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Given the excellent crack resistance performance of steel fiber-reinforced self-stressing concrete (SFRSSC), the bending per-
formance of some composite beams with SFRSSC laminated layers was studied. *e experiment conducted in this study
comprised a single-span composite beam test (including 3 test beams) and a two-span continuous composite beam test (including
2 test beams). All the test beams were T-shaped. *e cracking load, yielding load, and ultimate load of all the test beams were
recorded and comparatively analyzed. Experimental results showed that the cracking load of the test beam with an SFRSSC
laminated layer is significantly increased. Mechanical analysis and numerical simulation of the test beams were conducted, and the
obtained results agreed well with the experimental results. *e composite beams under different working conditions were also
numerically simulated. *rough the simulation, reasonable ranges of precompressive stress and length of the SFRSSC laminated
layer at intermediate support of continuous composite beam were obtained.

1. Introduction

As an important part of a bridge, a bridge deck pavement can
protect road plates from direct wheel abrasion and the main
girder from erosion by rain and other harmful substances.
Furthermore, vehicle load is dispersed by deck pavement.
Cement concrete and asphalt concrete are widely used for
deck pavement, and these concrete types can meet the
standard requirement [1]. When the deck pavement cracks,
the main girders of the bridge will be exposed to the natural
environment, affecting the normal service and durability of
the bridge structure [2–5]. *us, experts from China and
other countries have conducted various studies on bridge
deck pavement in recent years. Ultra-high-performance fi-
ber-reinforced concrete (UHPFRC) [6–20], microexpansion
polypropylene fiber concrete [21], ECC [22, 23], steel fiber
polymer concrete [24–26], and other special materials have
been introduced and studied for bridge deck pavement.

During the hardening process of steel fiber-reinforced
self-stressing concrete (SFRSSC), the expansion of self-
stressing concrete is limited by steel, steel fibers, and other
constraint surfaces. A certain chemical precompressive

stress generated in the concrete enhances the crack resis-
tance of concrete. *e concrete in the support area of the
continuous concrete bridge easily cracks because of the
negative moment. Given the excellent crack resistance
performance of SFRSSC, the bending performance of some
composite beams, which have SFRSSC laminated layers, was
investigated in this study. *e experiment included a single-
span composite beam test and a two-span continuous
composite beam test. All of the test beams were T-shaped.
Furthermore, properties of the composite beams under
different conditions were studied by numerical simulation.
Different self-stress values and lengths of SFRSSC laminated
layer were taken into account. *e conclusion could provide
a reference for the design of SFRSSC deck pavement.

2. Materials and Properties

2.1. Materials. Two kinds of cement are used in the ex-
periment, Portland cement P.O. 32.5R for ordinary concrete
(C) and steel fiber reinforced concrete (SFRC) and sulfur
aluminate cement 4.0 for SFRSSC. *e aggregate was
composed of limestone with particle diameters ranging from
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5mm to 20mm and high-quality river sand. *e grading
curves of the stone and sand are showed in Figures 1 and 2,
respectively. *e type of steel fiber used in the experiment
was HE 0.75/35.*e properties of the steel fiber are shown in
Table 1. *e yield strength of the reinforcement used in the
test was 335MPa, and the yield strength of the stirrup was
300MPa.*e tensile strength, ultimate elongation, and yield
strength of reinforcement with different diameters were
measured by a material mechanics test. Six specimens were
tested for each kind of reinforcement, and the results are
shown in Table 2. All concrete specimens in the experiment
were prepared with tap water. Sika ViscoCrete 3301 water-
reducing agent was used in the experimental specimens to
increase the workability of concrete.

2.2. Properties of Concrete. *ree kinds of concrete were
used in experiment, including ordinary concrete, SFRC, and
SFRSSC.*e mixture ratios for these three kinds of concrete
are shown in Table 3. Cubic compressive strength (fcu), axial
compressive strength (fc), elastic modulus (Ec), and splitting
tensile strength (fts) were measured for each kind of con-
crete. Six specimens were prepared to test every property of
each kind of concrete. Table 4 shows the test results.

3. Experimental Investigation

3.1. Test Setup. *e test includes two parts. *e first part is
the single-span composite T-shaped beam test. *ree test
beams were fabricated to simulate the force condition of the
bridge structure with SFRSSC as deck pavement. *e deck
pavement of three test beams used ordinary concrete, SFRC,
or SFRSSC. In the first part, the influence of the SFRSSC
deck pavement on the crack resistance and flexural prop-
erties of the test beams is mainly investigated. *e second
part is a two-span continuous composite T-shaped beam
test. *is part includes two test beams, separately decked
with ordinary concrete and SFRSSC. In this part, the bridge
structure with SFRSSC deck pavement is simulated, and its
working performance is investigated. *e details of test
beams are presented in Figures 3–7.

3.2. Specimen Preparation. *e basic T-shaped beams were
cast with ready-mix concrete after finishing the mesh re-
inforcement (Figure 7). *e specimens were left at room
temperature and covered with wet strawmatting for 28 days.
Subsequently, the concrete laminated layer was poured after
a chiseled concrete surface was attained (Figures 8 and 9).
*e beams were aged for another 28 days (Figure 10). *e
details of the test beams are presented in Tables 5 and 6.

3.3. Test Program. For the single-span composite T-shaped
beam test, beams were loaded with two concentrated loads
(four-point bending scheme) which applied 1000mm from
the support (Figure 4). For the two-span continuous
composite T-shaped beam test, beams were loaded with
concentrated loads applied in the middle of every span. All
the test loads were applied once. *e experimental data

recorded during the test were as follows: cracking load,
cracking deflection, ultimate bearing capacity, the strains of
some special sections, deflection, crack width, and the rel-
ative slip between the laminated layer and the basic T-shaped
beams. *e instruments used in the experiment and their
locations are shown in Figures 4, 7, 10, and 11.

4. Test Results

4.1. Single-Span Composite T-Shaped Beam Test Results

4.1.1. Crack Development. All experimental beams suffered
flexural failure. *e concrete in the compressive area was
crushed as the test beams failed (Figure 12).*e tests showed
that beam CCB-1 cracked first, followed by SCB-1 and ZCB-
1. As shown in Figure 13, the crack in CCB-1 developed
faster than those in SCB-1 and ZCB-1 initially. However,
when the test load reached 60 kN·m, the crack growth rate in
SCB-1 suddenly accelerated, and the crack width
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Figure 1: Grading curve of sand.
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Figure 2: Grading curve of stone.
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approached that in CCB-1. As the test beams started to yield,
the crack width of CCB-1 reached 0.6mm, whereas the crack
widths of SCB-1 and ZCB-1 were only 0.4mm and 0.2mm,

respectively. *e development of the crack height in each of
the three test beams is shown in Figure 14. As shown in
Figure 14, the crack heights of the test beams developed at

Table 1: Properties of steel fiber.

Length (mm) Equivalent diameter (mm) Tensile strength (MPa) Ultimate elongation (%) Elastic modulus (GPa)
35 0.7 600 12 200

Table 2: Properties of reinforcement.

Diameter (mm) Elastic modulus (GPa) Yield strength (MPa) Tensile strength (MPa) Ultimate elongation (%)
6.5 210 486.6 734.3 30
8 210 306.5 444.9 31.6
18 200 349.9 521.0 24.2
20 200 377.4 571.1 24.5

Table 3: Mixture ratios of different kinds of concrete (kg/m3).

Concrete Water Cement Sand Stone Sika3301 Steel fiber
C 193 350 645.7 1133 6.50 0
SFRC 172 541 765 974 5.41 25.6
SFRSSC 250 550 609 913 8.25 23.3

Table 4: Mechanical prosperities of concrete.

Concrete fcu (MPa) fc (MPa) Ec (GPa) fts (MPa)
C 48.7 45.2 33.5 3.5
SFRC 60.5 55.9 36.0 5.1
SFRSSC 59.9 52.0 33.4 5.2
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Figure 3: Reinforcement of single-span composite T-shaped beams.
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Figure 4: Details of single-span composite T-shaped beam test setup.
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Figure 5: Reinforcement of the cross section at the middle support.
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Figure 6: Reinforcement of the cross section at the midspan.
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Figure 7: Details of the two-span continuous composite T-shaped beam test setup.

Figure 8: Bars.
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the same speed, rapidly reaching 100mm at the beginning.
After a short plateau phase, the crack heights of CCB-1 and
SCB-1 reached 200mm within a short time. Compared with
CCB-1 and SCB-1, ZCB-1 demonstrated a slow crack height
development. Finally, before the test beams failed, the cracks
in the test beams CCB-1, SCB-1, and ZCB-1 reached similar
heights of 247mm, 226mm, and 238mm, respectively.

When the test beams cracked, the transverse crack widths
were minimal and insufficient to pull out the steel fiber. *e
steel fibers together with the steel bars partially bore the
tension; thus, the crack development was impeded. For ZCB-1,

aside from the steel fibers, the prepressing stress generated by
the self-stressing concrete could also hinder crack develop-
ment. At the beginning of the test, the prepressing stress offset
the tensile stress caused by the test load. *us, the cracking
stage of the test beam was postponed; as a result, the cracking
load of the composite beam was improved. *is crack delay
phenomenon is clearly shown in Figures 13 and 14.

4.1.2. Load-Displacement Curve Analysis. *e load-dis-
placement curves of the test beams are shown in Figure 15.
According to Figure 15, every load-displacement curve of

Figure 9: Chiseled basic T-shaped beams.

Figure 10: Single-span composite T-shaped beam.

Table 5: Details of single-span beams.

Beam Concrete of laminated layer Stirrup ratio (%) Reinforcement ratio (%)
CCB-1 Ordinary concrete 0.24 4.86
SCB-1 SFRC 0.24 4.86
ZCB-1 SFRSSC 0.24 4.86

Table 6: Details of two-span continuous beams.

Beam Concrete of laminated layer Stirrup ratio (%) Reinforcement ratio (%)
CCB-2 Ordinary concrete 0.24 0.97
ZCB-2 SFRSSC 0.24 0.97

Advances in Civil Engineering 5



the three test beams consists of three phases: elastic,
yielding, and destruction. *e cracking load, yielding
load, and ultimate load of every test beam were derived
from Figure 15 and the test records and are shown in
Table 7. As shown in Table 7, the SFRSSC laminated layer

significantly improved the cracking loads of the com-
posite beams. Compared with the cracking load of test
beam CCB-1, the cracking load of SCB-1 increased by
16.83%, and the cracking load of ZCB-1 increased by
50.48%.

Figure 11: Two-span continuous composite T-shaped beam actual test setup.

Figure 12: Cracked test beam SCB-1.
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Figure 13: Development of crack width.
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4.2. Two-Span Continuous Composite T-Shaped Beam Test

4.2.1. Load-Displacement Curve Analysis. Two test beams
were loaded to simulate the flexural properties of the con-
tinuous bridge structure with SFRSSC deck pavement and
investigate its flexural properties. During the test, flexural
failure occurred in all test beams (Figure 16). *e load-

displacement curves of the test beams are presented in
Figure 17. *e cracking load, yielding loads at the midspan
and middle support, and ultimate deflection are presented in
Table 8.

*e results showed that the cracking load and yielding
load of ZCB-2 were 120% and 14.05% higher than those of
CCB-2, respectively. *e SFRSSC laminated layer
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Figure 14: Development of crack height.
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Figure 15: Load-displacement curves of the single-span composite T-shaped beams.

Table 7: Cracking load, yielding load, and ultimate load of test beams.

Test beams Cracking load (kN) Yielding load (kN) Ultimate load (kN)
CCB-1 23.77 78.05 86.60
SCB-1 27.77 90.45 104.10
ZCB-1 35.77 93.63 105.71

Advances in Civil Engineering 7



significantly improved the crack resistance of the contin-
uous T-shaped composite beams. Under the vertical load
located in the adjacent span, a considerable negative
moment occurred in the cross section at the intermediate
support, mainly causing the cracking in the bridge. *e
SFRSSC used in the test exhibited good performance in
terms of crack resistance because of the presence of its own
self-chemical stress. Before the test even started, a certain
precompressive stress generated by SFRSSC already existed
in the laminated layer of ZCB-2.*is precompressive stress
postponed concrete cracking at the middle support when
loading was initiated. *us, the SFRSSC laminated layer
enhanced the crack resistance of the test beams. After
concrete cracking, the presence of steel fibers impeded the
crack development in concrete, resulting in a slight im-
provement in the yielding load. However, the use of steel
fibers is not a decisive factor on yielding load, whose in-
crease is not significant.

For the cross section at the midspan, the SFRSSC
laminated layer has minimal influence on the yielding load,

as shown in Table 8. However, with regard to deformation,
the ultimate deflection in beam ZCB-2 was 53.1% higher
than that in beam CCB-2 when the test beams failed. During
the experiment, the deflection in the test beams was
recorded. As shown in Figure 17, in the initial stage, the
deflection in ZCB-2 was significantly less than that in CCB-
2. As the test load increased, the deflection gap between the
two test beams was decreasing. At the beginning of ex-
periment, the precompressive stress generated by SFRSSC
delayed the cracking of concrete beams; thus, the stiffness of
the test beams improved. *erefore, the deflection in ZCB-2
was less than that in CCB-2 under the same load. After the
concrete around the intermediate support cracked, the
precompressive stress inside the SFRSSC was released.
Cracks gradually fully developed.*e deflection gap between
ZCB-2 and CCB-2 was decreasing with the dissipation of the
precompressive stress. After the test beams entered the yield
stage, the steel fibers in ZCB-2 enhanced its stiffness,
resulting in its ultimate deflection to be significantly higher
than that in CCB-2, as shown in Figure 17.

Table 8: Test results of the two-span continuous composite T-shaped beams.

Test
beam

Cracking load
(kN·m)

Yielding load at the middle support
(kN·m)

Yielding load at the midspan
(kN·m)

Ultimate deflection
(mm)

CCB-2 13.05 85.41 90.81 53.52
ZCB-2 28.84 97.41 92.21 81.96

Figure 16: Two-span continuous composite T-shaped beams at failure.
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Figure 17: Load-displacement curves of the two-span beams.
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4.2.2. Crack Development. *e crack development in each of
the two test beams was observed during the test program.
Figures 18–20 describe the crack width development and
crack height development with respect to the test load.
Figures 21 and 22 show the distributions of cracks in beams
ZCB-2 and CCB-2, respectively. *e development trends of
the cracks around the middle support of the two-span
continuous composite T-shaped beams are similar to those
of the single-span composite T-shaped beams. *e pre-
compressive stress generated by SFRSSC delayed the crack in
the concrete around the middle support.*us, the width and
the height developments of the crack in beam ZCB-2 lagged
behind those in beam CCB-2. As the test load increased and
the maximum precompressive stress dissipated, the crack
widths and crack heights of the two test beams converged.

5. Theoretical Analysis

With the numerical simulation results and experimental results
as reference, a theoretical analysis was conducted to calculate the
cracking load of the single-span composite T-shaped beams.

*e basic assumptions are as follows:

(1) *e deformation of the composite beams is aligned
with the plane section assumption.

(2) No relative slip exists between steel and concrete.
(3) *e constitutive relations for steel and concrete are

known.
(4) No relative slip exists between the laminated layer

and basic concrete beam.
(5) *e deformation of each of the composite beams

meets the minimal deformation assumption.

According to the basic assumptions, cross-sectional
strains of the single-span composite T-shaped beams are
continuous when subjected to bending, as shown in Fig-
ure 23. Owing to the precompressive stress in the SFRSSC
laminated layer, the stress broke down in the composition
plane (Figure 23). *erefore, the sectional corner (φ) is

φ �
σzt + σz0

h − x
. (1)

Two equilibrium relations are apparent in the cross
section of the test beams including


x

0
bσdy + σs

′As
′ 

h−x−hf−hp

0
bσdy + 

h−x−hp

h−x−hf−hp

bfσdy

+ 
h−x

h−x−hp

bf σ − σ0( dy + σsAs, (2)
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(3)

*e constitutive relation for concrete [27] is

σc �

σ0 2
εc

ε0
  −

εc

ε0
 

2
 , 0≤ εc ≤ ε0,

σ0 1 − 0.15
ε − ε0
εu − ε0

  , ε0 < εc ≤ εu.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(4)

*e constitutive relation for steel is

σs �
Es, 0≤ εs ≤ εy,

fy, εy < εs.

⎧⎨

⎩ (5)

According to our previous studies [28–30], the pre-
compressive stress of SFRSSC can been calculated by

σz0 � σrz + σrz,f �
ρ

1 − ρ
EsCe

− αρ
+ 0.368αtρf

lf

df

ftk, (6)

where ρ is the reinforcement ratio of the SFRSSC laminated
layer, α and C are the parameters of SFRSSC, σrz is the
precompressive stress caused by the limitation of steel, and
σrz, f is the precompressive stress caused by the limitation of
steel fibers.

By substituting the parameters obtained from experi-
ment into formula (6), the precompressive stress of SFRSSC
used in this test is

σz0 � 2.17MPa. (7)

With the solutions to (2)–(5), the theoretical crack
moment of beam ZCB-1 can be derived as

MZCB−1 � 35.95 kN · m. (8)

*e following theoretical crack moments of CCB-1 and
SCB− 1 are derived by the same method:

MCCB−1 � 16.8 kN · m,

MSCB−1 � 27.3 kN · m.
(9)

6. Numerical Simulation

6.1. Modeling. In this paper, a numerical simulation was
performed with the software ANSYS. *e numerical sim-
ulation analyses were performed for both the single-span
composite T-shaped beams and the two-span continuous
composite T-shaped beams. Furthermore, two additional
variables were considered, namely, the precompressive stress
and the length of the SFRSSC laminated layer.

*e Solid65 element can be used in a 3D solid model
with or without reinforcement. It was used in this study to
simulate the concrete because of its capability to handle the
nonlinearity of materials. *e space bar element Link8 was
used to simulate the reinforcement, which could withstand
moments. In the nonlinear analysis, an integral model was
used for the basic concrete beam, whereas a separate model
was used for the concrete in the laminated layer. In all
simulation beams, the bonding between concrete and steel
was good, exhibiting the absence of a slip. For the model, the
constitutive relation for concrete proposed by Hognestad
and expressed in (4) was used, and five stress-strain
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Figure 20: Cracks at the middle support.
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Figure 18: Development of crack height at the middle support.
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relationship data were selected to define the curve simulated
by theMISOmodel. Reinforcement is generally an elongated
member. If the transverse shear force is disregarded, a
complex stress situation will not exist. Accordingly, in this
study, the constitutive relation for steel could be simulated
with a bilinear isotropic hardening model (BISO). *e
models of the test beams are shown in Figure 24.

*e thermal expansion coefficient of concrete was set to
cc � 1.0×10−5 (°C), and the initial temperature was 25°C.*e
precompressive stress of SFRSSC was simulated by changing
the temperature of concrete. *e loads applied in the ex-
periment were uniformly distributed surface loads.*e force
convergence criterion was used, and the convergence error
was 5%.

6.2. Single-Span Composite T-Shaped Beam Simulation.
*e load-displacement curves of the test beams were pre-
sented in Figure 25. *e simulated failure processes of the
three test beams were similar to those in the experimental
test described in Section 4.1. *e curves presented three
phases: elastic phase before cracking, elastic phase after
cracking, and the yield phase. *e simulated deflection
values were less than the experimental values because the
bond slip between steel and concrete was not considered in
the simulation analysis. However, it had no influence on the
characteristic load values. *e stress history of the middle
node on the bottom surface of the test beams is shown in
Figure 26. *e curves indicate that stress at this point in-
creased with an increase in the test load. When the test load
reached the cracking load, the stress decreased rapidly to
zero, and the concrete at this point cracked. *e test load at

this moment was the cracking load, which corresponds with
the load where the slope initially changed in the load-dis-
placement curves. *e simulation results for cracking loads
are shown in Table 9. *e theoretical cracking loads are in
good agreement with the experimental results and simula-
tion results.

6.3. Different Precompressive Stresses. In the experimental
test, the effects of the different precompressive stresses of
SFRSSC were not considered; thus, the flexural performance
of the test beams for different precompressive stress was
simulated and analyzed. Given that the precompressive
stress of SFRSSC is simulated by changing the temperature
of concrete in this part, the considered variable temperatures
were 25°C, 27°C, 29°C, 31°C, 33°C, 35°C, 37°C, and 39°C. *e
time history plot is shown in Figure 27, and the stress
nephogram is shown in Figure 28. *e load-displacement
curves obtained are presented in Figure 29. *e cracking
load of each beam can be determined from Figure 29, and
the influence of the variation in precompressive stress on the
cracking load is shown in Figure 30.

Figure 30 shows that the cracking load of the test beams
could infinitely increase with increases in the pre-
compressive stress of SFRSSC. When the precompressive
stress values ranged within 1.5–2.5MPa, the cracking load of
the composite beams was the highest; thereafter, the
cracking load exhibited a decreasing trend. *is result is due
to the cracking load of SFRSSC being limited by the steel and
the top surface of the basic beam. With the generation of the
precompressive stress in SFRSSC, a certain tensile stress
appears in the concrete around the top surface of the basic

Figure 21: Cracks in test beam ZCB-2.

Figure 22: Cracks in test beam CCB-2.
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Table 9: Cracking loads of the single-span composite T-shaped beams (kN·m).

Cracking load CCB SCB ZCB
Experimental results 23.77 27.77 35.77
*eoretical results 16.85 27.32 35.95
Simulation results 20.43 26.76 34.65
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Figure 30: Relationship between cracking load and temperature.
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Figure 31: Load-displacement curves by simulation.
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Figure 32: Stress history of the middle node on the top surface of the middle support.
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beam and increases as the precompressive stress increases.
In the experiment, when the precompressive stress reached
2.5MPa, the concrete around the top surface of the basic
beam cracked earlier than the laminated layer, causing the
reduction in the cracking load.

6.4. Two-Span Continuous Composite T-Shaped Beam
Simulation. *e properties of materials adopted in the
simulation for the two-span continuous composite T-shaped
beams are the same as those described in Table 8. *e test
beams’ load-displacement curves obtained by simulation are
displayed in Figure 31. Figure 32 shows the load-stress
curves of the node on the top surface of the middle support.
A certain precompressive stress evidently existed in the

laminated layer of ZCB-2 before loading. *e pre-
compressive stress significantly enhanced the crack resis-
tance of ZCB-2. *e cracking loads are summarized in
Table 10. Clearly, the theoretical results and the experimental
results are in good agreement with the simulation results.

6.5. Influence of the Length of SFRSSC Laminated Layer on
Flexural Behavior. For the two-span continuous composite
T-shaped beams, the negative moment only existed at the
middle support. *us, in this study, a simulation analysis for
condition II, that is, the SFRSSC was placed only in the
middle support area, as shown Figure 33, was conducted. In
the simulation, SFRSSC was placed around the middle
support, with the support as the center. Normal concrete was

Table 10: Cracking loads of the two-span continuous composite T-shaped beams.

Cracking load Experimental results (kN·m) Simulation results (kN·m)
CCB-2 13.05 15.64
ZCB-2 28.84 29.81

SFRSSC

Normal concrete

L

Figure 33: Model of condition II.
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Figure 34: Load-displacement curves for different lengths of the SFRSSC laminated layer.
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poured into the remainder of the laminated layer. *e
lengths of SFRSSC were 1, 2, 3, and 6m.

*e test beams’ load-displacement curves obtained by
simulation are displayed in Figure 34. Figure 35 shows the
load-stress curves of the node on the top surface of the
middle support. *e cracking loads (Mcr) and pre-
compressive stresses (σz0) on the top surface of the beams
were recorded and are summarized in Table 11. Figure 34
shows that the length of the SFRSSC laminated layer had
minimal influences on the yield strengths and ultimate
strengths of the test beams. Table 11 shows that the pre-
compressive stress and cracking load decreased with a de-
crease in the length of the SFRSSC laminated layer. However,
the cracking loads of the test beams were similar when the
length of the SFRSSC laminated layer was 6, 3, or 2m.
Considering the material consumption and cracking resis-
tance, the reasonable length of the SFRSSC laminated layer,
as indicated by L in Figure 33, is 1/3 to 1/2 of the beam span.

7. Conclusions

(1) SFRSSC significantly improves the cracking load of
two-span continuous composite T-shaped beams.
Although the height of the laminated layer is only
14% of the height of the test beam, it allowed for the
2.2-fold increase in the cracking load in the negative
moment area.

(2) A calculation method for the cracking load of the
concrete composite beams with a SFRSSC laminated
layer is established. *e calculation or theoretical

results are in good agreement with the experimental
results.

(3) For the single-span composite T-shaped beams, the
cracking load is desirable when the precompressive
stress of SFRSSC ranges within 1.5–2.5MPa.

(4) For the two-span continuous T-shaped composite
beams, the reasonable length of the SFRSSC lami-
nated layer is 1/3–1/2 of the beam span.

(5) *e SFRSSC laminated layer has minimal influences
on yielding load and ultimate load.
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[15] H. Gurdián, E. Garćıa-Alcocel, F. Baeza-Brotons, P. Garcés,
and E. Zornoza, “Corrosion behavior of steel reinforcement in
concrete with recycled aggregates, fly ash and spent cracking
catalyst,” Materials, vol. 7, no. 4, pp. 3176–3197, 2014.

[16] R. Siddique, K. Kapoor, E.-H. Kadri, and R. Bennacer, “Effect
of polyester fibres on the compressive strength and abrasion
resistance of HVFA concrete,” Construction and Building
Materials, vol. 29, pp. 270–278, 2012.

[17] K. Habel and P. Gauvreau, “Response of ultra-high perfor-
mance fiber reinforced concrete (UHPFRC) to impact and
static loading,” Cement and Concrete Composites, vol. 30,
no. 10, pp. 938–946, 2008.

[18] P. Zhang, Y. Zheng, K. Wang, and K. Zhang, “Combined
influence of nano-CaCO3 and polyvinyl alcohol fibers on
fresh and mechanical performance of concrete incorporating
fly ash,” Structural Concrete, vol. 21, no. 2, 2019.

[19] P. Zhang, Y. Ling, J. Wang, and Y. Shi, “Bending resistance of
PVA fiber reinforced cementitious composites containing
nano-SiO2,” Nanotechnology Reviews, vol. 8, no. 1,
pp. 690–698, 2019.

[20] P. Zhang, L. Kang, J. Wang et al., “Mechanical properties and
explosive spalling behavior of steel-fiber-reinforced concrete
exposed to high temperature—a review,” Applied Sciences,
vol. 10, no. 7, p. 2324, 2020.

[21] J. Shan, Study and application in high performance concrete for
bridge deck overlays, Ph.D. *esis, Wuhan University of
Technology, Wuhan, China, 2006.

[22] C. K. Y. Leung, Y. N. Cheung, and J. Zhang, “Fatigue en-
hancement of concrete beam with ECC layer,” Cement and
Concrete Research, vol. 37, no. 5, pp. 743–750, 2007.

[23] J. Zhang, C. K. Y. Leung, and Y. N. Cheung, “Flexural per-
formance of layered ECC-concrete composite beam,” Com-
posites Science and Technology, vol. 66, no. 11, pp. 1501–1512,
2006.

[24] L. Luo, Construction technology of SFRPC bridge deck pave-
ment, Ph.D. *esis, South China University of Technology,
Guangzhou, China, 2002.

[25] B. Wan, D. C. Rizos, M. F. Petrou, and K. A. Harries,
“Computer simulations and parametric studies of GFRP
bridge deck systems,” Composite Structures, vol. 69, no. 1,
pp. 103–115, 2005.

[26] W. C. Tang, R. V. Balendran, A. Nadeem, and H. Y. Leung,
“Flexural strengthening of reinforced lightweight polystyrene
aggregate concrete beams with near-surface mounted GFRP
bars,” Building and Environment, vol. 41, no. 10,
pp. 1381–1393, 2006.

[27] Z. Guo, Concrete Strength and Constitutive Relation-Principles
and Applications, China Industry Press, Beijing, China, 2004.

[28] R. V. Balendran, F. P. Zhou, A. Nadeem, and A. Y. T. Leung,
“Influence of steel fibres on strength and ductility of normal
and lightweight high strength concrete,” Building and Envi-
ronment, vol. 37, no. 12, pp. 1361–1367, 2002.

[29] L. Carin, W. Roberts, and W. S. Guirola, “Strength and
performance of fiber-reinforced concrete composite slabs,”
Journal of Structural Engineering, vol. 130, no. 3, pp. 520–528,
2004.

[30] C. Huang, Fiber Reinforced Concrete Structures, Beijing
Machinery Industry Press, Beijing, China, 2004.

Advances in Civil Engineering 17


