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/e results of an experimental and analytical study on the static and fatigue behavior in steel-concrete composite beams under the
hogging moment were presented in this paper, and the structural deformation was discussed cautiously and emphatically. Firstly,
the static and fatigue tests on three inverted simply supported beams were conducted. /e development of cracks under static
loading, the load-deformation curves, and the values of residual deformation under fatigue load were recorded and analyzed in
detail. Several meaningful conclusions were obtained from the analysis of experimental results. To study the development laws of
residual deformation under fatigue load, the analytical methods of residual midspan deflection and residual rebar strain were
proposed, respectively. /e limitation and accuracy of the presented models were studied according to the comparison between
the prediction and measured results. /e calculation values of the proposed models showed good agreement with the test results.
Finally, the design recommendations of fatigue deformation were proposed according to the experimental and analytical study on
steel-concrete composite beams subjected to hogging moment.

1. Introduction

In recent years, steel-concrete composite structure was
popularly used in varied bridges and public buildings due to
the many advantages of concrete and steel [1]. Because of the
existence of unfavorable factors such as tension in concrete
slabs and compression in steel beams, the hogging moment
region of steel-concrete continuous composite beams
presents complex nonlinear behavior even under a low static
load level. /e service performance and durability of the
structure are often further affected, under the long-term
action of fatigue loads such as moving vehicles, winds, and
waves. /en, it is necessary to study the mechanical prop-
erties, the development rules of cracks, and the calculation
methods of structural deformation and crack width in the
hogging moment region of composite beams under static
and fatigue loads intensively based on scaled model test,
theoretical analysis, and numerical simulation [2–4].

Concrete cracking is a big problem in steel-concrete
bridge hogging areas. Crack control of the concrete plate
is therefore one of the most critical problems in hogging
moment regions close to the intermediate support of the
continuous composite bridges. For the construction of a
composite bridge, it is an inexpensive and convenient
solution that allows cracks to be created within reasonable
width limits. A lot of researchers have now paid attention
to this aspect, and significant experimental and theoretical
studies have been conducted in previous times on the
concrete cracking of the composite beams. Shim and
Chang [4] suggested a design basis for longitudinal pre-
stress of continuous composite bridges with full-depth
precast decks having female-to-female joints through
analytical and experimental studies on cracking of the
deck. Ryu et al. [5] performed experimental tests on the
mechanical behavior of the composite plate beam with
prefabricated concrete slabs under hogging moments.

Hindawi
Advances in Civil Engineering
Volume 2020, Article ID 6630742, 10 pages
https://doi.org/10.1155/2020/6630742

mailto:qiluo@cqjtu.edu.cn
mailto:694923928@qq.com
https://orcid.org/0000-0002-4569-4419
https://orcid.org/0000-0002-7831-1920
https://orcid.org/0000-0001-8436-4765
https://orcid.org/0000-0002-2460-2474
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/6630742


From the observation of crack distribution, crack spacing,
crack widths, and strain of the composite section before
and after cracking, crack control in negative moment
regions and flexural stiffness of the composite section
were analyzed by design equations in proper code. He
et al. [6] showed that the composite beams under the
hogging moment configured with stud connectors and
PBL connectors, respectively, behaved almost the same in
crack width and flexural stiffness through the experi-
mental investigation. Su et al. [7] provided detailed in-
formation of the inelastic behavior of the hogging
moment zone through two specimens of steel-concrete
composite box girder with inclined webs, and it was found
that the reinforcement ratio played an important role on
the crack control. Sun et al. [8] investigated the effect of
longitudinal reinforcement and prestressing on stiffness
and cracking of composite beams subjected to negative
moment. Meanwhile, a theoretical model was proposed to
estimate the effective stiffness, taking into account the
tension stiffening effect of concrete cracking. In addition,
high-performance concrete materials are more and more
widely used in civil engineering [9, 10]. Due to the ex-
cellent crack resistance [11, 12] and fatigue resistance [3],
they will have a good prospect of research and application
in composite bridge construction.

Until now, there are still no standard and applicable
analytical methods for fatigue deformation in the hogging
moment regions of steel-concrete composite beams in
present design codes. Few researchers have studied the
theoretical methods of fatigue deformation. Song et al. [13]
presented a calculation model of residual deformation re-
lated to static loading in the hogging moment region of
composite beams, according to the analytical method of PPC
(partially prestressed concrete) beams. /en, a calculation
model of the residual deformation connected with fatigue
loading in the hogging moment region of composite beams
was derived, based on the differential equation of the re-
sidual interface slip and the computing method of the re-
sidual slip in push-out specimens of studs, but this study did
not give the analysis methods for calculating the instanta-
neous deflection under fatigue loading and the total midspan
deflection in the hogging moment region. Besides, the
analysis model of residual deflection needs more experi-
mental verification.

Set against the above background, this study aims to
investigate the static and fatigue properties of steel-
concrete composite beams under the hogging moment.
/e test program was introduced cautiously, and the test
results were observed and analyzed in detail. Based on the
existing model for analyzing the residual deformation of
composite beams subjected to sagging moment, an ana-
lytical formula for evaluating the residual deformation in
hogging moment regions was then presented. Meanwhile,
based on the calculation method of the nonprestressed
rebar under fatigue loading in PPC beams, a calculation
model was derived for the evaluation of residual strain in
the longitudinal rebar. /e accuracy of the presented
models was studied through the comparison between the
prediction and test results.

2. Experimental Study

2.1. Test Specimen and Testing Procedure. To study the static
and fatigue properties in negative moment regions, three steel-
concrete composite beams numbered SCB1-1, SCB1-2, and
SCB1-3 were fabricated and used for the loading test. Specimen
SCB1-1 was tested under static loading, and the other two
specimens were tested subjected to fatigue loading. Each of the
beam models had a span of 3500mm and was 3900mm long,
as shown in Figure 1. /e specimens were designed with studs
as shear connectors, and the diameter and height were 16mm
and 90mm, respectively. Two-row shear studs with the lon-
gitudinal and transverse spacings of 100mm were welded on
the top flange. /e static and fatigue experiments were con-
ducted at the structure laboratory of Southeast University. /e
specimens were reversed, and the test setup is shown in Fig-
ure 2. At the interval time of the loading procedure, the
cracking formation and the fatigue deformation were cau-
tiously observed by an electronic crack width measurement
instrument and a computer through a signal system. /e
degree of strength of the concrete was C50./e steel plates and
rebars, respectively, used were Q345 and HRB400. Table 1
shows themechanical characteristics of the specimenmaterials.
As for fatigue test, the beammodels were the same to the static
specimens andweremanufactured and held under the uniform
conditions. Fatigue loading parameters of the test beam are
shown in Table 2. And Fu is the ultimate bearing capacity of the
test beam without fatigue load. Based on the results of the
ultimate bearing capacity Fu of specimen SCB1-1 and the laws
of crack growth, the maximum fatigue load of the SCB1-2 test
beamwas set to 25% Fu (i.e., themedian value of the 7% Fu load
and 40% Fu load at the crack stability stage). /e maximum
fatigue load for the SCB1-3 test beam is set to 40% Fu (i.e., the
load during the crack stability stage). Loading ratio, loading
frequency, and static loading rate were 0.2, 2Hz, and 10kN/
min, respectively. /e loading method was sine wave form.

2.2. Analysis of Static Test Results. /e major experimental
results of beam specimen SCB1-1 are characterized in Ta-
ble 3, and the typical crack formation and distribution on the
concrete slab under different loading levels is shown in
Figure 3. /e overall process of crack developing can be
defined as four stages. As for stage I, no crack occurred on
the concrete slab surface until the applied load increased to
70 kN. /e width of the initial crack was 0.03mm as shown
in Figure 3(a), which was difficult to be identified by the
naked eyes. In stage II, both the number of cracks and the
crack width increased along with the increment of the ap-
plied load. When the applied load reached 400 kN, the
stabilized stage, i.e., stage III of crack developing, was de-
fined, which indicated that the average crack spacing and the
number of through cracks remained stationary. Meanwhile,
the crack width still increased stably. In stage IV, due to the
yielding of the longitudinal reinforcement bar, the width of
the major crack shown in Figure 3(c) started to increase at a
rather rapid speed until the beam specimen failed, and the
final failure mode was compression buckling of the lower
flange plate of the steel beam.
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2.3. Analysis of Fatigue Test Results. No fatigue failures
occurred after 250 ×104 cycles in SCB1-2 when the fatigue
upper limit was equal to 250 kN. As for SCB1-3, the
fracture of the rebar occurred after about 152 ×104 cycles.
Due to the fatigue failure, specimen SCB1-3 had a lower
ultimate load of 477.2 kN, which was only 46.2% of SCB1-
1. However, specimen SCB1-3 still had good ductility
although the fatigue failure had already occurred. /e

difference between specimens SCB1-2 and SCB1-3 can
also be found in the load-deflection curves as shown in
Figures 4(a) and 4(b).

In the experimental tests, strain gauges for measuring
reinforcing bars were arranged on longitudinal bars at the
midspan section, where themaximum tensile stress probably
occurs for simply supported beams under concentrated load
in the span center. /e gauge locations are shown in
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Figure 1: Construction details of tested beams (unit: mm).
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Figure 2: Loading setup of the specimens: (a) static loading device and (b) fatigue loading device.

Table 1: Mechanical properties of the specimen materials.

Material
type

Average value of cube
strength (MPa)

Average elastic
modulus (MPa) Material type /ickness or

diameter (mm)
Average yield
strength (MPa)

Average ultimate
strength (MPa)

Concrete
(C50) 51.2 35400

Top flange and
web (Q345) 12 443 608

Bottom flange
(Q345) 14 391 520

Rebar (HRB400) 16 592 718

Table 2: Fatigue loading parameters of the test beam.

Specimen Load limit Loading ratio Frequency (Hz) Loading method Static loading rate (kN/min)
SCB1-2 25%Fu 0.1 2 Sine wave 10
SCB1-3 40%Fu 0.1 2 Sine wave 10

Table 3: Characteristic experimental results of the beam specimen.

Specimen
Initial cracking (70 kN) Stabilized cracking

(400 kN)
Reinforcement yield

(700 kN) Ultimate load (1033 kN)

wmax (mm) lcr (mm) wmax (mm) lcr (mm) wmax (mm) lcr (mm) wmax (mm) lcr (mm)

SCB1-1 0.03 / 0.10 105 0.20 104 >1mm 104

Advances in Civil Engineering 3



Figure 5. /e gauge numbered 0# was selected, and the
reinforcing bar strain was measured and recorded during
each intermediate test. /e typical strain results of the
reinforcing bar in SCB1-2 and SCB1-3 are given in
Figures 4(c) and 4(d). /e strain jump can be observed from
the initial loading stage, and the corresponding load and
strain were about 70 kN and 65 μ. Similar to the phenom-
enon in the load-deflection curves of specimens SCB1-2 and
SCB1-3, the development law can also be found in the load-
strain curves under fatigue loading. /e residual deforma-
tion associated with Figure 4 is plotted in Figure 6, where n

and N are the number of cycles and the fatigue life, re-
spectively. Also, the curves can be characterized by three
stages typically.

3. Analytical Study

3.1.AnalyticalModel forCalculating theResidualDeflectionat
Midspan

3.1.1. Fatigue Life Evaluation of Composite Beams Subjected
to Hogging Moment. In this study, the existing method for
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Figure 3: Crack formation and distribution of the beam specimen under different loading levels (unit: mm): (a) initial cracking load,
(b) stabilized cracking load, and (c) ultimate load.
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fatigue life of hogging moment regions presented by Song
and Wan [13] was employed. /en, the fatigue life in
hogging moment regions of composite beams can be given
as follows:

lgNf1 + 8lg Δτs(  � 21.935,

lgNf2 + 3lg Δσs(  � 12.02,

lgNf3 + 3.7928lg Δσr(  � 14.7806,

(1)

where Nf1, Nf2, and Nf3 are the number of fatigue test cycles
of the three components, i.e., studs, steel, and rebars andΔτs,
Δσs, and Δσr are fatigue strengths of the three components.

/us, fatigue life Nf in hogging moment regions can be
given as follows:

Nf � min Nf1, Nf2, Nf3 . (2)

3.1.2. Calculation Method for Residual Deflection.
According to the existing method for plastic slip in shear
studs (δstd,n) [14], a analytical model for calculating the
residual deformation (fn) in sagging moment regions can be
given by Wang and Nie [15]:

fn � k
δstd,nL

12H
, (3)

and then the plastic slip of shear studs of δstd,n can be
expressed as follows:
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Figure 4: Load-deformation curves after different load cycle numbers: (a) load-deflection curves of SCB1-2, (b) load-deflection curves of
SCB1-3, (c) load-strain curves of SCB1-2, and (d) load-strain curves of SCB1-3.
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δstd,n � C1 − C2 ln
1

(n/N)
− 1 ≥ 0, 0<

n

N
< 0.9, δstd,n � 0,

n

N
� 0, (4)

where the parameters C1 and C2 can be obtained as follows:

C1 � 0.104e
3.95 Pmax/Pu,0( ),

C2 � 0.664
Pmin

Pu,0
+ 0.029.

(5)

In the aforementioned formulas, k� 10.11 is the unde-
termined coefficient obtained by data fitting; L is the span of
the beam; H is the height of the beam; n is the number of
repeated cycles; N is the fatigue life; Pu,0 is the ultimate
bearing capacity of studs; Pmax is the fatigue upper limit of
studs; and Pmin is the fatigue lower limit of studs.

When the above analytical method in sagging moment
regions is employed, the calculation method for predicting
the residual deformation value in hogging moment regions
was obtained by fitting the measured data in this study. /e
following relation gives its analytical formulation:

fn � 1.04
δstd,nL

H
. (6)

3.1.3. Verification of the CalculationMethod. It can be found
that the related coefficient k obtained under the sagging
moment in [15] was 0.84, which accounted for about 81% of
that under the hogging moment, and it indicates that the
residual deflection in the hogging moment regions will be
larger in comparison with sagging moment regions due to
the concrete cracking. In order to verify the precision of the
proposed method for calculating the deflection of composite
beams under the hogging moment, the comparisons were
made between the test results and the proposed method, as
illustrated in Table 4. It can be seen that the results calculated
by the proposed model had a good agreement with the test
results. In addition, the residual deflection will account for
more than 30% of the static deflection caused by the fatigue
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Figure 6: .Residual deformation versus cycle ratio: (a) residual midspan deflection and (b) residual rebar strain.
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upper limit under the monotonic loading as listed in Table 4,
and this proportion will be larger with the increment of
repeated cycles. /erefore, to avoid the unsafe results, the
residual deflection caused by fatigue load should be noted.

3.2. Analytical Model for Predicting the Residual Strain of
Longitudinal Reinforcement

3.2.1. Calculation of Fatigue Stiffness of Studs. For steel-
concrete composite structures, the strength or stiffness

degradation phenomenon of studs has been investigated
under fatigue loading [16, 17]. /e load-slip (Pn − δn) re-
lationships of studs under fatigue loading were given in [14],
as can be expressed with the following equation:

Pn � 1.41Pu,N δn − δstd,N , Pn ≤ 0.8Pu,N, (7)

and the static intensity decrease (Pu,N) can be estimated at a
specified number of load cycles as follows:

Pu,N

Pu,0
� 0.74

Pmax

Pu,0
1 −
ΔP

Pmax
  + 0.54 − 0.04 ln

n

10 1− Pmax/Pu,0( )/ 0.1267− 0.1344 Pmax/Pu,0( ) 1− ΔP/2Pu,0( )( )( )( ) − n
 , (8)

where ΔP is the range of the cyclic loading, i.e.,
ΔP � Pmax − Pmin.

/rough a series of experiments and analyses, it was
found that the load-slip behavior after n number of repeated
cycles was linear for Pn≤ 0.8 Pu,N [14]. /en, it can be as-
sumed that the residual stiffness of studs under fatigue
loading is equivalent to the secant stiffness at the shear
connector strength of Pmax,nwith an equivalent slip of δmax,n.
/us, the residual stiffness of studs can now be written in the
following form:

Ks,n �
Pmax ,n

δmax ,n

. (9)

3.2.2. Cycle-Dependent Stress of Reinforcement in the Cracked
Section of Composite Beams. /e slip effect at the beam-slab
interface has been proved to have a great influence on the
mechanical property in the hogging moment regions of
continuous composite beams, and an equation proposed by
Fan and Nie [18] can be applied to the calculation of residual
strain of longitudinal reinforcement which included the slip
effect. /en, a cycle-dependent model of reinforcement
stress (σs (n)) in the cracked section can be obtained, while
the effect of fatigue loading is incorporated into the equation
in [18], namely, the shear-slip stiffness of a single stud shear
connector Ks and sectional area of reinforcing Ar are
substituted by Ks,n in equation (9) and A

f
s (n) in equation

(13), respectively. /e new form of the cycle-dependent
model is defined as follows:

σs(n) �
EsAs εf

r0I
f
0 y0 − εf

s Isy
f
0r 

A
f
r + As Is + A

f
r Asy

2
0 y

f
0r

, (10)

εf
r0 �

My
f
0r

EsI
f
0

, (11)

εf
s �

4e
−αx

e
αL

− e
2αx

 βM

α e
αL

+ 1 L
, (12)

where Es is Young’s modulus of reinforcement; As is the
sectional area of the steel beam; A

f
r (n) is the effective area of

reinforcement after n cycles; εf
r0 is the reinforcement strain

without slip effect at the beam-slab interface under fatigue
loading; εf

s is the slip strain considering fatigue effect; M is
the applied moment acted in the cracked section;yf

0r is the
distance from the centroid of reinforcing bars to the neutral
axis of the composite section considering fatigue effect; x is
the distance from the calculation section to the midspan, and
x� 0 for this study; α �

�����������������������
(Kn/pEs)((1/A0) + (y2

0/Is))


;

β � (y0/2EsIs); y0 � yr + ys; A0 � (A
f
r · As/A

f
r + As); Is is

the secondmoment of area of the steel beam; yr and ys are the
distances of the beam-slab interface to the centroid of
reinforcing bars and steel beam, respectively; Kn is the shear
connection stiffness at the beam-slab interface, Kn � nsKs,n;
and ns is the number of shear studs per row.

In the fatigue stress evaluation of equation (10), the
effective area of reinforcement after n cycles can be
expressed by the following equation [19]:

Table 4: Comparison between predicted and tested residual deflection values.

Specimen Fatigue life
(×104) N � Nf

Static deflection caused by
upper limit δu (mm) n/N

Residual values (mm) Deviation (δt − δp)/
δp × 100% (%)

Proportion
δt/δu × 100 (%)Test δt Prediction δp

SCB1-2 516 3.32

0.19 0.948 0.847 11.9 28.6
0.29 0.988 0.949 4.1 29.8
0.39 1.018 1.065 −4.4 30.7
0.48 1.028 1.170 −12.2 31.0

SCB1-3 152 5.50 0.33 1.577 1.441 9.5 28.7
0.66 1.607 1.750 −8.2 29.2
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A
f
r (n) � Ar 1 −

n

N
1 −

σs(n)

fsy

   , (13)

where fsy is the tensile strength of the reinforcement bar.
By combining equations (10) and (13) and using

mathematical software MATLAB, cycle-dependent stress σs
(n) and area of reinforcement A

f
r (n) can then be obtained at

the certain repeated number of n.

3.2.3. Calculation Method of the Residual Strain. When
taking the combination effect of composite beams and fa-
tigue effect of studs into account, an analytical model for
estimating the residual strain of nonprestressed reinforce-
ment in PPC beams [19] is employed to the analysis in
longitudinal reinforcement of composite beams subjected to
hogging moment. /e following relation gives the analytical
formulation:

εsr,n �
Ar/2A

f
r  +

����������������������������������

Ar/2A
f
r 

2
+ 2πnrdrEcWsr,n/n0βnfct,nA

f
r 



 fct,n

2Ec

,
(14)

and the tensile strength of concrete (fct,n) under fatigue
loading can be obtained as follows [20]:

fct,n � fct · 10(− 0.0023− 0.0275 log n)
, (15)

where nr is the number of reinforcement bars in the concrete
slab; dr is the diameter of the longitudinal reinforcement bar;
Ec is Young’s modulus of concrete; Es is Young’s modulus of
the rebar; n0 � Es/Ec; fct is the concrete strength of extension;
Wsr,n � 0.02mm is for the nonrecoverable deformation after
unloading; and βn � 1.

3.2.4. Verification of the Calculation Method. To verify the
accuracy of the analytical model for estimating the re-
sidual strain of longitudinal reinforcement in the hogging
moment regions of steel-concrete composite beams under
fatigue loading, the predicted curves and experimental
results of specimens SCB1-2 and SCB1-3 are shown in
Figure 7. It can be seen from Figure 7 that there is a good
agreement between the calculation model and experi-
mental results when 0.1 < n/N < 0.9, namely, in stage II of
the whole development process of residual strain. In
addition, a larger deviation occurred in stage I and stage
III, which may be ascribed to the discreteness of concrete
strength and development of initial microcracks at the
beginning of fatigue loading, as well as different failure
modes of components and the sharp growth of measured
values at the end of fatigue loading.

For further verification of the proposed model
quantitatively, the comparison between experimental and
calculated residual strain values in stage II (0.1 < n/
N < 0.9) is listed in Table 5. It can be seen that the de-
viation values vary from 4.3 to 10.2%. And the results

further indicate that the proposed model can be used to
predict the residual strain of longitudinal reinforcement
in the hogging moment regions of steel-concrete com-
posite beams under fatigue loading. /us, the proposed
model in this study can be a design reference for engi-
neering applications of composite bridges.

3.3. Suggestion for Fatigue DeformationDesign. /e residual
deflection and strain gradually increased due to the fatigue
loading, as observed and analyzed in the experimental
test. /e residual deflection accounted for more than 30%
of the static deflection caused by the fatigue upper limit
under the monotonic loading with the increment of re-
peated cycles (see Table 4). Meanwhile, experimental
results showed that the residual stresses in reinforcement
can reach about 50MPa (see Table 5). Moreover, these
residual values will become larger with the increase of
fatigue cycles. /erefore, the residual deflection and strain
should not be ignored in order to correct the accuracy of
the calculation formula for the total deformation. When
the fatigue load is in the service load stage, the following
formulas are suggested to calculate the midspan deflection
and reinforcement stress in steel-concrete composite
beams subjected to hogging moment:

ft � f0 + fN, 0.1<
n

N
< 0.9 ,

σs � σs(n) + Esεsr,n, 0.1<
n

N
< 0.9 ,

(16)

where f0 is the elastic deflection in the hogging moment
regions of steel-concrete composite beams; fN is the total
residual deflection obtained by the analytical model
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Figure 7: .Comparison between predicted and tested residual
strain of the rebar.

8 Advances in Civil Engineering



proposed in this paper; and σs (n) is the stress of the re-
inforcement bar after n cycles.

4. Conclusions

In this paper, the static and fatigue properties of steel-
concrete composite beams under the hogging moment were
studied with experimental tests and analytical models.
/rough the experimental tests, the crack development
process, the fatigue deflection at themidspan, and the fatigue
stress of longitudinal reinforcement were observed and
discussed carefully and in detail. /en, the calculation
methods for predicting the residual values were given.
Details of this study are summarized as follows:

(1) With the experimental test of an inverted specimen,
four stages are defined for the overall process of crack
developing according to development laws of the
average crack spacing, the number of through cracks,
and crack width. /e average crack spacing and the
number of through cracks remained stationary in
stages II and III. /e width of the major crack in-
creased at a rather rapid speed in stage IV until the
beam specimen failed.

(2) Based on the existing model for predicting the re-
sidual deflection of composite girders subjected to
saggingmoment, a calculationmethod for evaluating
the residual values in hogging moment regions is
presented. It was found that the residual deflection
accounted for more than 30% of the static deflection
caused by the fatigue upper limit under the mono-
tonic loading, and this proportion will be larger with
the increment of repeated cycles.

(3) Based on the calculation method of nonprestressed
reinforcement in PPC beams, an analytical model is
proposed for the prediction of residual strain of
longitudinal reinforcement in the hogging moment
regions of composite beams, which accounts for the
slip effect of composite beams and fatigue properties
of stud and reinforcement. In stage II (0.1< n/
N< 0.9), the model showed a close correlation with
the experimental results. /e design recommenda-
tions for fatigue deformation in hogging moment
regions of steel-concrete composite bridges were
proposed.
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