDP is climatically sensitive due
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to the high thermal conductivity of the steel bridge deck,
and considerable temperature loads are induced during the
temperature-fall period. The heavy load coupled with the
temperature load can accelerate crack development, espe-
cially in cold conditions when the cracking resistance of
EAC is weak. The previous research focused on the crack
initiation and propagation laws of EAC'™', and heavy
load was also included in some research'”, but the impact
of temperature variations on the crack behavior is seldom
investigated. Based on the in-service condition of SBDP in
the Yangtze River Basin, this research calculated the me-
chanical response of SBDP under the coupling of heavy load
and the most unfavorable temperature load during the tem-
perature-fall period in winter. The fatigue damage of EAP
was evaluated, considering the extreme situation of heavily
overloaded and severe environments.

1 Load-Figure of Heavy Load
1.1 Interaction model of tire-SBDP

1.1.1 Tire model

As the radial tire 11. OOR20-18PR is the typical tire
used for the freight trucks'”’, this research developed an
radial tire 11. 0OOR20-18PR model by the finite element
(FE) software ABAQUS.

In general, the radial tire is made of rubber and rubber-
cord composites, composed of crown ply, sidewall, car-
cass ply, rubber liner, bead, and belt ply. The rubber is
usually regarded as a hyperelastic material, and its me-
chanical behavior can be represented as

U=C10(11—3)+C20(11—3)2+C30(11—3)3 (D

where U is the strain energy; I, is the strain invariant; C,
(i=1,2,3) are the material parameters.

Li et al. """ gave the material parameters of rubber and
rubber-cord composites for the radial tire, which are used
in this research, as shown in Tab. 1 and Tab. 2. In the
tire model, the rubber part was simulated by solid and hy-
perelastic elements, and the cord part was simulated by
membrane elements. The FE model of the radial tire
11.00R20-18PR is shown in Fig. 1.

To validate the effectiveness of the tire model, the tire
inflating process was simulated with the standard inner
tire pressure of 0. 85 MPa, as shown in Fig.2. The simu-
lated results are compared with the measured results con-
ducted by Li et al. 1 as listed in Tab. 3. As can be
seen, the simulated results agree well with the measured
results, and thus the tire model in Fig. 1 is reliable.
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Tab.1 Material parameters of carcass ply and belt ply

Structure layer  Density/(kg - m~*) E,;/MPa  En/MPa  E;/MPa Gi3/MPa Gy /MPa Gy /MPa M1 Mo M3
Carcass ply 1035 932 2.76 2.76 311 4.14 4.14 0.47 0.47 0.005
Belt ply 1 200 1.03x10*  4.13 4.13 358 4.82 4.82 0.47 0.47 4x107*

Tab.2 Material parameters of other components

were 950 MPa and 0.2, The boundary condition was

Structure Density/ Ci/ Cay/ Cyo/ set as a fixed constraint at the bottom of model, and the
layer (kg +m™3) H MPa MPa MPa steel bridge deck was merged with the pavement, assum-

Crown ply 1025 0.5 0.77 -0.07  0.10 ing that only vertical displacement occurs.

Sidewall 1125 0.5 0.94 -0.20  0.20 The extended Lagrange multiplier method was used to
Bead 1125 0.5 0.33  -0.02 0.01 define the contact condition between the tire and SBDP,
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Fig.2 Deformation of tire after inflating

Tab.3 Comparison of simulated and measured results

Parameter Measured Simulated Relative
results/ mm results/mm deviation/ %
Diameter 1053 1 060 0.66
Width 269 279 3.72
Height 270 273 1.11

1.1.2 Tire-SBDP interaction model

The 9. 6-m-long SDBP model with a 14-mm-thick steel
bridge deck and 55-mm-thick EAC pavement was estab-
lished. The static modulus and Poisson ratio of steel were
2.1 GPa and 0. 3 in the model, and those of the EAC

and the tire-SBDP model is given in Fig. 3.

Fig.3 Tire-SBDP interaction model

1.2 Simplified load-figure of heavy load for SBDP

1.2.1 Tire-SBDP contact area

The tire-SBDP contact area under different axle loads is
given in Fig.4. As can be seen, the contact area changes
from oval to rectangle with the increase in the axle load,
and the contact area of heavy load is an approximate rec-
tangle. As shown in Fig.5, the width of the contact area
changes little with the axle load, and the length linearly
increases with the increase in axle load.

Referring to the load-figure of the roadway pavement,
the dual wheel load of overloaded truck on the SBDP can
be simplified as a double-rectangle load-figure, as shown

(e) (f)
Tire-SBDP contact area under different axle loads.
(a) 100 kN; (b) 150 kN; (c) 200 kN; (d) 250 kN; (e) 300 kN;
() 350 kN

Fig. 4
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Fig.5 Width and length of tire-SBDP contact area

in Fig. 6, and the parameters of double-rectangle load-fig-
ure are listed in Tab. 4.

25
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Fig.6 Double-rectangle load-figure (unit;mm)

Tab.4 Parameters of double-rectangle load-figure

Axle loads/kN Length/m Average pressure/ MPa
150 0.17 0.89
200 0.21 0.96
250 0.25 1.01
300 0.29 1.04
350 0.33 1.08

1.2.2 Pressure distribution
The pressure distribution under different axle loads is
calculated, and some results are given in Fig. 7.

Pressure/MPa

Pressure/MPa

(b)
Pressure distribution under different axle loads.
(a) 150 kN; (b) 350 kN

Fig.7

As shown in Fig.7, the non-uniformity of the pressure
distribution characteristics are complex and irregular. To
facilitate the mechanical analysis of SBDP, the double-

rectangle uniform load is used to simulate the dual wheel
load on the SBDP, and the average pressures under dif-
ferent axle loads are given in Tab.5. However, the simu-
lated results show that the mechanical response under the
double-rectangle uniform load is smaller than the response
under the loading of the tire model. Therefore, the non-
uniformity coefficient k is designed to reflect the non-uni-
formity effect of pressure distribution on the mechanical
response , and the value of k is equal to the ratio of the re-
sponses under the two loading types. Tab.5 lists the val-
ue of k considering different mechanical responses.

Tab.5 Value of k under different axle loads
Axle loads/kN
150 200 250 300 350

Mechanical responses

Maximum vertical displacement 1.349 1.551 1.715 1.753 1.822
Maximum tensile stress on pavement 1.389 1.696 1.765 1.804 1.876
Maximum interlaminar shear stress ~ 1.653 1.900 2.101 2.146 2.232

2 Temperature Distribution Analysis of SBDP

The temperature drop is liable to induce a temperature
contraction crack in the SBDP, and the crack will further
deteriorate coupled with the heavy load. In this section,
the temperature distribution of SBDP during the tempera-
ture-fall period in winter is simulated.

Qian et al. ' developed an thermal field model of the
steel bridge and simulated the temperature distribution of
EAP in summer. The same thermal field model is used in
this research. The simulation results are given in Fig. 8.
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Fig.8 Temperature distribution of SBDP in winter

According to the simulation results, the temperature
gradient of the temperature-fall period in winter (12 :00—
24.00) can be fitted by '

AT =T,exp( —ay) +b (2)

where AT is the temperature difference; y is the vertical
axle, with the origin of the coordinates lying on the steel
bridge deck and the positive direction running downward ;
and T,, a and b are the parameters to be determined.

As shown in Fig. 8, the temperature difference along
the pavement depth at 18.00, 20.00, 22.00, and
24 .00 is insignificant and can be regarded as the con-
stant value; thatis 6, 3, —1, and -5 C, respective-
ly. The temperature gradient at 12;00, 14.00, and
16 .00 can be fitted as
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AT =23. 186exp( — 14.17y) —1.80 (3)
AT =18.549exp( —3.05y) —0.62 (4)
AT =12.763exp( —22.25y) —4.16 (5)

3 Coupled Effect of Heavy Load and Tempera-
ture Load

3.1 Mechanical response analysis

The temperature load of the established SBDP model
during the temperature-fall period in winter was calculat-
ed, and the temperature contraction coefficients of steel
and EAC are 1.2 x10 7 and 1.58 x 10 ° C, respective-
ly. The modulus of EAC at different temperatures are
given in Tab. 6'*'""'. The maximum temperature load dur-
ing the temperature-fall period and the moving heavy load
with the speed of 80 km/h are applied to the model, and
the loading position of heavy load is set according to Ref.
[2]. As I-type crack caused by the tensile stress on the
pavement is the major early distress in SBDP, this re-
search mainly focuses on the tensile stress on the top of
SBDP, as shown in Fig.9.

Tab.6 Modulus of EAC MPa
X Dynamic modulus/kHz
Temperature/ C Static modulus
10 20
-10 6 490 11.0 11.9
0 3950 10.0 10.7
10 2 300 8.5 9.7
20 950 7.0 8.2
1.8 Axle load/kN :
< L7+ ——150
¥ —0—200
S 16} ——250
2 ——300
= 15F ——350
2
z L4t
g
9 13} W
z W
z 12 W
g
= L1k
10 1 1 1 1 1 1 1 J
-20 -15 -10 =05 0 05 1.0 15 20

Longitudinal position/m

(a)

3.5+

<

g 30p

é 25f

A

% 2.0+

= Axle load/kN

E 15} —o—150
= —0—200
R 10 —+—250
2 LOr ——300
S —%—350

05 1 L Il 1
-2.0 -1.5 -1.0 -0.5 0 05 10 15 20
Longitudinal position/m
(b)
Fig.9 Tensile stress on the top of SBDP. (a) Transverse tensile
stress; (b) Longitudinal tensile stress

It can be seen from Fig. 9 that the longitudinal tensile
stress on the top of SBDP is greater than the transverse
tensile stress, and the peak values of both the transverse
and longitudinal tensile stress locate near the diaphragm
plate. The maximum transverse tensile stress under the
axle-load of 150, 200, 250, 300 and 350 kN are, respec-
tively, 1.21, 1.28, 1.36, 1.45 and 1.52 MPa, and the
maximum longitudinal tensile stress are, respectively,
2.01,2.29, 2.68, 3.06 and 3.41 MPa. Chen et al. '
calculated the tensile stress on the top of SBDP under
30% overload and a constant low temperature, and the
maximum transverse and longitudinal tensile stresses are,
respectively, 0.8 and 1. 377 MPa. Therefore, it can be
concluded that both the heavy load and temperature load
during the temperature-fall period can increase the tensile
stress upon SBDP significantly.

3.2 Fatigue damage analysis

Fatigue crack is one of the major failure types in the
EAP, and Luo et al. ' developed a fatigue simulation
model to predict the service life of EAP as

0.303

log(1 -w)
exp( —12.9 +8 000¢)

logN = [ - (6)
where N is the load repetitions; w is the damage variable,
and the value of w ranges from 0 to 1; when w =0, it
means that the material is not damaged; when w =1, it
means that the material is completely damaged; & is the
non-local equivalent strain. This model can be used in
this research.

According to the simulation results, the tensile strain
on the top of EAP is given in Tab. 7, and the equivalent
strain for fatigue test of EAC is set to be 342 x 10 °,
which is the maximum tensile strain with the axle load of
350 kN. In addition, the equivalent strain is enlarged ap-
propriately considering the extreme situation of a heavy
overload and severe environment. Therefore, 400 and 600
pe are also selected as the equivalent strain. The service
life of EAP is calculated and the results are listed in Tab. 8.

Tab.7 Equivalent strain for the fatigue test

Axle load/kN Maximum tensile strain/10 ~°
150 200.2
200 229.5
250 274.5
300 309.5
350 342.0

Tab.8 Service life of EAP times

Equivalent strain/10 ~°

342 400 600
0.01 10419 10364 10224
0.05 106-87 10597 10368
0.20 1010-72 10932 1057
0.40 101378 1011-98 10737
0.60 1016-45 101429 10380
0.80 101951 1016-96 1010-44
0.99 1026-84 102332 101436
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As shown in Tab. 8, the damage rate is accelerated with
the increase in strain, and when the strain is 342 x 10 °,
damage appears in the EAP after 10*load repetitions, and
after 107 load repetitions, the EAP will be completely
damaged. When the strain is 6 x 10 ™, the EAP is initial-
ly damaged and completely damaged after 10° load repeti-
tions and 10" load repetitions, respectively. Actually,
pavements usually lose service capability before the as-
phalt concrete is completely damaged, and the service life
of SBDP should be determined by the service capability.
Therefore, the four-point bending fatigue test of EAC is
conducted to investigate the service capability of EAP at
different damage variables. The test temperature and load
frequency are set to be —10 C and 10 Hz, and the result
is given in Fig. 10.
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Fig.10 Modulus of EAC changes with load repetitions

The modulus ratio of EAC, which is the ratio of modu-
lus after cycling load and initial modulus, can reveal the
modulus loss of EAC during the fatigue test’’. When the
strain is 400 pe, crack initiation occurs in the EAC after
approximately 4 x 10° load repetitions, and the ratio of
modulus is 0. 94 after 5 x 10° load repetitions, but no ap-
parent damage appears in the EAC specimen, and fatigue
failure eventually occurs in the EAC specimen after 7 X
10" load repetitions. When the strain is 6 x 10 ™, crack
initiation occurs rapidly, and the modulus of the EAC
specimen declines sharply after 9 x 10° load repetitions.
After 107 load repetitions, the ratio of modulus is 0.22,
and fatigue failure occurs in the EAC specimen. Com-
pared the fatigue test results with the estimated results in
Tab. 8, fatigue failure occurs when the damage variable
of EAP reaches about 0. 4. In addition, the crack initia-
tion occurs when the damage variable of EAP ranges from
0.01 to 0.05. As shown in Tab. 8, when the strain is
low, the EAP can withstand the great traffic flow at low
temperatures, but in the extreme situation of heavy over-
loads and severe environments, excessive vehicle load
repetitions can cause the modulus of EAC to decline
sharply, and a fatigue crack is easily generated. There-
fore, to improve the serviceability, the SBDP should
avoid the coupling effect of heavy load and temperature
load in winter.

4 Conclusions

1) The load-figure of a heavy load on the SBDP can be
simplified as a double-rectangle uniform load, and a non-
uniformity coefficient is designed to reflect the non-uni-
formity effect of pressure distribution on the mechanical
response.

2) Both the heavy load and temperature load during the
temperature-fall period can increase the tensile stress on
the top of SBDP significantly.

3) In the extreme situation of a heavy overload and a
severe environment, the modulus of the EAC declines
sharply, and a fatigue crack is easily generated.
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