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Abstract: According to the winter temperature of Peking, the
freeze-thaw ( FT) condition in laboratory was determined.
Seven groups of epoxy asphalt concrete (EAC) specimen were
exposed to different FT cycles. The flexural modulus and
fracture energy (Gy) of EAC exposed to different FT cycles
were obtained through the 3-point bending test. Meanwhile,
the plane strain fracture toughness ( K;.) of EAC was obtained
through numerical simulation. The results show that the
flexural modulus of the FT conditioned EAC samples decreases
with the increase of FT cycles. The FT damage of flexural
modulus is 60% after 30 FT cycles. Nevertheless, with the
increase of FT cycles, the G and K. of EAC decrease first
and then increase after 15 FT cycles.
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he orthotropic steel bridge is widely used in the sea-
T sonal frozen area and EAC is the main pavement ma-
terial for steel bridge construction. With service time
passing, cracks, as well as the typical damage on the
EAC pavement, will appear frequently at low tempera-
tures. Particularly in the seasonal frozen area, the pave-
ment of steel bridge undergoes repeating FT cycles in
winter. The repeating FT cycles will not only affect the
fracture behavior of EAC, but also lead to the propaga-
tion of EAC pavement cracks, which will eventually de-
stroy the whole steel bridge pavement system.

Islam et al. """ adopted the 4-point bending test and in-
direct tensile strength test to evaluate the flexural stiffness
and indirect tensile strength (ITS) of FT conditioned as-
phalt concrete ( AC). The FT cycle followed ASTM
C1645 test protocol and the test results showed that the
flexural stiffness of the FT conditioned samples decreased
with the increase of FT cycles, whereas the ITS of AC
had no significant changes. Based on 8 cycles of FT con-
ditioning, Feng et al. " found that the volume and weight
loss ratio of AC increased with an increase in the FT cy-
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cles. Following ASTM-C666 test protocol, rapid FT test
was used to condition the AC specimens. According to
the image processing technique, it was concluded that the
distresses of cracks and stripping increased with each FT
cycle™ . However, FT conditioning had no negative im-
pact on the stiffness of reclaimed asphalt pavement®.
The Marshall stability (MS) and void ratios filled with
asphalt (V,) decreased with the increase of FT cycles,
while the void volume (V) and void ratios inside mineral
aggregate (V,,,) increased”’. The FT cycle was designed
by Diao et al. ', and they concluded that the compres-
sive strength of concrete decreased with the increasing
number of freeze-thaw cycles. Jamshidi et al. "' studied
the effects of FT cycles with different freezing tempera-
tures on cement-treated soil. The research showed that,
in most cases, greater damage occurred at the end of the
12th cycle.

Most of the laboratory FT conditioning in former stud-
ies followed the ASTM test protocol, which is different
from the real FT condition of seasonal frozen area. The
previous researchers paid more attention to the effects of
FT cycles on the pavement performance indices (e. g.
MS, flexural stiffness, ITS and so on) and physical pa-
rameters (e. g. volume, weight loss ratio, V,, V., V.
and so on) of thermal-plastic AC, whereas they seldom
concentrated on the effects of FT cycles on the fracture
behavior of thermosetting EAC. The current study aims at
investigating the effects of FT cycles on the fracture be-
havior of EAC. According to the winter temperature of
Peking, the FT condition in laboratory is determined. Af-
ter EAC beams were exposed to different numbers of FT
cycles, the flexural modulus and G, of EAC are studied
through the 3-point bending test. Meanwhile, K. is stud-
ied through numerical simulation.

1 Laboratory Testing
1.1 Specimen fabrication

The EAC is composed of an epoxy asphalt binder,
limestone filler and basalt fine graded aggregate. The ep-
oxy asphalt binder is produced by the ChemCo System.
L. P. is composed of Part A and Part B (m,:m, =1:5.
85). Part A is epoxy resin while Part B consists of petro-
leum asphalt and curing agent. The gradation is shown in
Tab. 1, which is the same as the gradation of EAC used
in the 2nd Yangtze River Bridge pavement. The asphalt
content is 6. 5% .
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Tab. 1 Gradation of EAC
Seive size/mm 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Upper limit 100 100 85 70 55 40 32 23 14
Percent L.
. Lower limit 100 95 65 50 39 28 21 14 7
passing/ %
Designed gradation 100.0 97.1 75.0 60.0 48.0 35.0 25.0 17.4 10.5

To prepare EAC specimens, EAC slabs (30 cm x 30
cm x5 cm) were fabricated following JTG E20—2011".
After 6 h of curing at 120 C, EAC slabs were cut into
EAC specimens (20 cm x 3.5 cm x 3 cm). The EAC
specimens were separated into seven groups. Each group
had four specimens which were separately named N-1,
N-2, N3 and N4 (N=1, 2, ..., 7). N-1 and N-2 of
each group are single-edge notched EAC beams ( SEB)
while the depth of the prefabricated crack is 1.6 cm fol-
lowing ASTM E399-12 test protocol™. N-3 and N4 of
each group are EAC beams without notch. The fabricated
EAC specimens are shown in Fig. 1.

(a) (b)
Fig.1 EAC Specimens. (a) Single-edge notched EAC beams; (b)
EAC beams without notch

1.2 FT cycles in laboratory

In order to study the effects of FT cycles on the fracture
behavior of EAC, the winter temperature of Peking ( co-
ordinates: 39°54'27" N, 116°23'17"E; date: from Nov.
1, 2012 to Feb. 28, 2013) was investigated. The winter
temperature of Peking was observed by the observatory of
Nanjing University of Information Science & Technology
for 8 times a day (observation time: 2:00, 5:00, 8:00,
11: 00, 14:00, 17:00, 20:00, 23:00). According to the
investigation towards the winter temperature of Peking,
the average daily high temperature (7,,), average daily
low temperature (7)), average duration of daily high
temperature (f,,), and average duration of daily low
temperature (f,,) can be expressed as

_ Z tLNTLN
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where #, represents the duration of low temperature, h;
no, represents the number of observed days; t, represents

the duration of high temperature, h; ¢, represents the du-
ration of low temperature at the N-th day, h; T, repre-
sents the average low temperature of the N-th day, C;
tyy represents the duration of low temperature at the N-th
day, h; T, represents the average high temperature of
the N-th day, C.

The results show that the 7, and T, of Peking winter
are —4.5 and 3.4 C, respectively, while the ¢, and ¢,
of Peking winter are 17. 8 and 6.2 h, respectively. Ac-
cording to the investigation of the winter temperature of
Peking, the laboratory FT conditioning consists of 18 h of
freezing at —5 C and 6 h of soaking at 4 C, as shown
in Fig.2. The FT cycles for seven groups of EAC speci-
mens are shown in Tab. 2.

(a) (b)
Fig.2 FT conditioning of EAC specimens. (a)18 h of freezing
at =5 C; (b) 6 h of soaking at 4 C

Tab.2 FT cycles for seven groups of EAC specimens
FT cycles Specimen No. FT cycles Specimen No.
1-1 5-1
0 20
12 52
2-1 6-1
5 25
22 6-2
3-1 7-1
10 30
3-2 72
4-1 5-1
15 20
42 52

1.3 3-point bending test

The flexural modulus and K. can be determined by the
3-point bending test device'™™. The Universal Testing
Machine (UTM) was adopted to load the EAC specimens
and the loading velocity is 50 mm/min. Crack caused by
transverse tensile stress is the typical damage that occurs
on steel bridge EAC pavement at low temperatures. Ac-
cording to the investigation of the winter temperature of
Peking, the minimum winter temperature of Peking is
—-13.8 C. Therefore, the temperature of the 3-point
bending test in this paper is — 14 C which is adjusted by the
thermostat. Before the 3-point bending test, all the EAC
specimens were kept in the thermostat at —14 ‘C for 4 h.
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2 Numerical Simulation
2.1 3-point bending test model of SEB

To study the effects of FT cycles on K. of EAC, the
3-point bending test model of SEB was established by the
software ABAQUS. Three-dimensional shells were used
to create SEB whose thickness was 0. 03 m. Quarter-point
elements'"""" were adopted to define the crack. The mid-
dle part of the model had a dense mesh during the mesh
process. Meanwhile, points B and C of the model in
Fig. 3 was set to be the hinge-joints and the loading mode
was set to be the displacement loading on point A, as
shown in Fig. 3.

0.25

0.035

0.20
Fig.3 3-point bending test model of EAC(unit: m)

The fracture of thermosetting EAC is a brittle fracture
when the temperature is lower than 5 C'"*'. For the sim-
plification of modeling, EAC was assumed to be a linear
elasticity material. According to the results of the 3-point
bending test of EAC, the flexural moduli of EAC exposed
to different FT cycles were calculated. Meanwhile, ac-
cording to the test results, the average flexural modulus
of each group was imported into the models, which were
named Model N (N =1, 2, ..., 7), respectively, and
Poisson’s ratio was 0. 25.

2.2 Model verification

In this paper, the mean absolute percentage error
(MAPE) was adopted to represent the error between the
simulation and test results. Taking Model 1 for an exam-
ple, the load-displacement curve of the numerical model
and laboratory test is shown in Fig.4(a) and the absolute
percentage error ( APE) between the simulation and test
results is shown in Fig. 4(b). Meanwhile, Fig.5 shows
the MAPE between Model N and Specimen N-1
(MAPE,), the MAPE between Model N and Specimen

N-2 (MAPE,) and the average value of MAPE, and
MAPE,(MAPE) .

As shown in Fig. 4, the simulation results and test re-
sults are well matched. The APE of each recorded coordi-
nate point on the load-displacement curve is less than 1.

Meanwhile, Fig. 5 shows that MAPE of each numerical
model is less than 0.3. Based on the above analysis, the
constructed models can be used to simulate the test.

2.3 Conditional load

Conditional load P, is defined as the load when Aa/a

0.7 «Specimen 1-1( experiment)
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Fig.4 Simulation results and test results. (a) Load-displacement
curve of numerical model and laboratory test; (b) APE between simula-
tion results and test results
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Fig.5 MAPE between simulation results and test results of
each group

=2% (Aa represents the propagated depth of crack and a
represents the original depth of crack). According to
ASTM E399-12, for brittle material, the maximum load
P,..is Py. Due to the fact that the fracture of thermoset-
ting EAC is a brittle fracture when the temperature is low-
erthan 5 C", P is adopted to represent P, of the
3-point bending test of SEB in this paper. The P, of each
3-point bending test of SEB is shown in Tab. 3. Mean-
while, the stress intensity factor ( SIF) when the load is
P, represents the K. of EAC.

Tab.3 Conditional load of each group

Specimen P/ P/ Specimen P/ Py/
No. kN kN No. kN kN
1-1 0.730 5-1 0.433

0.676 0.471
12 0.623 52 0.508
2-1 0.634 6-1 0.505

0.601 0.492
22 0.569 6-2 0.479
3-1 0.491 7-1 0.622

0.485 0.581
32 0.480 72 0.541
4-1 0.366

0.347
42 0.328
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3 Results and Discussion

3.1 Effects of FT cycles on flexural modulus of EAC

The 3-point bending tests of EAC beams without notch
at different FT cycles were conducted to test the flexural
modulus of EAC™ . Fig. 6 shows the decrease in flexural
modulus of EAC under different FT cycles of condition-
ing. In the first 15 FT cycles, the flexural modulus of
EAC decreases by 22% (reduced to 78% ) of the original
flexural modulus and the FT-induced damage on the flex-
ural modulus of EAC is not obvious up to 15 FT cycles.
The flexural modulus of EAC reduces by 60% of the
original flexural modulus after 30 FT cycles and the FT-
induced damage is more serious after 15 FT cycles. This
signifies that FT conditioning will first cause damage to
the surface binder and after a longer period of FT aging,
it will cause severe damage to the in-depth binder.

Specimen N-1
=z Specimen N-2

—a— Mean value

Flexural modulus/GPa

0 5 10 15 20 25 30
FT cycles

Fig. 6 Flexural modulus of EAC vs. FT cycles

3.2 Effects of FT cycles on G, of EAC

The energy method is frequently used in fracture me-
chanics'™™'. The 3-point bending test of the single-edge
notched EAC beam at different cycles of FT conditioning
was conducted to test the G, of EAC. Fig. 7 shows the G,
of EAC under different FT cycles. The G, of EAC de-
creases with the increase of FT cycles and after breaking a
certain kind of limit, it increases with the increase of FT
cycles. In the first 15 FT cycles, the G, of EAC decrea-
ses by 56% (reduced to 44% ) of the original G, which
is caused by the decrease of the stiffness of EAC. How-
ever, after more than 15 FT cycles, the G, of EAC in-
creases with the increase of FT cycles, which is caused by

80 B

8] 10 15 20 25 30
FT cycles
Fig.7 G; of EAC vs. FT cycles

the increase of the toughness of EAC. Moreover, the
minimum G, of EAC is observed at the 15th FT cycle.

3.3 Effects of FT cycles on K, of EAC

Stress intensity factor (SIF) describes the elastic stress
field strength of the crack tip "' "', The stress intensity
factor (SIF) when the load is P, represents the K. of ma-
terial. The closer the SIF of component with crack is to
K., the easier the crack of the component is to propa-
gate. According to the simulation results, the K. of EAC
under different FT cycles is shown in Fig. 8. The K. of
EAC decreases with the increase of FT cycles and after
breaking a certain kind of limit, it increases with the in-
crease of FT cycles . In the first 15 FT cycles, the K. of
EAC decreases by 37% (reduced to 63% ) of the original
K., which is caused by the decrease of the stiffness of
EAC. However, after more than 15 FT cycles, the K. of
EAC increases with the increase of FT cycles, which is
caused by the increase of the toughness of EAC. Moreo-
ver, the minimum K. of EAC is observed at the 15th FT
cycle.
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Fig.8 K. of EAC vs. FT cycles

4 Conclusions

1) The flexural modulus of EAC decreases with the FT
cycles. In the first 15 FT cycles, the flexural modulus of
EAC decreases by 22% (reduced to 78% ) of the original
flexural modulus and the FT-induced damage on the flex-
ural modulus of EAC is not obvious up to 15 FT cycles.
The flexural modulus of EAC decreases by 60% of the
original flexural modulus after 30 FT cycles and the FT-
induced damage is more serious after 15 FT cycles.

2) The G; and K. of EAC decrease with the increase
of FT cycles and after breaking a certain kind of limit,
they increase with the increase of FT cycles. In the first
15 FT cycles, the Gpand K. of EAC decreases by 56%
and 37% , respectively, which is caused by the decrease
of the stiffness of EAC. However, after more than 15 FT
cycles, the G, and K. of EAC increase with the increase
of FT cycles, which is caused by the increase of the
toughness of EAC. Moreover, the minimum G, and K.
of EAC can be observed at the 15th FT cycle.

The steel bridge deck pavement system usually includes
two asphalt concrete layers and two bonding layers. How-
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ever, the effects of bonding layers on the fracture behav- [8] Ministry of Transportation of the People’s Republic of
ior of EAC under different FT cycles of conditioning is China. JTG E20—2011 Standard test method of bitumen

not taken into account in this paper. and bituminous mixtures for highway engineering [ S].
Beijing: China Communications Press, 2011. (in Chi-
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