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In this study, engineered cementitious composite (ECC) is used as the pavement of orthotropic steel deck bridge and an epoxy
adhesive is used to achieve wet-bonding between the steel deck and cast-in-place ECC. To investigate the fracture properties of
bimaterial interface, the double cantilever beam (DCB) and 4-point end notched flexure (4ENF) specimens were used to obtain the
fracture toughness, and virtual crack closure technology (VCCT) was used to calculate the energy release rates. A mixed fracture
criterion was also established based on the blister test in this study. In addition, for the phenomena of water accumulation in the
interface cracks, the hydrodynamic pressure under load was evaluated with a two-way fluid-solid coupling model and the
propagation mechanism of cracks at the water-bearing interface was explored. The results showed that the energy release rates at
the crack front showed obvious nonuniform distribution characteristics. The blister test indicated that a mixed fracture was in
good agreement with the linear fracture criterion. The fracture effect produced by the hydrodynamic pressure of the interfacial
water-bearing crack was far less than the fracture toughness of the interface, which indicated that the hydrodynamic pressure

could hardly destroy the interface at one time but might cause the erosion fatigue damage of the interface.

1. Introduction

As a protective layer of a bridge deck, a deck pavement plays
an important role in the service performance of the whole
bridge. The small stiffness and local support of the deck are
easy to cause distress such as cracking, jostle, and upheaval
in the widely used asphalt pavement [1]. Since the 1990s,
some scholars have tried to use a cementitious pavement to
improve the stiffness of a steel bridge deck and its stress state
[2]. In this study, engineered cementitious composite (ECC),
a typical kind of high ductility cementitious composites
(HDCC), is used as the pavement of an orthotropic steel
deck bridge. The stiffness of a bridge deck system can be
improved by using ECC without increasing the thickness
and weight of the pavement because of the lightweight and
high strength of ECC. In terms of interface connection
between the cementitious pavement and steel deck, wet-

bonding technology has evolved as a new bonding technique
[3-7] and is used in this study to achieve an effective
connection between the steel deck and cast-in-place ECC.
Wet-bonding technology is proposed to distinguish from
dry-bonding technology. Dry-bonding technology is used
for connection between hardened concrete and existing
structure, whereas wet-bonding technology is developed to
connect existing structure and cast-in-place concrete. The
pavement structure for orthotropic steel deck bridges used in
this study is shown in Figure 1. The pavement layer from
bottom to top is epoxy adhesive, ECC, bond layer, and
asphalt wearing layer (optional).

It should be noted that the interface of the pavement
structure is a typical the bimaterial interface, which means
the properties of the materials on both sides of the interface
are different. Meanwhile, there are microdefects in the in-
terface, which will cause stress concentration near the
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FIGURE 1: Pavement structure for orthotropic steel deck bridge.

defects. Due to the mismatch of material properties on the
bimaterial interface, the stress follows a log (r) distribution
and is totally different from that of the homogeneous ma-
terials. The smaller the distance from the crack tip is, the
higher the oscillation frequency is, as shown in Figure 2.
Crack propagation may lead to the failure of the whole
structure. Therefore, the reliability of the whole structure
depends to a great extent on the fracture characteristics of
the interface.

Because of the existence of a singular stress field, the
failure of the bimaterial interface should not be evaluated
only by strength parameters (such as stress and strain) but
must be evaluated by parameters used to describe the sin-
gularity, and this belongs to the field of fracture mechanics.
At present, more attention has been paid to the fracture
properties of the bimaterial interface and a series of ex-
periments and theoretical studies have been carried out.
There are three basic fracture modes: opening mode (Mode
I), sliding mode (Mode II), and antiplane shear mode (Mode
III). Among them, Mode III rarely appears in the actual
structure, so it is not considered in this study. The failure
criterion of mixed fracture is usually established based on the
combination of Mode I and Mode II fracture. Energy release
rate (G), stress intensity factor (K), and J-integral (J) are
generally adopted to evaluate the fracture properties. Wil-
liams [9] used the classical beam theory to give an expression
for the energy release rate at the crack tip. Based on the
classical beam theory, Suo [10] studied the delamination
problem of orthotropic materials and gave an analytical
expression of the energy release rate expressed by a single
real scalar. Wang and Qiao [11] considered the effect of shear
deformation and obtained the analytical solution of the
energy release rate and stress intensity factor of the interface
crack of the double-layer bonded plate under normal load.
Qiao and Wang [12] proposed a flexible node model to
analyze the crack tip deformation. In the experimental study
of bonded structure fracture toughness, Ripling et al. [13]
tested the critical energy release rate of the bond interface
using DCB specimens. Wilkins et al. [14] used a DCB to
study the interlaminar peel fracture toughness of compos-
ites. Yang et al. [15] used the end notched flexure (ENF) to
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FiGure 2: Crack tip stress and opening displacement of interface
crack [8].

obtain the shear toughness of the bonded interface. Martin
and Davidson [16] further improved the ENF to a 4-point
end notched flexure (4ENF). Hwu et al. [17] applied four
different notched beam specimens (DCB, ENF, CLS
(Cracked Lap Shear), and improved ENF) to determine the
mixed fracture toughness of the bond interface. Rikards et al.
[18] used a clamp with variable loading angle to test the
fracture of polymer plates and obtained different energy
release rates GI and GIL In terms of the establishment of
fracture criterion, Whitcomb [19] believed that the interface
cracking is mainly determined by the Mode I energy release
rate. Gillepie et al. [20] believed that the interface cracking is
mainly played by the Mode II energy release rate, and the
effect of Mode I is of little significance. Wu and Rcuter [21]
thought that crack propagation is mainly caused by joint
action; that is, when the total energy release rate of Modes I
and II exceeds the critical value, the crack expands. Later,
many scholars standardized the critical energy release rate
and proposed the linear fracture criterion, which is also the
most widely used criterion. The linear criterion is general-
ized to obtain the power rate criterion [22], the index cri-
terion [23], and so on.

In addition to the experiments and theoretical studies,
many scholars have proposed numerical methods to
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investigate fracture properties, including finite element
method, boundary element method, finite difference
method, and meshless method, among which finite element
method is the most widely used. Virtual crack closure
technology (VCCT) is the most typical numerical method
based on the finite element method. Rybicki and Kannien
[24] first proposed a virtual crack closure method for two-
dimensional crack problems in 1977 and used it to calculate
the strain energy release rate. Shivakumar et al. [25] applied
the virtual crack closure method to the three-dimensional
crack problem. VCCT is widely used to calculate the energy
release rate due to its advantages of a simple solution, high
accuracy, low requirement for mesh size, and no special
treatment of crack tip.

This study aims to investigate the feasibility of wet-
bonding technology between the steel deck and cast-in-place
ECC from the perspective of fracture characteristics, so as to
promote the application of wet-bonding technology in
orthotropic steel bridge deck pavement. In this study, DCB
and 4ENF specimens were used to measure the fracture
toughness, and VCCT was used to calculate the energy
release rate with ANSYS workbench. The blister test is an
evaluation method of fracture characteristics under complex
loading conditions, which comprehensively reflects the
fracture characteristics of the interface. Based on the blister
test, a mixed fracture criterion was established in this study.
In addition, the pavement material is not completely im-
pervious to water and fatigue cracks may also provide access
for water to enter the interior, which may lead to the
phenomenon of water accumulation in the interface cracks
during the service process. The hydrodynamic pressure
generated under load at the interfacial crack is the most
disadvantageous factor affecting the propagation of the
interfacial crack. Therefore, a two-way fluid-solid coupling
model was established with ANSYS workbench in this study
to analyze the dynamic water pressure at the interface under
load and to explore the propagation mechanism of cracks at
the water-bearing interface.

2. Materials and Experiments

2.1. Raw Materials. ECC was prepared with cement, fly ash,
quartz sand, polyvinyl alcohol (PVA) fiber, water, and water
reducer. The properties of the raw materials are listed in
Tables 1-3. The mix proportions of ECC are shown in
Table 4. The binder used in this study was a two-component
epoxy adhesive, which consisted of part A, an epoxy resin,
and part B, a hardener [26]. The proportion of components
A and B was 2:1 by weight. The properties of the adhesive
are listed in Table 5. The steel plate was sandblasted to
remove the rust and sprayed with an epoxy zinc-rich paint.

2.2. Preparation Procedure for ECC. The mixing procedure
for ECC was as follows:

(1) Cement, fly ash, and silica sand were added into a
blender and mixed at 100 rpm for 3 min.

(2) Water and water reducer which was previously
dissolved in the water were added and mixed at
100 rpm for 1 min and then 400 rpm for 4 min.

(3) Fibers were added slowly and manually along the
stirring direction and mixed at 400 rpm for 10 min.

2.3. Fracture Toughness Test. 'The combination of laboratory
test and numerical analysis was used to study the fracture
properties of steel deck/ECC interface. The bending stiffness
of ECC and steel plate in the composite structure of steel
plate and ECC should be equal. According to this, the
thickness of the steel plate was 6.5 mm and the thickness of
ECC was 15.5 mm. The preparation of specimens for fracture
test is as follows:

(1) The steel plates were coated with epoxy binder and
put into the molds. Epoxy binder was cured at room
temperature (20°C) for 30 minutes, and then, ECC
was cast in the molds.

(2) The specimens were demolded after 24 hours and
then kept in a standard curing box at a relative
humidity of (95 +5)% and a temperature of (20 + 2)°
C for 28 days. Precracking was obtained by prepo-
sitioning a thin layer of tape between the steel plates
and ECC. Four parallel specimens were used in each
type of test.

Mode I fracture toughness was measured with DCB
specimens, as shown in Figure 3. The specimens had a length
of 0.400 m, a width of 0.070 m, and an initial crack length of
0.150 m. The tests were performed with a universal testing
machine. The test process adopted the displacement control
loading mode, and the loading rate was 0.5 mm/min. The
load and displacement were automatically collected by the
built-in sensors of the testing machine.

The fracture toughness of Mode II was tested with 4ENF
specimens. The specimens had a length of 0.400 m, a width of
0.070 m, and an initial crack length of 0.200 m. The loading
rate was 0.5mm/min. The loading device is shown in
Figure 4.

2.4. Blister Test. Blister test was proposed by Dannenberg in
1961 and used to quantify the adhesion between the film
and the matrix. Nowadays, it has been widely used to
evaluate the interfacial bonding properties [27]. The failure
in the blister test is a mixed mode fracture and a fracture
criterion of the steel-ECC interface can be established based
on the blister test. The specimens used in this study had a
total length of 0.400m, a width of 0.070m, and a notch
length of 0.100 m. The thickness of ECC was 10 cm, and the
thickness of the steel plates was 12 mm. The bottom of the
steel plates was completely fixed. The loading rate was
0.5 mm/min. A three-dimensional finite element model of
the blister specimen was established according to the actual
size of the specimen and the energy release rate was cal-
culated based on VCCT. The blister test and the finite
element model are shown in Figure 5.
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TaBLE 1: Chemical composition of Portland cement and fly ash.

Chemical component (by weight, %)

Material ) i

SiO, CaO ALO3 Fe,03 SO3 P,05 K,O Na,O TiO, MgO
Cement 21.26 57.82 7.67 2.88 4.04 5.26 0.78 — 0.21 —
Fly ash 56.18 2.82 31.46 3.85 0.69 0.91 — 1.32 — 1.33

TaBLE 2: Physical and mechanical properties of PAV fiber.

Diameter (ym) Length (mm) Elongation (%)

Density (g/cm?)

Elastic modulus (GPa) Tensile strength (MPa)

35 12 7.3

1.3 31.3 1287

TaBLE 3: Properties of quartz sand.

SiO, content (%) Melting point (“C)

Density (g/m”) Mohr’s hardness

98.7 1760 2.66 7
TaBLE 4: Mix proportions (kg/m”).
Cement Fly ash Water Sand Fiber Water reducer
479 719 359 431 26 9.6
TaBLE 5: Properties of epoxy adhesive.
Strength (MPa) Modulus (GPa) .

) } i i Elongation rate
Tension Compression Shear Tension Compression Shear
25 75 8.9 4.6 5.0 3.05 0.30%

Initial interfacial crack ~ Steel plate

Steel plate

|
i 1

Initial interfacial crack

FIGURE 4: Mode II fracture toughness test.

2.5. Interfacial Crack Propagation Mechanism under Load-
Water Coupling. The permeation of water and the fatigue
cracks that occurred in the service process may lead to the
phenomenon of water accumulation in the interfacial cracks.
The water in the interfacial cracks will produce strong hy-
drodynamic pressure under the action of driving load.
Hydrodynamic pressure may promote the growth of

interfacial cracks, which is very harmful to structural safety.
Actually, the hydrodynamic pressure of the interfacial water-
bearing cracks belongs to the bidirectional fluid-solid
coupling problem. Therefore, a three-dimensional bidirec-
tional fluid-solid coupling model was established to inves-
tigate the hydrodynamic pressure. The influence of various
factors on the hydrodynamic pressure in the cracks was
studied, which provided a basis for the analysis of the in-
fluence of hydrodynamic pressure on the interface crack
propagation. As shown in Figure 6, assuming that the in-
terfacial crack was completely filled with water, and a
semisinusoidal load was applied to the top of the pavement
to simulate the driving load. The three-dimensional fluid-
solid coupling model is shown in Figure 7. The material
parameters of pavement, steel deck, and water are shown in
Table 6.

3. Results and Discussion

3.1. Mode I Fracture Toughness. A three-dimensional finite
element model was established according to the actual size of
the DCB specimen, as shown in Figure 8. The contact
condition between layers was frictionless at the position of
precracking and interface elements were used in other lo-
cations with the interface delamination module in the



Advances in Materials Science and Engineering

- L -

N

Fixed Steel ECC Loading bar Fixed
N\ e
-‘.: 1 5 X - -? ? 5
' > - > i

- — -

T T
I I
1 1 ’

b 1 -] b
1 1
I I
1 1

(a)

FIGURE 5: Blister test. (a) Experimental diagram. (b) Finite element model.
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FIGURE 6: Schematic diagram of the computational model.
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FiGUre 7: Three-dimensional fluid-solid coupling analysis model. (a) Pavement. (b) Water at the interface. (c) Mesh of solid. (d) Mesh of

fluid. (e) Complete fluid-solid coupling model.

ANSYS workbench. The load and displacement at the same
position as the experimental test setup in the model were
recorded. Figure 9 shows the typical load-displacement
curves of the test results and finite element simulation
results.

The energy release rates of parallel specimens were
calculated based on VCCT, and the results are shown in
Figure 10. It can be found from the figure that the energy

release rates at the crack front showed obvious nonuniform
distribution characteristics. The uneven distribution of en-
ergy at the crack front would lead to the curvilinear
propagation of the cracks.

3.2. Mode II Fracture Toughness. A three-dimensional finite
element model of 4ENF was established, as shown in Fig-
ure 11. Based on VCCT, the energy release rates of 4ENF
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TABLE 6: Main material parameters.

Item Parameter Value
Modulus of elasticity (GPa) 15
ECC Density (kg/m?) 2040
Poisson’s ratio 0.2
Modulus of elasticity (GPa) 210
Steel Density (kg/m’) 7850
Poisson’s ratio 0.3
Density (kg/m?) 998.2
Water Dynamic viscosity (Pa-s) 1.005x 1072
Kinematic viscosity (m?/s) 1.007 x107°

0.0020873 Max
0.0018554
0.0016234
0.0013915
0.0011596
0.00092768
0.00069576
0.00046384
0.00023192

0 Min

FIGURE 8: Deformation of DCB specimen.
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Figure 9: Typical load-displacement curves of experiment and simulation results.
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FIGURE 10: Energy release rate distribution at the crack front of DCB.
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Figure 11: FEM model and simulation result. (a) 4ENF specimen. (b) Total deformation.
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FIGURE 12: Energy release rates of 4ENF.

TaBLE 7: Results of blister test and simulation.

Specimen P (N) Gy (J/m?) Gy (J/m?) Gy (J/m?) Gy (J/m?) G,/Gy. Gy/Gy, G/Gy. + Gy/Gy,
BT-001 3768.8 160.06 130.39 233.938 421.365 0.684198 0.309447 0.993645
BT-002 4030.6 180.05 146.95 233.938 421.365 0.769648 0.348748 1.118396
BT-003 3503.6 140.23 115.85 233.938 421.365 0.599432 0.27494 0.874372

specimens were calculated, and the results are shown in
Figure 12. It can be seen from the figure that the energy
release rates at the crack front of 4ENF specimens also
shown obvious nonuniform distribution characteristics.
Contrary to the DCB specimens, the energy release rates of
4ENF specimens are small in the middle and large on both
sides.

In addition, the fracture toughness of Mode II is obvi-
ously larger than that of Mode I. Therefore, Mode I fracture
in the structure is more dangerous and easier to cause brittle
fracture under a low-stress condition.

3.3. Blister Test. The fracture parameters obtained by
the blister test were compared with those obtained
by DCB and 4ENF in Table 7. It is found that
G,/G,, + Gy/Gyy. was close to 1, which indicated that the
mixed fracture was in good agreement with the linear
fracture criterion.

3.4. Hydrodynamic Pressure of Water-Bearing Interfacial
Crack. The hydrodynamic pressure of the water-bearing
cracks can be obtained after coupling calculation, as shown
in Figure 13.
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FIGURE 13: Hydrodynamic pressure at different times.

3.4.1. Distribution of Fluid Pressure along the Crack Depth.
Figure 14 shows the distribution of fluid pressure along the
crack depth. As can be seen from the figure, the smaller the
distance from the crack front was, the greater the water
pressure was. The maximum water pressure in the crack was
not at the front of the crack, but near the front of the crack.
This may be attributed to the fact that the water pressure in
the crack is related to the penetration of water and water
cannot penetrate into the front of the crack.

3.4.2. Effect of Bubble Radius on Hydrodynamic Pressure.
Figure 15 shows the effect of the bubble radius on the
hydrodynamic pressure. The crack radius is an important
factor affecting crack water pressure. Due to the fact that
the tire load was regarded as a square loading area with a
side length of 200 mm, the bubble radius ranged from 50 to
100 mm to ensure that loading was applied in the whole
range of water-bearing cracks. As can be seen from the
figure, when the driving speed and crack height were kept
constant, the maximum hydrodynamic pressure increased
with the increase of crack radius. When the crack radius
reached a certain value, the water pressure might cause the
crack to propagate.

10000 B

8000 E

6000 - E

4000 i

Hydrodynamic pressure (Pa)

2000 - i

-30 -20 -10 0 10 20 30
Distance from the center of the bubble (mm)

FIGURE 14: Fluid pressure distribution along the crack depth.

3.4.3. Effect of Bubble Height on Hydrodynamic Pressure.
Bubble height is another important factor affecting hydro-
dynamic pressure, and its effect is shown in Figure 16. When
the crack height increased from 1 mm to 2 mm and 3 mm,
the maximum hydrodynamic pressure decreased from
6789 Pa to 4922 Pa and 3557 Pa. Thus, with the increase of
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FiGure 16: Effect of bubble height on hydrodynamic pressure.
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Figure 17: Effect of loading time on hydrodynamic pressure.

crack height, the hydrodynamic pressure in the crack de-  pavement layer. Owing to the existence of interfacial cracks, the
creased gradually. pavement layer can be regarded as an arch bridge for water in the

The influences of crack morphology including crack radius ~ crack, which can disperse and transfer loading and further in-
and height may be related to the arch effect produced by the  fluence mechanical responses such as hydrodynamic pressure.
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3.4.4. Effect of Loading Time on Hydrodynamic Pressure.
Loading time is related to driving speed. The faster the
driving speed is, the shorter the loading time is. It can be
seen from Figure 17 that the hydrodynamic pressure in the
crack increased with the increase in the driving speed. The
larger the driving speed is, the more obvious the impact
effect is.

3.5. Crack Propagation under the Coupling Action of Traffic
Load and Water. The hydrodynamic pressure generated in
the water-bearing interfacial crack plays an important role in
promoting the propagation of the interfacial crack. The
hydrodynamic pressure is perpendicular to the surface of the
crack. For the interfacial crack, the crack height is usually
small, and Mode I is the main fracture mode. But when the
crack height cannot be ignored compared with its radius, the

Mode II fracture should also be taken into account, as shown
in Figure 18.

Based on the calculation results of the hydrodynamic
pressure, the energy release rate at the crack front under the
coupling of load and water can be calculated. By comparing
the fracture toughness obtained from the fracture test, the
crack propagation can be judged. A three-dimensional finite
element model was established to evaluate the fracture
properties under loading and hydrodynamic water, as shown
in Figure 19.

The calculation results showed that the energy release
rate of Mode I was 9.2537J/m? and that of Mode II was
4.5049J/m” under the condition of maximum hydrody-
namic pressure. It can be seen that the fracturing effect
produced by the hydrodynamic pressure of the interfacial
water-bearing crack is far less than the fracture toughness
of the interface, which indicates that the selected adhesive
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can make the interface possess good fracture characteristics
and ensure the interfacial cracks do not propagate under
the load. From the perspective of paving material, the
cementitious composites have large stiffness and can ef-
fectively disperse wheel loads (including impact loads), so
the deformation of cementitious pavement is significantly
less than that of asphalt pavement. This is also one of the
advantages of cement-based materials to be used as steel
deck pavement.

Although hydrodynamic pressure can hardly destroy
the interface at one time, it can cause erosion fatigue
damage to the interface. Under the action of scouring, the
cementitious composite may break and produce particles.
The water in the interface crack carrying concrete particles
turther aggravates the erosion of the interface, as shown in
Figure 20. The interfacial crack may eventually lead to a
large area of debonding between the pavement layer and
the steel plate under the cumulative action of traffic load
and water. Therefore, it is necessary to repair the interface
crack in a timely manner.

4. Conclusions

In this study, the fracture characteristics of the wet-bonding
interface of steel bridge deck pavement were studied. Modes
I and II fracture toughness was tested with DCB and 4ENF
specimens, respectively. Based on VCCT, the critical energy
release rate and the uneven distribution of energy release
rate at the crack front were analyzed. A fracture criterion for
mixed fracture was established based on the blister test. A
three-dimensional fluid-solid coupling analysis model was
established to study the influence of various factors on the
hydrodynamic pressure in the crack, and the influence of
hydrodynamic pressure on the interfacial crack growth was
also analyzed. Based on the obtained results, the following
conclusions can be drawn:

(1) The energy release rates at the crack front of DCB
and 4ENF specimens show obvious nonuniform
distribution characteristics. Contrary to the DCB
specimens, the energy release rates of 4ENF speci-
mens are small in the middle and large on both sides.
In addition, the fracture toughness of Mode II is
obviously larger than that of Mode I.

(2) The comparison of the fracture parameters obtained
by blister test with those obtained by DCB and 4ENF
shows that G;/Gy, + Gy /Gy, is close to 1, which
indicates that the mixed fracture is in good agree-
ment with the linear fracture criterion.

(3) The fracture effect produced by the hydrodynamic
pressure of the interfacial water-bearing crack is far
less than the fracture toughness of the interface,
which indicates that the selected bonding material
can make the interface have good fracture charac-
teristics and ensure the interfacial cracks do not
propagate under load.

(4) The hydrodynamic pressure can hardly destroy the

interface at one time, but it can cause erosion fatigue
damage of the interface. Under the action of

11

scouring, the water in the interface crack carrying
concrete particles further aggravates the erosion of
the interface.
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