
1

Vol.:(0123456789)

Scientific Reports |        (2022) 12:22375  | https://doi.org/10.1038/s41598-022-27023-y

www.nature.com/scientificreports

Interface slip of steel–concrete 
composite beams reinforced 
with CFRP sheet under creep effect
Xiangyang Jian 1, Ni Zhang 1*, Haiqing Liu 1, Zhongwei Zhao 1, Ming Lei 2 & Zimu Chen 2

Under the creep action of composite steel and concrete beams reinforced by carbon-fiber-reinforced 
polymer (CFRP) sheet, the face of the CFRP sheet, steel beam, and concrete slab beam produce 
relative slip. This slip affects the interface interaction, reduces the bearing capacity and stiffness of 
the members, and increases the deformation. In this paper, elastic and energy methods are used to 
analyze the interface forces between steel beams and concrete slabs reinforced by CFRP sheeting 
under the action of concrete creep. The calculation formulas for interface slip, axial force, and 
incremental deformation are established. The influence of design parameters on the mechanical 
properties of the interface is analyzed. Results show that the increments in interface slip, axial force, 
and deformation are zero on the 28th day. With increasing age, the increments in interface slip, axial 
force, and deformation gradually increase, and the increase is large in the first 100 days; it basically 
remains unchanged during the time interval from 100 to 1028 days. When the load increases by 5 N/
mm (5 kN), the slip increments increase by approximately 0.004 mm, 0.002 mm, and 0.002 mm. 
The increments in axial force are approximately 19.4 kN, 15.9 kN, and 16.1 kN. The deformation 
increments increase by approximately 1.7 mm, 1.1 mm, and 0.6 mm.

Steel structures are widely used in industrial and civil buildings and bridge engineering owing to their con-
venient construction and strong practicability1,2. Owing to the influence of various factors, such as use and 
environment, various defects and damages exist in the steel structure3,4, especially when the steel structure is 
overloaded. In other words, the service load of the structure is much greater than the allowable service load of 
the structure5; this situation accelerates the aging of the structure and reduces its service life, especially when the 
structure itself has minor damage caused by construction. Overloading increases the damage to the structure, 
and the microscopic defects gradually expand and converge, resulting in the deterioration of the material in 
terms of macroscopic mechanical properties; it even causes engineering accidents. Therefore, the study of ways 
to strengthen and repair the steel structure has always been an important endeavor in civil engineering. Data 
show that reconstruction projects can save approximately 40% of the investment and shorten the construction 
period by approximately 50% when compared with new construction6,7. Seeking cost-effective steel structure 
reinforcement and repair technology is not only a technical problem to be solved but also a social problem related 
to sustainable development.

The traditional methods of strengthening steel structures include increasing the number of sections of steel 
members, adding additional rods and supports, and prestressing reinforcement. Among them, increasing the 
number of sections of the steel member involves connecting the new and original steel members by welding, 
riveting, bolting, or pasting steel plates8,9. The structure changes from a plane to a space10,11, and prestressing 
reinforcement is set to prestressed tie rods at appropriate parts of the steel structure to form a stress opposite 
to the load in the structure12–14. To a certain extent, these methods increase the cross-sectional size of the com-
ponents, increasing the weight of the components and changes in the stiffness. This results in a redistribution 
of the internal forces of the structure, inconvenient transportation and installation, complicated construction, 
and high maintenance costs. In recent years, the use of Fiber Reinforced Polymer (FRP) sheets to reinforce steel 
beams has emerged as a new reinforcement method at home and abroad. This reinforcement method involves 
pasting or anchoring FRP sheets on steel beams. The high strength of FRP material is used to improve the bear-
ing capacity and stiffness of the beam to achieve the effect of reinforcement.

At present, both domestic and international experts and scholars have studied the interface interaction 
between steel beams and CFRP sheets15–36 and between steel beams and concrete slabs, but studies on interface 
slip analysis under the influence of the creep effect are scarce. Therefore, based on previous research, the elastic 
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and energy variation methods are used to establish the interface slip increment, axis, and axis of the CFRP 
sheet-reinforced steel–concrete composite beams under the action of concrete creep. The calculation formulas 
for the force and deformation increments of the composite beam are discussed, along with the influence of the 
design parameters.

Incremental analysis of interface slip
Calculation of interface slip increment.  Elasticity method37.  Since the temperature effect of the steel 
beam and the creep effect of the CFRP cloth have been given in38, only the creep effect of the concrete is consid-
ered herein, that is, only the interface force between the concrete slab and the steel beam is considered. Several 
assumptions are made about the characteristics of steel–concrete composite beam structures reinforced by CFRP 
sheets39,42. Under normal use, the composite beam is an ideal elastic body. The shear connection between the 
steel beam and the concrete forms a uniform and continuous arrangement along the beam length. Concrete 
slabs, steel beams, and CFRP sheeting have the same bending curvature before and after deformation, regardless 
of the vertical lift between them. The cross-section conforms to the assumption of a flat cross-section. The force 
of the unit body is shown in Fig. 1.

The strain increments on the upper surface of the steel beam and the lower surface of the concrete slab at 
time t  are described below:

where ys(t)—t the distance from the neutral axis of the beam to the top of the beam at time t; yc(t)—t the 
distance from the neutral axis of the plate to the bottom of the plate at time t; Ec(t, t0)—effective elastic 
modulus of the plate adjusted according to the age at time t  ,  which can be expressed as 
Ec(t, t0) =

Ec
1+χ(t,t0)φ(t,t0)

 ; χ(t, t0)—the concrete aging coefficient of the slab calculated from the loading time, 
t0, to time t, which usually varies between 0.6 and 0.9, and is taken as 0.8243; �Nsc(t)—sum of the virtual 
forces of each layer of reinforcement corresponding to the initial strain of the concrete slab, �Nsc(t) =
∑n

i=1 EsiAsiφ(t, t0)
(

εo + ysiϕ
)

=
∑n

i=1 EsiAsiφ(t, t0)
{

− N
EcAc

+
ysi[M−Ny]
EsIs+EcIc

}

= α1M − β1N  ; α1 =
∑

n

i=1 EsiAsi

φ(t, t0)
ysi

EsIs+EcIc
 ; β1 =

∑n
i=1 EsiAsiφ(t, t0)

[

1
EcAc

+
yysi

EsIs+EcIc

]

 ; φ(t, t0)—concrete creep coefficient of the slab40, 
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fcm—average cubic compressive strength of concrete at age 28 days, fcm = 0.8fcu,k + 8 ; fcu,k—standard value of 
concrete cube compressive strength with 95% guarantee rate at age 28 days; βc(t − t0)—coefficient of develop-
ment of the creep with time after loading; h—theoretical thickness of the member, where h = 2A/u ; A—member 
cross-sectional area; u—perimeter of the contact surface between the component and the atmosphere; RH —
annual average relative humidity of the environment; RH0 = 100%; h0 = 100 mm; t1 = 1 day; fcmo = 10 Mpa; ysi and 
ysi(t)—respectively the vertical distance from the i-th layer of steel bars in the slab to the center of gravity of the 
slab converted section at time t0 and time t  ; y—vertical distance between the center of gravity of the beam and 
the slab at the moment of t0 ; εo—initial strain at the center of gravity of the plate at the moment of t0 ; ϕ—initial 
curvature of the composite beam at time t0 ; Es and Ec—initial elastic moduli at time t0 of the beam and plate, 
respectively; As and Ac—cross-sectional areas at t0 of the initial beam and plate sections, respectively; Is and Ic
—moments of inertia at t0 of the initial section ofbeam and plate, respectively; Esi—the elastic modulus of the 
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Figure 1.   Force graph of unit body.



3

Vol.:(0123456789)

Scientific Reports |        (2022) 12:22375  | https://doi.org/10.1038/s41598-022-27023-y

www.nature.com/scientificreports/

i-the layer of steel bars in the slab; Asi—cross-sectional area of the i-th layer of steel bars in the slab; n—number 
of layers of reinforcement in the slab.

Since the internal and external loads do not change during the t0 − t time period, combined with the force on 
the section, the differential equation of the slip increment can be obtained.

The differential equation of the interface shear force increment can then be obtained according to the rela-
tionship between the interface shear force and the slip.
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 ; n—the number of layers of 

steel bars in the plate; kL—stiffness of the connecting piece, kL = k/m ; k—stiffness of a single connecting piece; 
m—the longitudinal spacing of the connecting piece.

The calculation formula of the interface slip increment under different loads can be obtained according to 
the boundary conditions.

Uniform load action. 

In the formula, α2 = kL
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2

EI  ; β =
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EI .

Symmetric concentrated load action.  Bending segment:

Pure bend:

Arbitrary concentrated load action.  To the left of the loading point:

To the right of the load point:

Energy variation method.  Based on the energy variational method theory44, it is assumed that there is no slip 
between the steel beam and the CFRP sheet. The displacement of the steel beam is Us1 , the displacement of the 
concrete is Uc1 , the deformation of the beam is W1 , and the displacement at the joint is �L1 = Us1 − Uc1+y(t)W ′

1

.
As such, the potential energies of the structural system at the t moment are shown below:
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Strain energy of steel beam:

Strain energy of concrete:

Strain energy at the joint:

The total potential energy increment of the beam is shown in Eq. (13):

According to the principle of minimum potential energy, the variation of Eq. (13) is further integrated step-
by-step to obtain the following:

Furthermore, δUs1 , δUc1 , δW are independent quantities, so Eq. (14) is integrated by division and reduced.

According to the balance of internal forces, the governing differential equation of the slip can then be obtained.
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Figure 2.   Influence of loading under creep on interface slip increment concentrated load.
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Design parameter analysis.  Load.  The distribution curve of the slip increment with age under differ-
ent loads is shown in Fig. 2. The interfacial slip increment between the steel beam and the concrete slab shows 
a nonlinear distribution with age. The interface slip increments at 28 days are all zero. With the increase in age, 
the slip increments gradually increase. The increase is larger within 100 days, and the slip increments are basi-
cally unchanged from 100 to 1028 days. The interface slip increment increases with increasing load. The greater 
the load, the steeper the slip increment curve. When the load increases by 5 N/mm (5 kN), the slip increment 
increases by approximately 0.004 mm, 0.002 mm, and 0.002 mm.

Connection stiffness.  The distribution curves of the slip increments with age under different stiffnesses are 
shown in Fig. 3. The interface slip increment decreases with increasing stiffness. The greater the stiffness, the 
smoother the slip increment curve. The amount of change to the interfacial slip increment decreases gradually 
with each increase in stiffness.

Incremental analysis of axial force
Incremental calculation of axial force.  The differential equation of the axial force increment can be 
obtained from the relationship d�N(t)

dx = �τs(t) = kL�s(t) between the axial force increment and the slip incre-
ment.
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The calculation formula of the axial force increment under different loads can be obtained according to the 
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Figure 3.   Influence of coupling stiffness under creep on interface slip increment.
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Pure bend:

Arbitrary concentrated load action.  To the left of the loading point:

To the right of the load point:

Analysis of design parameters.  Load.  The distribution curve of the axial force increment with age 
under different loads is shown in Fig. 4. The axial force increments at 28 days are all zero. With increasing age, 
the axial force increment gradually increases within 100 days. From 100 to 1028 days, the increase is larger and 
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Figure 5.   Coupling influence of stiffness under creep on axial force increment.
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the axial force increment is basically unchanged; the axial force increment increases with increasing load, and 
the larger the load, the steeper the axial force increment curve. Every 5 N/mm (5 kN), the axial force increments 
increase by approximately 19.4 kN, 15.9 kN, and 16.1 kN.

Connection stiffness.  The distribution curve of the axial force increment with age under different stiffness val-
ues is shown in Fig. 5. The axial force increment increases with increasing connection stiffness. The greater the 
load, the steeper the change in the curve of the axial force increment. Similarly, the greater the increase in the 
connection stiffness, the smaller the increase in the axial force increment.

Deformation incremental analysis of composite beams
Deformation increment calculation of composite beam.  According to the relationship between 
deformation and curvature, combined with the differential equation of the slip increment, the differential equa-
tion of the deformation increment can be obtained.

where,  �
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2
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.

According to the boundary conditions, the calculation formula of the deformation increment under different 
loads can be obtained.

Uniform load action. 

Symmetric concentrated load action.  Bending segment:

Pure bend:
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To the right of the load point:
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Figure 6.   Influence of loading under creep on displacement increment.

Figure 7.   Coupling influence of stiffness under creep on displacement increment.
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Design parameter analysis.  Load.  The distribution curve of the deformation increment with age under 
different loads is obtained by a calculation, as shown in Fig. 6. The deformation increments are distributed non-
linearly. The deformation increments for 28 days are all zero. With the increase in age, the deformation incre-
ments gradually increase. The increase is larger within 100 days, and the deformation increments are basically 
unchanged from 100 to 1028 days. The deformation increment increases with increasing load. The larger the 
load, the steeper the deformation increment curve; for every 5 N/mm (5 kN) increase in the load, the deforma-
tion increment increases by approximately 1.7 mm, 1.1 mm, and 0.6 mm.

Connection stiffness.  The distribution curve of the deformation increment with age under different stiffness 
conditions is shown in Fig. 7. In general, the deformation increment decreases with increasing connection stiff-
ness, but the magnitude of the decrease is minimal, indicating that the connection stiffness is very important to 
the deformation increment of the component. This impact is not obvious.

Conclusion
In this study, elastic and energy methods are used to calculate the interfacial slip, axial force, and deformation 
increment in steel and concrete composite beams strengthened by CFRP sheeting under creep. The conclusions 
are summarized as follows:

1.	 The influence of the design parameters on the mechanical properties of the interface was analyzed. The 
calculation results show that the formula is correct and can be used to calculate the interface slip between 
the steel beam and the concrete slab reinforced by CFRP sheeting under the action of concrete creep. Based 
on the correct calculation formulas, the calculation formulas for interface slip, axial force, and deformation 
increment are derived.

2.	 Under the action of concrete creep, the slip amount, axial force, and deformation increment between the 
steel beam and the concrete slab strengthened by CFRP sheeting increase with increasing load. The greater 
the increase in the connection stiffness, the smaller the increase in the axial force increment.

3.	 The calculation results show that the increment of interface slip, axial force, and deformation are zero on 
the 28th day. As the age increases, the increment of interface slip, axial force, and deformation gradually 
increase; the increase is large in the first 100 days, and basically unchanged from 100 to 1028 days.

4.	 The calculation results also show that when the load is increased by 5 N/mm (5 kN), the slip increment 
increases by approximately 0.004 mm, 0.002 mm, and 0.002 mm, and the axial force increment increases 
by approximately 19.4 kN, 15.9 kN, and 16.1 kN. The deformation increment increases by approximately 
1.7 mm, 1.1 mm, and 0.6 mm.

5.	 When the stiffness increases by one step, the change in the slip increment gradually decreases, and the axial 
force increases with an increase in connection stiffness. The larger the increase in connection stiffness, the 
smaller the increase in the axial force increment; the change in the deformation increment with increasing 
connection stiffness is minimal.

6.	 The theoretical derivation formula in this study is based on a series of assumptions and ignores the influence 
of some factors. Various factors should be considered in further research.

Data availability
Some or all data, models, or code generated or used during the study are available from the corresponding 
author by request.

(28)

�W(t) = P

{

µ1

(

e
�b − e

−�b−�L
)

2�5
(

1− e−2�L
) +

µ2β
(

e
−�b−�L − e

�b
)

2
(

α2 − �2
)

�5
(

1− e−2�L
) +

µ3

(

e
�b − e

−�b−�L
)

2�3
(

1− e−2�L
)

+
µ4β

(

e
−�b−�L − e

�b
)

2�3
(

α2 − �2
)(

1− e−2�L
)

}

(

e
−�x − e

−�L
e
�x

)

+
µ2βP

(

e
αL+αb − e

−αb
)

2
(

α2 − �2
)

α5
(

e2αL − 1
)

(

e
αL−αx − e

αx
)

−
µ1P(L+ 2b)

24�2L

(

3Lx2 − 2x3
)

+
µ4βP

(

e
αL+αb − e

−αb
)

2
(

α2 − �2
)

α3
(

e2αL − 1
)

(

e
αL−αx − e

αx
)

−
µ2βP(L+ 2b)

24α2
t α

2L

(

2x3 − 3Lx2
)

[

µ1P

�2L

(

b

�2
+

L

2�2
+

bL
2

12
+

b
3

6
+

b
2
L

4

)

−
µ2βP

�2α2L

(

bL
2

12
+

b
3

6
+

Lb
2

4

)

−

(

α2 + �
2
)

µ2βP(2b+ L)

2α4�4L
+

(

µ3α
2 − µ4β

)

P

2�2α2L
(2b+ L)

]

x

−
µ1P

2�2

(

b

�2
+

L

2�2
+

b
3

6
+

b
2
L

4
−

L
3

24

)

(

α2 + �
2
)

µ2βPL(2b+ L)

4α4�4L

+
µ2βP

2�2α2

(

b
3

6
+

Lb
2

4
−

L
3

24

)

−

(

µ3α
2 − µ4β

)

PL

4�2α2L
(2b+ L)



10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:22375  | https://doi.org/10.1038/s41598-022-27023-y

www.nature.com/scientificreports/

Received: 19 July 2022; Accepted: 23 December 2022

References
	 1.	 Xue, Q. Analysis of the application of steel structure in construction engineering. Sichuan Build. Mater. 06, 153–154 (2017).
	 2.	 Wang, L. Prestressed Steel and Concrete Composite Structure (Science Press, 2009).
	 3.	 Chen, J., Cao, P., Zhou, T. & Dong, X. Research on the estimation method of steel structure fire temperature. Build. Sci. 9, 67–70 

(2010).
	 4.	 Zhao, Z., Zhang, P., Zhou, S. & Fan, X. Collapse pressure of randomly corroded spherical shell. Ocean Eng. 246, 110604 (2022).
	 5.	 American State Highway and Transportation Work Association. American Highway Bridge Design Specification 1994 (People’s 

Communications Press, 1997).
	 6.	 Yang, H., Zhang, F. & Jing, X. Discussion on the technical methods of steel structure repair and reinforcement. Mod. Commer. Ind. 

22(18), 274–274 (2010).
	 7.	 Hou, Yi. Discussion on the technical methods of steel structure repair and reinforcement. World Build. Mater. 32(5), 83–86 (2011).
	 8.	 Yuan-qing, W., Liang, Z., Rui-xiang, Z., Xi-yue, L. & Yong-jiu, S. Behavior of I-section steel beam welding reinforced while under 

load. J. Constr. Steel Res. 106, 278–288 (2015).
	 9.	 Zhao, S., Chu, S. & Sujuan, Fu. Finite element analysis of bonded steel reinforced steel beams. N. China Earthq. Sci. 35(2), 15–20 

(2017).
	10.	 Han, J. et al. Application of anti-buckling bracing in reinforcement design of a steel frame structure. Eng. Seism. Reinf. Reconstr. 

38(4), 94–99 (2016).
	11.	 Zhu, F. & Xiao, Y. Application of buckling restraint bracing in seismic reinforcement of steel frame office buildings. Eng. Seism. 

Resist. Reinf. 38(6), 96–101 (2016).
	12.	 Park, S., Kim, T. & Hong, S.-N. Flexural behavior of continuous steel girder with external post-tensioning and section enhance-

ment. J. Constr. Steel Res. 66(2), 248–255 (2010).
	13.	 Jian, X. et al. A study of the mechanical behavior of rectangular steel tubular column strengthened using intermittent welding 

angle steel. Structures 33, 3298–3310. https://​doi.​org/​10.​1016/J.​ISTRUC.​2021.​06.​031 (2021).
	14.	 Luo, Y. & Zhang, J. Research on the analysis method of prestressed reinforcement of axially compressed steel members with initial 

load. Ind. Archit. 47(2), 38–42 (2017).
	15.	 Sun, X. & Huang, C. Flexural performance test of reinforced concrete bridge members strengthened by external fiber cloth after 

overloading. Chin. J. Highw. 19(4), 82–87 (2006).
	16.	 Zhao, Z., Zheng, C., Zhang, J., Liang, B. & Zhang, H. Influence of random pitting-corrosion on moment capacity of thin-walled 

circular tubes subjected to compression force. Int. J. Press. Vessels Pip. 189, 104260 (2021).
	17.	 Yu, T., Fernando, D., Teng, J. G. & Zhao, X. L. Experimental study on CFRP-to-steel bonded interfaces. Compos. B Eng. 43(5), 

2279–2289 (2012).
	18.	 Jiang, X. The Theoretical Analysis and Experimental Study on Interfacial Properties of Steel Beams Reinforced by CFRP Plates (Hefei 

University of Technology, 2013).
	19.	 Fernando, D., Yu, T. & Teng, J. G. Behavior of CFRP laminates bonded to a steel substrate using a ductile adhesive. Am. Soc. Civ. 

Eng. 18(2), 411–419 (2013).
	20.	 Zhao, Z., Zhang, H., Xian, L. & Liu, H. Tensile strength of Q345 steel with random pitting corrosion based on numerical analysis. 

Thin-walled Struct. 148, 106579 (2020).
	21.	 Al-Shawaf, A. & Zhao, X.-L. Adhesive rheology impact on wet lay-up CFRP/steel joints’ behaviour under infrastructural subzero 

exposures. Compos. B Eng. 47, 207–219 (2013).
	22.	 Zhao, X.-L., Bai, Y. & Al-Mahaidi, R. Effect of dynamic loading and environmental conditions on the bond between CFRP and 

steel. J. Compos. Constr. 18(3), A4013005 (2014).
	23.	 Xue, Y. Experimental Research on Bond Performance of CFRP Steel Interface (Southeast University, 2014).
	24.	 Zhao, Z., Gao, T., Gao, H. & Zhang, P. Compression behavior of randomly corroded welded hollow spherical joints reinforced by 

different methods. Eng. Fail. Anal. 136, 106201 (2022).
	25.	 Teng, J., Fernando, D. & Yu, T. Finite element modeling of debonding failures in steel beams flexurally strengthened with CFRP 

laminates. Eng. Struct. 86, 213–224 (2015).
	26.	 Yuan, J. Experimental Research and Numerical Simulations on H-Shaped Steel Beam Strengthened with CFRP (Shanghai Jiao Tong 

University, 2011).
	27.	 Wang, H.-T., Wu, G., Dai, Y.-T. & He, X.-Y. Experimental Study on bond behavior between CFRP plates and steel substrates using 

digital image correlation. J. Compos. Constr. 20(6), 04016054 (2016).
	28.	 Heshmati, M., Haghani, R. & Al-Emrani, M. Durability of bonded FRP-to-steel joints: Effects of moisture, de-icing salt solution, 

temperature and FRP type. Compos. B Eng. 119, 153–167 (2017).
	29.	 Li, C., Ke, L., Chen, Z., He, J. & Luo, N. Experimental study and numerical simulation for bond behavior of interface between 

CFRP and steel. Acta Mater. Compos. Sin. 35(12), 3534–3546 (2018).
	30.	 Pang, Y. Study on the Bond Behavior of CFRP-Steel Interfaces Under Extreme Service Environment (Southeast University, 2019).
	31.	 Wei, F., Zhu, D., Wang, H. & Bian, Z. Experimental study on bond behavior of CFRP plate-steel interface in freeze-thaw environ-

ment. J. Southeast Univ. 50(5), 803–807 (2020).
	32.	 Xu, B., Yao, Y., Qian, Y., Ma, M. & Song, S. Experiment on bonding behavior of CFRP-steel interface with load history. J. Harbin 

Inst. Technol. 52(9), 167–175 (2020).
	33.	 Xu, B., Yao, Y., Qian, Y., Zhang, C. & Song, S. Creep constitutive model of CFRP-steel interface under shear stress. J. Harbin Inst. 

Technol. 53(3), 170–177 (2021).
	34.	 Wang, R., Wang, K. & Cui, Z. Analysis of stress mechanism of overloaded pre-cracked beam reinforced with carbon fiber cloth 

and steel plate. J. Hebei Univ. Technol. 38(6), 85–88 (2009).
	35.	 Liu, Y., Li, S. & Deng, Y. Analysis of influence of overload on fatigue reliability of RC beam bridge. Transp. Sci. Eng. 30(3), 30–34, 

75 (2014).
	36.	 Xin, Q., Dou, Y. & Li, S. Fatigue behavior of prestressed concrete beams under overload. J. Eng. Sci. Technol. Rev. 10(4), 124–131 

(2017).
	37.	 Liu, S. Study on Mechanical Properties of Corroded Steel Beam Strengthened with CFRP Sheet (Northeastern University, 2010).
	38.	 Hou, W., Li, Y. & Guan, Y. Interface slip of the steel beam strengthened with the CFRP sheet under temperature and creep. Adv. 

Mater. Sci. Eng. 2021, 9422490. https://​doi.​org/​10.​1155/​2021/​94224​90 (2021).
	39.	 Liu, S. Mechanical Properties of Corroded Steel Beams Reinforced with CFRP Cloth (Northeastern University, 2010).
	40.	 Wang, L. Theory and Calculation of Steel and Concrete Composite Structure (Science Press, 2005).
	41.	 JTG 3362-2018 Specification for Design of Highway Reinforced Concrete and Prestressed Concrete Bridges and Culverts (People’s 

Communications Press, 2018).
	42.	 Nakada, M. & Miyano, Y. Statistical creep failure time of unidirectional CFRP. Exp. Mech. 56, 653–658 (2016).
	43.	 Yutong, Ma. Research on Mechanical Properties of Precast Prestressed Concrete I-Beam and Slab Composite Beam (Northeastern 

University, 2017).

https://doi.org/10.1016/J.ISTRUC.2021.06.031
https://doi.org/10.1155/2021/9422490


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:22375  | https://doi.org/10.1038/s41598-022-27023-y

www.nature.com/scientificreports/

	44.	 Wang, L. Prestressed Composite Structure of Steel and Concrete (Science Press, 2008).

Acknowledgements
This work was supported by the Liaoning Provincial Department of Education Youth Science and Technology 
Talent Seedling Project (No. LJ2020QNL006), Scientific Research Fund of Liaoning Provincial Education Depart-
ment (No. LJ2019JL002) and Liaoning Province Natural Science Foundation General Project (No. 2022-MS-399). 
We would like to thank Editage for English language editing.

Author contributions
X.J. wrote the main text; N.Z. provided conceptualization, methodology, supervision and editing; H.L. did 
writing-criticism; Z.Z. provided data processing; M.L. did a formal analysis; Z.C. provided experimental material 
resources and suggestions. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Interface slip of steel–concrete composite beams reinforced with CFRP sheet under creep effect
	Incremental analysis of interface slip
	Calculation of interface slip increment. 
	Elasticity method37. 
	Uniform load action. 
	Symmetric concentrated load action. 
	Arbitrary concentrated load action. 

	Energy variation method. 

	Design parameter analysis. 
	Load. 
	Connection stiffness. 


	Incremental analysis of axial force
	Incremental calculation of axial force. 
	Uniform load action. 
	Symmetric concentrated load action. 
	Arbitrary concentrated load action. 

	Analysis of design parameters. 
	Load. 
	Connection stiffness. 


	Deformation incremental analysis of composite beams
	Deformation increment calculation of composite beam. 
	Uniform load action. 
	Symmetric concentrated load action. 
	Arbitrary concentrated load action. 

	Design parameter analysis. 
	Load. 
	Connection stiffness. 


	Conclusion
	References
	Acknowledgements


