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Interface slip of steel-concrete
composite beams reinforced
with CFRP sheet under creep effect

Xiangyang Jian, Ni Zhang'™, Haiqing Liu?, Zhongwei Zhao?, Ming Lei? & Zimu Chen?

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 practicability’?. Owing to the influence of various factors, such as use and
environment, various defects and damages exist in the steel structure®*, 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 structure?; 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 construction®’. 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 plates®’. The structure changes from a plane to a space!®!!, 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 structure'?"'%. 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 sheets!>~3° 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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Figure 1. Force graph of unit body.

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 method”. Since the temperature effect of the steel
beam and the creep effect of the CFRP cloth have been given in*, 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
sheets***2. 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:

Ags(t) = AN;(O —ys()Agp(t) (1)
Ny (1) AN(t)
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where y,(t)—t the distance from the neutral axis of the beam to the top of the beam at time ; y.(t)—t the
distance from the neutral axis of the plate to the bottom of the plate at time t; E (¢, ty)—effective elastic
modulus of the plate adjusted according to the age at time f, which can be expressed as
E.(t,t) = m, x (t, to)—the concrete aging coefficient of the slab calculated from the loading time,
ty, to time £, which usually varies between 0.6 and 0.9, and is taken as 0.82*}; AN, (f)—sum of the virtual
forces of each layer of reinforcement corresponding to the initial strain of the concrete slab, AN, (t) =
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Be(t —ty) = [#%] ; By = 150 {1 + (1 25};{)) } T + 250 < 1500; g—nominal creep coefficient;
fem—average cubic compressive strength of concrete at age 28 days, fon = 0.8fz,k + 8; foux—standard value of
concrete cube compressive strength with 95% guarantee rate at age 28 days; B.(t — to)—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; RHy=100%; ho=100 mm; ;=1 day; f.uo=10 Mpa; y;; 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 #g and time ¢; y—vertical distance between the center of gravity of the beam and
the slab at the moment of #y; £,—initial strain at the center of gravity of the plate at the moment of fp; ¢p—initial
curvature of the composite beam at time ty; E; and E.—initial elastic moduli at time #; of the beam and plate,
respectively; As and A.—cross-sectional areas at £y of the initial beam and plate sections, respectively; I; and I,
—moments of inertia at ¢y of the initial section ofbeam and plate, respectively; E;;,—the elastic modulus of the
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i-the layer of steel bars in the slab; A—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 t,—t time period, combined with the force on
the section, the differential equation of the slip increment can be obtained.

EAst) dm dN
—PAs(t) = 1 —— — 3
2 At =g+ ©)
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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steel bars in the plate; k;—stiffness of the connecting piece, k;, = 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.
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Symmetric concentrated load action. Bending segment:

i leg P(e—/ll()/z _’_6110/2)
222 2(e2 - 2)R2 el +1

As(t) = —

(6)

. . w2 P e—alo/2+ealo/2 B ,u10t2 — 1w B)P
(exw 4 eAL AX) _ z(az _( /12)“2 (eaL " 1)) (eotL oax + eotx) + %

Pure bend:

As(t) _ ﬂ B Mzﬁ P(E;JO/z _ e/lL—j.lo/Z) (efjx B ej,x) Hzﬁp(eotL—Dtl()/Z _ eollo/z) w eiax)
272 2(a? = 22)22 el 41 2(a? = 22)a?(e?k +1)

(7)
Arbitrary concentrated load action. To the left of the loading point:
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To the right of the load point:
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Energy variation method. Based on the energy variational method theory*, it is assumed that there is no slip
between the steel beam and the CFRP sheet. The displacement of the steel beam is Uy, the displacement of the
concrete is Uy, the deformation of the beam is W1, and the displacement at the jointis Af; = Ug — U +y(H) W,

As such, the potential energies of the structural system at the  moment are shown below:
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Figure 2. Influence of loading under creep on interface slip increment concentrated load.

Strain energy of steel beam:

1 1
HS = SEAs / Uldx + S Esls / W/ 2dx (10)

Strain energy of concrete:
1- — 1
HC = JEc(t10)Ac®) / UlZdx + Eqa(t, to) Ac(t) / (8NU.;)dx + St 1)) / W2dx
L L L

+ Eo(t, to) (1) / [yM — yy(to)N]W{dx + / (BIN — ay M)U/, dx + / (BN — ay M)W/ dx
L L L
(11)

Strain energy at the joint:

1
Hm =5 /kL[Un - Uc1+}/(f)W{]2dx (12)
L

The total potential energy increment of the beam is shown in Eq. (13):
1 1 1 —
I1=;E4 / Ugdx+ B / Wi2det S Belt, o) Ac(t) / UZdx + Eca(t, to) Ac(t) / (SNU,)dx
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L L L

" 1
—|—/ (,BzN —Ole)W{/dX‘f‘ E/kL [Usl - Ucl+y(t)W{]2dx
L L

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

8 H = E,A / U/, 8U. dx + El, / W{SW{dx + [Ec(t, t)Ac U}y + Ec(t,t0)AcSN — oy M + BIN]SU/ dx

+ {B2N — aaM +Ec(t, to)L.(t) [y M — yy(to)N] }5 W' dx

+ ki [Ust — Uer + (O W] [8Us — 8Ue + y(H)8 W] dx
(14)
Furthermore, U, 8U,,, §W are independent quantities, so Eq. (14) is integrated by division and reduced.
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_ " dN dm ,
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2
[ELs + Ec(t, to) I ()| W@ [SE(t, to) [ (t) — a2 7

According to the balance of internal forces, the governing differential equation of the slip can then be obtained.
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Figure 3. Influence of coupling stiffness under creep on interface slip increment.
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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 dAN® _ AT, (t) = kp As(t) between the axial force increment and the slip incre-

dx

ment.

d®AN(t) .

—z J2AN(t) = uikiM + pak N (17)

2 k kLy*@®) _ YOIy Ec(ti) () —ar] o . _ y(®)[yy(to)Ec(t:t0) I () —P2]
where 4° = E(t,toL)A(t) + Eemions M1 = E(tt0)I(D) - Ec(t,tO;Ac(t)’ pe =38+ E(t,00)I(t)
+ B
Ec(t»tO)Ac(t)'

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

Uniform load action.

kiq K1 2B i —ix naPkrq ax | —ax
AN(t) = T2 - giL)2 [A‘i N (02 — 22)04 (e +e ) - (02 — 72) ot (eod/2 4 e=oL/2) (e +e7%)
M1qu MZﬂqu 2 Mlqu 242 /’LZISqu 2 2 242 2
+< 22wz )5 e BT LE) S (Gatsa - )
(18)
Symmetric concentrated load action. Bending segment:
N VTR R [ G
223 2(a?—22)23 el +1
2 ki P(pio® — kpP(e=h/2 4 gxh/2
(eAL—Ax _ eix) 4 L (I’Ll N—ZIS) Q2x—L)+ KapBkr ( ) (eotL—otx _ eozx)
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(19)
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Figure 4. Influence of loading under creep on axial force increment.
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Figure 5. Coupling influence of stiffness under creep on axial force increment.
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Arbitrary concentrated load action. To the left of the loading point:
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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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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.

d*AW (@) zdzAW(t) , &M, d°N
o A2 WM + 5N + py— oz T W= 02 (23)
1k kLy()? _ () ) _
where, %= EeiA® T Eenim: M1 = I tU)I(t)A(t) [Ec(t, to)I(t)y — aa] — E(t to)]([) EGi)A) > M2 =
kr y(t)ky ., — _ Ecti)l@)y—as, _ Ett)Ic)yy—H2
~FEamioaw Bt 0Oy — B + e [5 + A P = T B M= S R

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

Uniform load action.
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Arbitrary concentrated load action. To the left of the loading point:
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Figure 6. Influence of loading under creep on displacement increment.
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Figure 7. Coupling influence of stiffness under creep on displacement increment.
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To the right of the load point:
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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.
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