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Abstract

In steel-concrete composite structures, the plane section assumption is no longer
applicable due to the presence of interface slip and web shear deformation. To
scientifically investigate the effects of shear deformation and interface slip on
the deflection and slip of composite beams, this study derives the elastic bend-
ing differential equations for double inverted T-shaped steel-concrete composite
beams considering shear deformation and interface slip by incorporating the
strain relationship and mechanical equilibrium of an infinitesimal beam element
based on Goodman’ s assumption and the Timoshenko beam dual generalized
displacement assumption. Additionally, theoretical formulas for calculating the
elastic shear stiffness of web-embedded connectors are developed using equiva-
lent spring models and equivalent truss-spring models. By applying the known
deformation and constraint conditions of composite beams, analytical solutions
for deflection and slip are obtained for simply supported composite beams under
mid-span concentrated loads, which are then validated against experimental re-
sults from four double inverted T-shaped steel-concrete composite beams with
different parameters. The results demonstrate that the theoretically calculated
deflection and slip values agree well with the measured values, thereby con-
firming the validity of the theoretical formulas for the elastic shear stiffness
of web-embedded connectors. For double inverted T-shaped composite beams
with a depth-to-span ratio of 1/10, the deflection caused by bending accounts
for approximately 56% of the total deflection, the deflection induced by interface
slip contributes about 36%, and the deflection resulting from shear deformation
represents roughly 8%. This research comprehensively considers the influence of
both shear deformation and interface slip on the deflection and slip of composite
beams, showing significant improvement over models that neglect these effects.
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Theoretical Model for Double Inverted T-Shaped
Composite Beams Considering Shear Deforma-
tion and Interface Slip

ZHANG Xiantong, CHEN Jianbing, LIU Cong, TIAN Zhuangyan

(School of Civil Engineering, Suzhou University of Science and Technology,
215011 Suzhou)

Abstract: In steel-concrete composite structures, due to the existence of cer-
tain interface slip and slab shear deformation, the plane-section assumption is
no longer applicable. To scientifically study the effects of shear deformation and
interface slip on the deflection and interface slip of composite beams, by adopt-
ing the Goodman assumption and the Timoshenko beam double generalized
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displacement assumption, introducing the strain relations of composite beams
and the mechanical equilibrium of an element micro-segment, the elastic bend-
ing differential equation for double inverted T-shaped steel-concrete composite
beams considering shear deformation and interface slip is derived. Based on
the equivalent spring model and the equivalent truss spring model, theoretical
formulas for the elastic shear stiffness of embedded connectors in the slab are
derived. Using the known deformation and constraint conditions of composite
beams, analytical solutions for the deflection and slip of simply supported com-
posite beams under a midspan concentrated load are obtained, and the results
are verified using test results from four double inverted T-shaped steel-concrete
composite beams with different parameters. The results show that the deflection
and slip values obtained from theoretical calculations agree well with the mea-
sured values, while also verifying the correctness of the theoretical calculation
formula for the elastic shear stiffness of embedded connectors in the slab. For
the deflection deformation of a double inverted T-shaped composite beam with
a height-to-span ratio of 1/10, the deflection value caused by bending accounts
for about 56% of the total deflection, the deflection value caused by interface
slip accounts for about 36% of the total deflection, and the deflection value
caused by shear deformation accounts for about 8% of the total deflection. This
study comprehensively considers the effects of shear deformation and interface
slip on the deflection and slip of composite beams, and the model has clear im-
provements compared with models that do not consider shear deformation and
interface slip.

Keywords: double inverted T-shaped steel-concrete composite beam; shear
deformation; elastic shear stiffness; slip; deflection
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Theoretical model of double inverted T-shaped
composite beam considering shear deformation
and interface slip

ZHANG Xiantong, CHEN Jianbing, LIU Cong, TIAN Zhuangyan
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215011 Suzhou, China)

Abstract: In steel-concrete composite structures, due to the existence of cer-
tain interface slip and web shear deformation, the assumption of flat section is
no longer applicable. In order to scientifically study the effects of shear deforma-
tion and interface slip on the deflection and interface slip of composite beams,
this paper adopts Goodman’ s assumption and Timoshenko beam’ s double
generalized displacement assumption, introduces the strain relationship of com-
posite beams and element microsegment mechanical equilibrium, and derives the
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elastic bending differential equation of double inverted T-shaped steel-concrete
composite beams considering shear deformation and interface slip. Then based
on the equivalent spring model
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and the equivalent rod spring model, a theoretical calculation formula for the
elastic shear stiffness of the embedded web connection is derived. By using the
known deformation and constraint conditions of the composite beam, we obtain
the analytical solution of deflection and slip of the simply supported composite
beam under concentrated load in the span and verify it through the experi-
mental results of four double inverted T-shaped steel-concrete composite beams
with different parameters. The results show that the deflection and slip values
obtained from theoretical calculations are in good agreement with the measured
values, and the correctness of the theoretical calculation formula for the elastic
shear stiffness of the embedded web connection is verified. In the deflection
deformation of double inverted T-shaped composite beams, the deflection value
caused by bending accounts for about 56% of the total deflection, the deflection
value caused by interface slip accounts for about 36% of the total deflection,
and the deflection value caused by shear deformation accounts for about 8% of
the total deflection. This article comprehensively considers the effects of shear
deformation and interface slip on the deflection and slip of composite beams,
and makes a significant improvement compared to the model structure that does
not consider shear deformation and interface slip.

Key words: double inverted T-shaped steel-concrete composite beam; shear
deformation; elastic shear stiffness; deflection; slip

Traditional T-shaped steel-concrete composite beams are prone to overturning
and damage of the steel web, and generally use stud shear connectors for steel-
concrete connection; the welding workload is large, and the welding fatigue effect
is significant. Based on this, this study investigates a new type of composite
beam structure—web-embedded double inverted T-shaped steel-concrete com-
posite beam (abbreviated as WDSCB). WDSCB eliminates the welding process
for shear connectors. The embedded connectors are slotted beneath the steel-
beam web and embedded into the concrete flange; together with the concrete
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dowels and the transverse reinforcement inside the dowels, they form connectors
that jointly resist shear. This ensures construction quality, enables the steel-
beam web and the T-shaped concrete beam to be cast as an integral unit and
participate together in interfacial shear resistance, improves the load-carrying
capacity of the composite beam, and at the same time ensures the stability of
the steel-beam web.

However, even in composite beams with complete shear connection, a certain
bending-induced interfacial slip still exists. This slip reduces the overall stiffness
of the composite beam, increases the deflection, and, when the span-to-depth
ratio of the composite beam is small, shear deformation cannot be neglected[1].
Therefore, it is necessary to comprehensively consider the coupled effects of in-
terface slip and shear deformation in calculations. Regarding the influence of
shear deformation and interface slip on the deformation of composite beams,
scholars have conducted extensive research. Zhou Lingyu et al.["2] studied in-
terface slip and shear deformation in I-shaped composite beams, and established
a deflection-governing differential equation by using the minimum potential en-
ergy principle and the variational method. Yan Qingging et al.[~3] used the
force equilibrium principle and deformation compatibility conditions to estab-
lish a dynamic model for I-shaped composite beams, and discussed the degree
to which interface slip and shear deformation affect the vibration characteristics
and dynamic response of composite continuous beams. SCHNABL et al.[~4] pro-
posed a computational model for analyzing double-layer composite beams with
different material and geometric properties; this model considered the influence
of interface slip and shear deformation on the displacement of each layer. Zhou
Shijun et al.["5], based on the energy variational method, derived the governing
differential equation for a simply supported double-box composite box girder
considering interface slip and web shear deformation.

Existing studies on interface slip and shear deformation in composite beams are
mainly based on the principle of minimum potential energy, with integration
or matrix solution methods; the solution process is relatively complicated and
has certain limitations in engineering applications. Moreover, few studies have
examined the correlation between interface slip and shear deformation in double
inverted T-shaped steel-concrete composite beams. Therefore, on the basis of
the Goodman assumption and the Timoshenko beam generalized-displacement
assumption, this study establishes a deformation model for double inverted T-
shaped steel-concrete composite beams with web-embedded shear connectors
by means of the steel-concrete strain relationship and the force-equilibrium rela-
tionship of infinitesimal beam segments, and obtains an analytical solution for a
simply supported composite beam under a midspan concentrated load["6]. By
comparing experimental values with theoretical values, the correctness of the
derived formula is verified; by comparing the theoretical values in this study
with existing theoretical values, the accuracy of the formula is verified.
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Fig. 1 Coordinate system for the calculation of steel-composite beams
Figure 1: Fig. 1 Coordinate system for the calculation of steel-composite beams
Fig. 2 Schematic diagram of the combined beam strain

Figure 2: Fig. 2 Schematic diagram of the combined beam strain

1 Establishment of the theoretical model for the
composite beam

1.1 Basic assumptions

1) The steel-concrete composite beam is in the elastic working stage, and
both the steel and concrete are ideal elastic bodies.

2) The curvatures of the steel and concrete are the same during deformation,
and each satisfies the plane-section assumption.

3) The horizontal shear force on the steel-concrete interface is proportional
to the relative slip.

1.2 Establishment of the governing differential equation un-
der vertical loading

Figure 1 shows the web-embedded double inverted T-shaped steel-concrete com-
posite beam used.

For the beam schematic, to facilitate calculation, the {0, z,y, 2z} coordinate sys-
tem is introduced, with the z-axis coinciding with the neutral axis of the com-
posite beam.

Figure 1 Coordinate system for the calculation of steel-concrete composite
beams

Fig. 1 Coordinate system for the calculation of steel-composite beams

According to the Goodman assumption, when the interface between the concrete
and the steel beam is regarded as a continuous elastic interlayer, the strain
composition of the composite beam is as shown in Fig. 27,

Figure 2 Schematic diagram of the strain of the composite beam
Fig. 2 Schematic diagram of the combined beam strain

The bending slips generated in the concrete and the steel beam are

u,(x) = —z0(x)
{usu) . e
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where 6 is the rotation angle of the section.

Let the relative slip between the steel beam and the concrete be s(z); then the
strain generated by interface slip is s’ (x). Under the action of slip, the composite
beam should maintain equal axial-force magnitudes and opposite directions!*,

and therefore

(2)

E{:‘; (y’ Z)As + Ecgi:(y7 Z>Aco =0
es(y, 2) —ecly, 2) = s'(x)

where €/,(y, z) is the slip strain of the concrete slab; €(y, z) is the slip strain
of the steel beam; A, is the sectional area of the concrete; A, is the sectional
area of the steel beam; E is the elastic modulus of the steel beam; and E, is the
elastic modulus of the concrete.

From Eq. (2), one obtains

g/c(y7 Z) = [_ nAs/(‘Aco + nAs)] S/(QT)
€5y, 2) = [Aco/ (Ao + 1A, 5" (z)

where n = E/E..

For ease of calculation, the concrete section is hereinafter converted into an
equivalent steel section.

Therefore, the total strains of the concrete slab and the steel beam are respec-
tively

m

{ o(y,2) = 20/ (x) + f.5 (x)
eu(y,2) = 20/ (2) + 1,5/ (x)

where f, = —A /(A +A,), f, = A./(A.+A,); and A, is the converted sectional
area of the concrete.

(4)

According to the linear elastic assumption, the normal stresses are

()

Thus, the axial forces borne by the upper and lower layers of the composite
beam are respectively
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= [ 0.dA=EA[-d0 () + f.5' (2)]

NC
(6)
NS

A,
/ 0, dA = BA, (4,0 (x) + [, (2)
AS

where d, and d, are respectively the distances from the neutral axes of the
concrete and the steel beam to the neutral axis of the composite-beam section.

The bending moment caused by the axial force is opposite in direction to the
external bending moment; therefore, the bending moment is

—M, = / z0,dA=FEI.0' +d.EA,s ()
AC

—-M, = / zo,dA=FEI0 +d,EAys’ (z)
A

s

A
where A, = ﬁ; and I, and I, are the moments of inertia of the converted
C S
concrete section and the steel section, respectively.

The total bending moment of the composite beam is

—M = M, + M, = EAydys' (z) + EI,0’ (8)

where Iy =1, + I, and dy =d_ + d,.

The relative slip strain on the lap joint is caused by the incompatibility between
the strain €, of the adjacent point in the concrete member and the strain e, of
the steel member!® | namely

ds
Esp — @ = Ec(ya Z) - ‘Ss<y7 Z) (9)

where £y, is the slip strain.

From Assumption 3), the longitudinal shear force ¢(x) per unit length is, in the
elastic working stage, proportional to the relative slip s(x) at the lap joint. Its
physical equation is

q(z) = Ks(x) (10)

q(z) = N'(z) (11)

where K is the longitudinal shear stiffness of the lap joint.
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From Egs. (9) and (10), one obtains

ds 1 dg 1,

Substituting Eq. (12) into Eq. (8) gives

1
—M = M, + M, = =EAydoN" (x) + EL,¢/ (13)

Solving Eq. (6) for 8 and substituting it into Eq. (13), one obtains

_ FEAydyA.d.— ElyA, ., I,
M = KA N”(z) + chcN(x) (14)
N”(z) — KAN(xz) = KA (15)
where
EAy(I, — dyA.d,) I, 1
= c¢cr. = . = M —_.
0 Ad, PAT A )3

Let v> = KA. The above equation can be transformed into a second-order
constant-coefficient nonhomogeneous differential equation, namely

N"(z) — v®N(z) = KA (16)

1.3 Solution for the longitudinal shear stiffness of the composite seam

For embedded shear connectors in the web plate, the local component of a sin-
gle connector jointly bears the displacement effect between the external force
and the various components; the steel bars and concrete deform compatibly.
The shear stiffness of the steel bars and concrete can be equivalent to springs
connected in series, which are then connected in parallel with the embedded
connector [9]. After the shear member and the concrete tenon are subjected
to shear, their deformations are not synchronized. To accommodate their re-
spective deformation characteristics, the shear stiffnesses of the concrete and
the reinforcing bars inside the concrete tenon are equivalent to spring models,
considering only the compressive contribution of the springs; the shear member
is equivalent to a rod-system spring model, while the bending and shear contri-
butions of the force-transmitting rod are considered [10]. These are denoted by
k, and k,., respectively, as shown in Fig. 3. Thus,

o1
_ 1.1 1
Wk k (17)

S T
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Fig. 3 Equivalent spring model of embedded composite connector
Figure 3: Fig. 3 Equivalent spring model of embedded composite connector
Fig. 4 Equivalent spring model of concrete tenon

Figure 4: Fig. 4 Equivalent spring model of concrete tenon

where k, is the shear stiffness of the shear member; k; is the bending-spring
stiffness of the shear member; and £, is the shear-spring stiffness of the shear
member.

3 BARNAGERGFENREET
Fig. 3  Equivalent spring model of embedded composite connector

In the elastic stage, the concrete, connector, and steel plate satisfy the linear
superposition relationship; therefore, the shear stiffnesses of the shear member,
the concrete tenon, and the reinforcing bars penetrating through the tenon
must be obtained separately. The elastic shear stiffness k of the connector can
be obtained from Eq. (18).

-1
1 |
k_(k+kc+ki) (18)

S

where k_ is the stiffness of the concrete tenon; and k; is the shear stiffness of
the reinforcing bars penetrating through the tenon.

When the connector bears a relatively large load, the concrete around the shear
key is locally crushed, and local damage develops in the direction of loading,
producing splitting failure [11]. Therefore, the local shear failure of the concrete
tenon should be considered, and the effective length of the concrete tenon is
taken as {. o — 1. 4.

The concrete tenon is formed by casting concrete and is integral with the con-
crete at other locations. Therefore, when the concrete tenon is subjected to
shear, the contribution of the surrounding concrete should be considered. Re-
ferring to the average minimum crack spacing when longitudinal splitting failure
occurs in concrete, a width correction value of 0.15[, ; is added [9], where [,
is the bottom width of the concrete tenon. Thus, the equivalent cross-sectional
width is 0.15], ; + ¢, as shown in Fig. 4.

4 CRRITMESICRERE
Fig. 4 Equivalent spring model of concrete tenon

The shear stiffness of the concrete tenon is
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Fig. 5 Equivalent rod spring model of shear members

Figure 5: Fig. 5 Equivalent rod spring model of shear members

 E.h,(0.150,, +1)

lc.2 - lc‘l

k

(&

(19)

The shear member is idealized as a cantilever structure. The cantilever length
is the distance from the centroid of the concrete to the location of the maximum
contact stress point of the shear member root. From finite element simulations
[12], the maximum contact stress point is known to be an approximate value; it
is taken as the centroidal position of the shear member, as shown in Fig. 5.

ES5 HHHSHTRBERE
Fig. 5 Equivalent rod spring model of shear members

According to the force characteristics of the shear member, it is known that the
force at the bottom is relatively large and shear failure is prone to occur. To
simplify the calculation, the effective width of the shear member is taken as the
bottom length [,.

The bending displacement A, of the rod-system spring of the shear member is

Fi3 4Fh3
b= =03 (20)
3EI,  Etb;
Thus, the bending-spring stiffness k; of the shear member is
Etv}
= 21

where t is the plate thickness of the shear member.

The shear displacement A, of the rod-system spring of the shear member is

6Fh
A, = s 22
" 5G,byt (22)

then the shear spring stiffness k, of the shear member is

5G byt
ke, = —21 23
= (23
. E .
where Gy is the shear modulus of the shear member, and G, = ——; p is
: 2(1+p)

the Poisson’ s ratio of the shear member.
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Fig. 6 Model diagram of equivalent Winkler foundation beam with steel bars

Figure 6: Fig. 6 Model diagram of equivalent Winkler foundation beam with
steel bars

The force borne by the reinforcing bars in the connector is related to the shear
member and the passive reaction force provided by the concrete. When the
reinforcing bars are subjected to an external force, they tend to deform. This
deformation tendency produces compression in the surrounding concrete; the
compressed concrete is also restrained by the nearby concrete, so the strength
and ductility of the concrete in the compressed zone are greatly improved, and its
effect on the reinforcing bars is equivalent to that of an elastic foundation["13].
Therefore, in the elastic state, the reinforcing bars are equivalent to a Win-
kler foundation beam, and the reaction concrete around the reinforcing bars is
equivalent to an elastic foundation, as shown in Fig. 6.

B 6 WESEHX G/ RtERER
Fig. 6 Model diagram of equivalent Winkler foundation beam with steel bars

According to the basic assumptions of the Winkler foundation beam, the com-
pressive stress at any point on the foundation surface is proportional to the
deflection at that point, namely

P =kw,

i (24)
where k; is the foundation coefficient, related to the concrete of the elastic
foundation, taken as k; = 0.01 kN/mm?; v; is the vertical displacement at the
point corresponding to the point of force application. Except at the point where
the shear member acts, the load P(z) = 0.

Using the solution method for a Winkler elastic foundation model, and combin-
ing the foundation equilibrium equation, the beam deflection differential equa-
tion, and the deformation compatibility equation, the equilibrium equation of
the beam can be obtained as

E.J,—} + Dk, = —P(z) (25)
x

where F, is the elastic modulus of the reinforcing bar; I; is the sectional moment
of inertia of the reinforcing bar; D; is the diameter of the reinforcing bar.

Let
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then Eq. (25) can be expressed as

d*v,
dat

+ 4Ny, =0 (26)

The end of the reinforcing bar is almost not subjected to force["14], so it may
be considered that the beam is not subjected to force at positions far from the
action point of the embedded connector. Thus, the general solution of Eq. (26)
is

v; = e N[O sin(\z) + Cy cos( )] (27)

1

dv;
dzx

From the deformation compatibility condition, when x = 0, =0, hence

C, =0C,.
From the approximate differential equation of the deflection curve,

” Ml(x>
i EIL "’

171

the shear force at any point can be obtained, namely

Vi = —4E I,CyA3e M7 cos( ) (28)

From internal-force equilibrium, when =z = 0,

Solving Egs. (27) and (28) simultaneously gives

F,
C,=Cy=—"2 29
LT RE LN (29)
Therefore, the deflection at x = 0 is
Fy
T SEIN

17177

The contribution of the reinforcing-bar part to the overall shear stiffness is

ke = 8¢E A3 (30)

171771
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Fig. 7 Simply supported beam subjected to concentrated load

Figure 7: Fig. 7 Simply supported beam subjected to concentrated load

where ¢ is the correction coefficient for the contribution of the reinforcing bar
to the actual stiffness of the connector, taken as & = 4.0["15].

Substituting Eqgs. (19), (21), (23), and (30) into Eqgs. (17) and (18), the ex-
pression for the elastic shear stiffness of the embedded connector is obtained
as

-1

4p3 6h 1

k= = 4 (31)

3 E 1
Etby  5G bt h(0.151, 1 + 1) +SEBIN
lc.2 - lc.l
The longitudinal shear stiffness K of the overlapping seam is obtained as

n.k

K=- 32

s (3)

where n, is the number of connector rows; u is the longitudinal spacing of the
connectors.

1.4  Solution for deformation of a simply supported com-
posite beam subjected to a midspan concentrated load

For a simply supported beam subjected to a concentrated load P (Fig. 7), set
the coordinate origin at the left support, and the beam span is (.

7T ERRAREPEHER
Fig. 7 Simply supported beam subjected to concentrated load

Due to the symmetry of the boundary, only the segment 0 < 2 < [/2 needs to
be considered; thus

M(z) = g:c (33)
Substituting Eq. (33) into Eq. (16) gives

N”(z) —v®N(z) = %x (34)

Solving Eq. (34) yields
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N(z) = C; sinhvz + C, coshvz — % (35)

From the symmetry of the load, it is known that, at the midspan boundary

condition,
l l
—)|=N'|[=])=0.
q<2> (2) 0

Then, from the support boundary condition N(0) = 0, the axial force in the left
half of the beam is obtained as

p pr

N(z) = 3 x0 cosh(0l/2) sinh vz — 2N (36)
The slip distribution is
s(z) = WM coshvr — ﬂé.ﬁ (37)
Integrating both sides of Eq. (8) simultaneously gives
pa”
= BAodols(z) — s(0)] + EL[0(z) — 6(0)] (38)
Substituting z = [/2 into Eq. (38) gives
% = FAydys(0) + E1,0(0) (39)

In Timoshenko beam theory, the relationship between internal force and gener-
alized strain is

Q=Cy

where C' is the stiffness coefficient, independent of beam deformation and re-
lated only to the cross-sectional shape and the materials used. Generally C' =
GA,/K,, where K, is the shear-stress distribution nonuniformity coefficient,
generally obtained by integration as

_F S2(z)
Ko = ﬁ/ (o)

[16]; 7 is the shear angle.
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The total shear force carried by the composite beam is

A A
Q:QC+QSZ<GI{CC+C;(SS> (%_9> (40)

where dw/dz is the rotation of the centroidal axis; K¢ is the shear-stress distribu-
tion nonuniformity coefficient for the concrete slab; and K7 is the shear-stress
distribution nonuniformity coefficient for the double inverted T-shaped steel
beam.

Integrating Eq. (40) gives

M)+ 0) = (55 + G2 ) [wte) -0 - / G

From Egs. (38) and (39), one obtains

2
0(z) = px Agdg

o~ R lsle) = s0)+ 000 (42)
2
00) = 157 — T 0) (43)

Substituting Eqs. (42) and (43) into Eq. (41) gives

. pz 2 ooy, Aodo | T Psinhvx 1 px
@) = REL U4 7 5koy ~ 2Konweosny2) | 7EA GA 2
,_l’_
K¢ K
(44)

Equation (44) is the deflection expression for the left half of the composite beam
under a concentrated load. In the equation, the first term is the deflection caused
by bending, the second term is the deflection caused by the interface slip effect,
and the third term is the deflection caused by shear deformation.

2 Experimental Verification
2.1 Test overview

Four test specimens of concrete-slab-embedded double inverted T-shaped steel-
concrete composite beams were designed and numbered according to different
structural parameters. Among them, WDTSCB-1 was the reference specimen,
and the parameter variables were the width of the concrete flange slab, the thick-
nesses of the web and lower flange plate of the double inverted T-shaped steel
beam, and the spacing between shear connectors, corresponding respectively to
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WDTSCB-2 to WDTSCB-4. The members were designed mainly according to
the Code for Design of Composite Structures (JGJ 138—2016), and the member
dimensions are shown in Fig. 8. The beam length was L = 3200 mm, the
calculated span was L, = 3000 mm, and the beam height was H = 300 mm,
so the height-to-span ratio of the specimen was 1/10. The thickness of the
concrete flange slab was h, = 80 mm; the slab width B had two values, 640
mm and 760 mm. The steel plate thickness ¢ had two values, 4 mm and 6 mm.
Five transverse diaphragms were arranged at equal intervals along the beam
length, with diaphragm spacing d;, = 800 mm. The lower flange width of the
inverted T-shaped steel beam was b, = 64 mm, and the lower flange width of
the double inverted T-shaped member was b = 130 mm. The height of the steel
plate embedded in the concrete was d, = 35 mm, of which the height of the
embedded shear key was d, = 30 mm. The upper length of the shear connector
was b,, = 88 mm, and the lower length was b, = 100 mm. The connector spacing
d had two values, 200 mm and 300 mm. The distance from the slotted shear
connector to the member end was b, = 50 mm. The nominal diameters of the
threaded reinforcing bars in the slab had two values, 8 mm and 12 mm; the
transverse reinforcing-bar spacing was 100 mm, the longitudinal reinforcing-bar
spacing was 100 mm, and vertical single-leg stirrups were arranged.

The length was 280 mm, the spacing was 100 mm, and the concrete cover to the
reinforcement was 5 mm. The detailed dimensional parameters of each specimen
are shown in Table 1.

Table 1 WDSCB specimen design dimensions
Tab. 1 Detailed dimensions of WDSCB

Specimen

No. B/mm t/mm b, /mm b, /mm b;/mm d/mm
WDSCB- 640 4 50 100 88 200
1

WDSCB- 760 4 50 100 88 200
2

WDSCB- 640 6 50 100 88 200
3

WDSCB- 640 4 31 150 138 300
4

Fig. 8 Dimensions of embedded double inverted T-shaped steel con-
crete composite beam with web plate

The main steel components of the specimens were made of Q345B bridge steel.
The steel beam web plates and flange plates had two plate thicknesses, 4 mm
and 6 mm. The reinforcing bars were all HRB400, with two diameters, 8 mm
and 12 mm. In accordance with the provisions of Metallic Materials—Tensile
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Testing (GB/T 228.1—2010), tensile tests were conducted on the components;
the test results are shown in Table 2.

Table 2 Mechanical properties of steel

Tab. 2 Table of mechanical properties of steel

Diameter

(plate Tensile Elastic
Material thickness) Yield strength strength o, modulus E
type /mm o, /MPa /MPa /GPa
Steel plate 4 421.0 530.9 211.6
6 477.0 567.7 219.6
Reinforcing 8 527.6 649.8 227.2

bar
12 434.9 610.4 191.6

According to the Standard for Test Methods of Concrete Physical and Mechan-
ical Properties (GB 50081—2019), the measured cubic compressive strength of
concrete was f., = 40.7 MPa. According to the Code for Design of Con-
crete Structures (GB 50010—2010), the axial compressive strength of concrete
was obtained as f., = 27.2 MPa, and the elastic modulus of concrete was
E. = 3.28 x 10* MPa.

The test adopted a symmetric loading method at one-third points. The test
loading diagram is shown in Fig. 9, and the test loading device is shown in Fig.
10.

In Fig. 9: hydraulic jack; force sensor; distribution beam; sliding hinged
support; support structure; fixed hinged support; reaction frame.

Fig. 9 Test loading diagram

Fig. 10 Specimen loading device

2.2 Solution of parameters for the theoretical calculation
model

To verify the correctness of the theoretical formulas in this study, the theoretical
calculated values were compared with the test values. The parameters of each
test beam are shown in Table 3.

Table 3 Basic parameters of test beam

Tab. 3 Basic parameters of test beam
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Specimen

No. Ay /mm? dy/mm I,/mm* K¢ K:
WDSCB- 1829.4 142.5  9.692 x 107 3.13 1.4
1

WDSCB- 1 873.9 146.4  1.02 x 108 2.28 1.4
2

WDSCB- 2 472.6 142.9 1.119 x 108 3.05 1.4
3

WDSCB- 1 830.1 142.5 9.692 x 107 3.13 1.4
4

The calculated values of the longitudinal shear stiffness of the composite joints
of each specimen are shown in Table 4.

Table 4 Calculated values of longitudinal shear stiffness of composite
joints of test beams

Tab. 4 Calculation value of longitudinal shear stiffness for composite
joints of test beams

Specimen No. k/(kN - mm~1) K/(kN-mm™1)
WDSCB-1 760.2 7.6
WDSCB-2 760.2 7.6
WDSCB-3 969.8 9.7
WDSCB-4 942.3 6.5

2.3 Deflection verification

Substituting the above basic parameters into Eq. (44) gives the deflection values
of the WDSCB under concentrated loading at midspan, as shown in Fig. 11.
Here, P,

is the peak load. It can be seen from the figure that, when the load is in the
elastic stage (0.6P,) [9], the deflection values calculated by the theory agree
well with the measured values, and the calculated values are slightly larger
than the measured values. When the load is greater than 0.6F,, as the load
increases, the deviation between the test values and the theoretical calculated
values increases. This may be because the formula is established on the basis
of the linear-elastic assumption; after the member enters the elastoplastic stage,
the derived theoretical calculation formula is no longer applicable.

Table 5 lists the variation of the deflection at the mid-span section of the speci-
mens in the elastic stage. It can be seen from the table that, during the linear-
elastic deflection development of the WDSCB members, the deflection value
caused by bending accounts for about 56% of the total deflection, the deflection
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Fig. 11 Comparison of measured deflection and calculated deflection of
WDSCB

Figure 8: Fig. 11 Comparison of measured deflection and calculated deflection
of WDSCB

value caused by the interfacial slip effect accounts for about 36% of the total
deflection, and the deflection value caused by shear deformation accounts for
about 8% of the total deflection.

Fig. 11 Comparison of measured deflection and calculated deflection of WD-
SCB

Table 5 Deflection values of WDSCB mid-span section

Bending  Slip de- Shear Total
deflec- flection deflec- deflec-

SpecimenLoad /  tion w, wy /  tionwg tionw /  (wy/w)  (wy/w)
No. kN / mm mm / mm mm / % / %
WDSCB-0.2 P, 241 1.46 0.20 4.06 59 36
1

04 P, 4.82 2.91 0.39 8.13 59 36

0.6 P, 7.24 4.37 0.59 12.19 59 36
WDSCB-0.2 P, 2.27 1.44 0.14 3.84 59 37
2

04 P, 4.54 2.87 0.28 7.69 59 37

0.6 P, 6.81 4.31 0.42 11.53 59 37
WDSCB-0.2 P, 2.47 1.56 0.20 4.23 58 37
3

04 P, 4.95 3.11 0.40 8.46 58 37

0.6 P, 7.42 4.67 0.60 12.69 58 37
WDSCB-0.2 P, 2.27 1.60 0.18 4.06 56 40
4

04 P, 4.54 3.20 0.37 8.11 56 40

0.6 P, 6.81 4.81 0.55 12.17 56 40

2.4 Slip Verification

Figure 12 gives a comparison between the measured and theoretical values of
the slip of WDSCB from the slip point at the mid-span section to the maximum
slip point under peak load. The data agree well. In the shear-span segment,
the measured values are larger than the theoretical values; in the pure-bending
segment, the measured values are smaller than the theoretical values. It is
inferred that this is because WDSCB is symmetrically loaded: there is no shear
force in the pure-bending segment, and the interface slip is caused by the slip in
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Fig. 12

Figure 9: Fig. 12

the shear-span segment. When calculating the interface stiffness of the lap seam,
considering the shear resistance of the whole beam is relatively conservative, and
the calculation of interface slip is relatively safe.

Figure 12 Comparison between measured and calculated slip values of WDSCB
under peak load

Fig. 12 Comparison between measured and calculated values of sliding of WD-
SCB under peak load

3 Comparison and Analysis of Existing Methods for Calcu-
lating Composite-Beam Deflection

The existing methods for calculating the deflection of steel-concrete composite
beams are as follows.

1) Stiffness superposition method for composite beams

7

_ Fzx
B 48 (ECIC + ESIS>

2) Transformed-section method for composite beams

w(z) (312 — 42?) (45)

17

Fx

w(z)

(312 — 4a2) (46)

Taking the reference specimen (WDSCB-1) model as an example, according to
Eq. (44), Eq. (45), and Eq. (46), the deflection was calculated, and the load-
deflection curves were plotted (Fig. 13) for comparative analysis.

It can be seen from Fig. 13 that the deflection calculation formula derived in
this study has higher accuracy and better agreement. The values calculated by
the stiffness superposition method and the transformed-section method differ
greatly from the measured values. Therefore, when checking the deflection of
composite-beam members, the effects of interface slip and shear deformation
should be considered.

Figure 13 Comparison of load-mid-span section deflection for various calculation
methods

Fig. 13 Comparison of load mid-span section deflection for different calculation
methods
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Fig. 13

Figure 10: Fig. 13

4 Conclusions

This study considered the effects of shear deformation and interface slip on the
deflection and slip of composite beams, derived formulas for calculating the
deflection and slip of embedded-deck double inverted T-shaped steel-concrete
composite beams, and, based on the equivalent spring model and the equivalent
rod-system spring model, derived the 3#t% [[unclear: continuation of sentence
beyond visible page]]

theoretical formulas for flexural rigidity. The main conclusions are as follows.

1) Based on the Goodman assumption and the Timoshenko beam general-
ized displacement assumption, computational expressions for the deflec-
tion and slip of embedded double inverted T-shaped steel-concrete com-
posite beams under concentrated load at midspan were obtained. The
expressions are clear and easy to apply in engineering practice.

2) The calculated values from the derived theoretical formulas for the deflec-
tion and slip of embedded steel-concrete composite beams were compared
with measured values. For the elastic loading stages of composite beams
under different parameters, the theoretical values agreed well with the
measured values, verifying the correctness of the theoretical calculation
formulas.

3) In the deflection deformation of an embedded double inverted T-shaped
steel-concrete composite beam with a span-to-depth ratio of 1/10, the
deflection caused by bending accounts for approximately 56% of the total
deflection, the deflection caused by the interface slip effect accounts for
approximately 36% of the total deflection, and the deflection caused by
shear deformation accounts for approximately 8% of the total deflection.

4) The derived theoretical calculation formulas were used to calculate deflec-
tion together with other existing theoretical formulas, and the results were
compared with measured results. The comparison shows that the theoret-
ical formulas derived in this study can effectively reflect the influence of
interface slip and shear deformation effects on the deflection of composite
beams, and can serve as a basis for structural design.
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