Advanced Steel Construction Vol. 14, No. 4, pp. 634-650 (2018) 634

PARTIAL INTERACTION SHEAR FLOW FORCES IN SIMPLY
SUPPORTED COMPOSITE STEEL-CONCRETE BEAMS

Y. Zou, X.H. Zhou, J. Di and F.J. Qin"

Key Laboratory of New Technology for Construction of Cities in Mountain Area, School of Civil Engineering,
Chonggqing University, Chonggqing, China, 400030
*(Corresponding author: Email: ginfengjiang@cqu.edu.cn)

Received: 30 November 2016, Revised: 19 November 2017; Accepted: 19 November 2017

ABSTRACT: Most existing codes simply limit the shear stress range of stud shear connectors in composite
steel-concrete beams to prevent the fatigue failure of studs, and the shear stress range is determined on the basis of a
full interaction assumption, which ignores the effects of slip between steel and concrete. However, this hypothesis
would overestimate the shear stress range, thereby resulting in the misestimate of the fatigue behaviours of studs.
This study herein proposes a method to determine the interface shear flow under either a moving concentrated load or
uniform load on the basis of the partial interaction assumption, which considers the effects of slip. Moreover, the
interface shear flow, including the shear range and shear peak, under general loading can be predicted using the
superposition of moving the concentrated load and uniform load. Furthermore, this method is simplified according to
a practically possible range of parameters and is further validated by the finite element method (FEM) model in the
case of composite beams with uniformly and non-uniformly distributed shear studs. Finally, a case study is
performed using the proposed method and the existing methods to predict the shear stresses and the fatigue life of
studs. The results show that the proposed method can provide more accurate and reliable predictions.
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1. INTRODUCTION

Since the composite structures, particularly for composite bridges, are subjected to fatigue loading,
the fatigue behaviours of steel beams and shear connecters in composite structures have attracted
increasing attention among researchers and designers in the past decade [1]. Moreover, stud shear
connectors are one of the most common connectors used in composite structures due to their
advantages of excellent mechanical properties and construction convenience. However, most of the
available literature indicates that fatigue loading could decrease the static strength, increase the
plastic slip or even cause the fatigue failure of studs. As a consequence, it is of great significance to
investigate the fatigue behaviours of studs in composite structures.

Most studies concerning stud fatigue focus on the relation between the shear stress range and the
fatigue life of studs. Based on the experimental data, Johnson [2] proposed a simplified equation to
predict the fatigue life of studs using the regression method. Although this equation considers the
shear stress range as the only parameter, it has been adopted in Euro code 4 (EC4) [3.,4] because of
its reliability and simplicity. In 1990, Oechlers [5] investigated the reduction of the static strength of
the shear studs due to high-cycle preloading, and this adverse effect is not considered in the existing
codes. Moreover, based on the push-out experiments of 71 specimens according to the standard
EC4, Hanswille observed the significant plastic slip and shear capacity reduction after high-cycle
preloading, and he also argued that the peak load could influence the fatigue behaviours of studs
besides the loading range [6,7]. Therefore, it is necessary to consider the effects of the peak load on
the fatigue behaviour of shear studs, especially in the case of a large peak load. In addition, two
full-scale tests of composite beams were conducted and the results verified that fatigue loading
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reduced the interface stiffness and shear capacity of composite beams due to the fatigue behaviours
of shear studs [8].

Although the fatigue behaviours of shear studs play a critical role in the performance of composite
structures such as composite bridges, the current codes [3,4,9] simply limit the shear stress range
based on the full interaction assumption and ignore the effects of the peak load on the fatigue
behaviours of shear studs. However, because the partial interaction will significantly affect the
interface shear flow force [10-24] and the fatigue behaviours are sensitive to shear force, the fatigue
assessment of shear studs would be inaccurate according to the current codes or standards.

Nowadays, various formulations have been developed to determine the stress state of shear studs
since it is quite crucial to assess their fatigue behaviours. Seracino [11,12] developed an approach
to determine the partial interaction distribution of the interface shear flow of composite beams
subjected to a moving concentrated load. Nevertheless, this approach does not take into account the
uniform load case, nor analyses the applicability of the approach for composite beams with
non-uniformly distributed shear studs. Moreover, it could provide inaccurate results in case of a
weak composite action.

According to the linear elastic partial interaction theory, this paper aims to develop a method to
determine the distribution of the interface shear flow of the composite beams subjected to the
moving concentrated load and/or uniform load. In addition, in the linear elastic analysis, the
interface shear flow, including the shear force range and the peak shear, under general loading
conditions can be predicted by superposing both the moving concentrated load and the uniform
load. Thus, combined with a suitable fatigue formula of studs, the proposed method can be used to
more accurately predict the fatigue state of studs under general loading conditions. Furthermore,
the proposed method is validated in comparison with the FEM model for cases of composite beams
with uniformly and non-uniformly distributed shear studs. Finally, a case study aiming to determine
the shear stresses by means of the proposed method and other available methods is given.

2. LINEAR ELASTIC PARTIAL INTERACTION THEORY

The method developed herein is based on the linear elastic partial interaction theory originally
developed by Newmark et al. [10]. The slip s at the design point x measured from the mid-span is
given by the following equation [13]:

s =K sinh(ax) + K, cosh(ax) + V" (1)

where V* is the total vertical shear at cross-section x; K1 and K> are the integration constants; the
parameters a and S govern the behaviour of the composite beam, and they are functions of material
and geometric properties of the cross section and the stiffness of the shear connection as follows:

2
o= L(£+i+ }’ldc ) (2)
pEV AC AS' nlx +IC

and
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where £ is the secant stiffness [25]; p is the shear connector spacing; d. is the distance between the
centroids of the steel and concrete components; E is the modulus of elasticity; / is the second
moment of area; 4 is the area of cross-section; the subscripts s and ¢ represent the steel and
concrete, respectively; n is the modular ratio of Es /Ec.

The load-slip relationship is

q, = ? 4)

where gpi is the shear flow fore based on the partial interaction theory, and the subscript pi
represents the partial interaction.

3. DISTRIBUTION OF THE PARTIAL INTERACTION SHEAR FLOW FORCES

In general, the loading range is dominated by the fluctuations of the live load, while the peak load

is the combination of the live load and the dead load. In practice, a uniform load and a moving
concentrated load, as shown in Figure 1, can be adopted to represent most of the traffic loadings.

q
(a) uniform load illllllli}lllllllé

LP
(b) moving concentrated load & -

«I' «L aI'

Figure 1. Load Cases

L is the length of the beam; u is the distance from the loading point to the left support of the beam;
q is the magnitude of the uniform load; P is the magnitude of the moving concentrated load. The
mid-span is assumed as the origin of the coordinates.

3.1 DISTRIBUTION UNDER THE UNIFORM LOAD

Under the uniform load, the total vertical shear V*=-gx. Substituting it into Eq. 1 gives the
distribution of slip:

s =K, sinh(ax)+ K, cosh(aox) — fige ®)

The integration constants K1 and K> can be determined using the following two boundary
conditions:

ds _

0 x=-L/2 6
i x (6)
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ﬁ:o x=L/2 7)
dx

where ds/dx=slip strain, that is the difference between the axial strain in the steel and the concrete
at the interface. Due to the zero longitudinal strain in the steel and the concrete at two supports, the
slip strain is equal to zero. Solving the simultaneous equations, the integration constants can be
obtained as follows:

K, - PqL ®)
alLcosh(alL/2)

K,=0 ©)

Substituting Eq. 4 into 5, we obtain the distribution of the interface shear flow:

_ PkqL . 2sinh(ax)  2x
Toi = 2p “aLcosh(al/2) L ]
_ 2sinh(ax) 2x (10)
L cosh(aL/2) _T]

Where
9 =Pkgl!2p (11)
The go s the full interaction interface shear flow force under uniform load at the left support.

As shown in Eq. 10, al is a parameter considering the material and geometric properties of the
beam and the stiffness of the shear connections, and can represent the effects of a partial interaction
on the distribution of the interface shear flow. In fact, previous studies [14-16] on composite beams
state that the parameter aL governs the partial interaction behaviour of the composite beams with
the interlayer slip. When aL=0, there is no interaction between steel and concrete; with the increase
of aL, the interaction between steel and concrete increases; When al=<°, the composite beam
satisfies the hypothesis of full interaction. Additionally, the practical value of aL is normally greater
than 5 [26] in common cases; therefore, the parameter al is adopted to investigate the effects of a
partial interaction on the shear flow distribution.

In this part, the proposed method is verified as compared with the FEM model for a simply
supported composite beam with a 30m span. The details regarding the composite structures
including the material and geometric properties are shown in Figure 2(a) and the numerical
simulation of the composite beam is conducted using a commercial FEM software (ABAQUS) [27].
As shown in Figure 2(b), the shear connection is modelled by shear springs with a spacing of 150
mm and the concrete slab and steel beam are modelled by solid and shell elements [24]. The
transverse and longitudinal relative displacements between the slab and steel beam are constrained
by coupling nodes. The change of parameter al is achieved by the change in stiffness of the shear
springs.
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Figure 2. (a) Cross-section of General Simply Supported Composite Beam ;
(b) Modelling of Shear Connectors, Slab and Steel Beam
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Figure 3. Distribution of gpi/q 0 under Uniform Load: (a) al =5; (b) al =10; (c) al =20

As shown in Figure 3, with the decrease of al, the difference between the result of the proposed
method and the full interaction method increases. When al is equal to 5, which implies a relatively
weak composite action, the maximum discrepancy reaches about 40%, and thus leads to the use of
the full-interaction theory being quite unreliable. In cases of larger values of aL, the discrepancies
between the results by the proposed method and those by the full-interaction method are also quite
obvious. As expected, there is excellent agreement between the proposed method and the numerical
simulation.

3.2 DISTRIBUTION UNDER A MOVING CONCENTRATED LOAD

Seracino [11,12] proposed a method to determine the reduction in the full interaction shear flow
due to a partial interaction. The reduction is defined by the following reduction factor

i
RF,= - (12)
q;

where ¢pi is the partial interaction interface shear flow force and gy is the full interaction interface
shear flow force. The simplified distribution of RFg, shown in Fig.4, is determined by (RFR)sup,
(RFR)const, and lconsr. The simplified expression of RFx at supports is

1 1 2
RF = 1+ In -
( R)sup aL (aL) (aL)Z-‘rl (13)

The displacement /const that defines the location where RFRr first becomes constant when measured
from the supports is

-1 1
lipny = —In(—) (14)
a al

Finally, the constant magnitude of RF in the vicinity of the mid-span is

1 2
(RER) const = Hz{h{((u)—zﬂ}_l} (15)
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Figure 4. Simplified Shear Flow Range Reduction Factors RFg[!!:12]

The disadvantage of the method proposed by Seracino is its computational complexity, while the
values in the vicinity of the supports require a linear interpolation. In addition, this method is
compared with the method proposed herein in the context of accuracy in the following part.

In this part, the method proposed herein is presented in detail. For the composite structures
subjected to a moving concentrated load P, the shear force distribution is that, on the left side of the
load point, V*=P(L-u)/L; on the right side of the load point, "= - Pu/L. By combining with Eq. 1,
we can obtain the slip distribution as follows:

L—-u

s, = K, sinh(ax) + K, cosh(ax)+ P (—L/2Sx<u—L/2) (16)

s, = K, sinh(ax)+ K, cosh(ax)—ﬁP% (u—L/2<x<L/2) (17)
where the subscripts L and R represent the left and right shear spans. For the purpose of analysis

convenience in the following part, Egs. 16 and 17 in the exponential form are adopted as follows:

I —
s, =Ce”" +Cre“ + pP “

(-L/2<x<u—L1/2) (18)

SR=C3e””+C4e_‘”—ﬂP% (u—L/2<x<L/2) (19)

The following four boundary conditions are used to determine the integration constants:

=0 x=-L/2 (20)
dx
e _0 x=1/2 D
dx
s, =S, x=u—L/2 (22)
ds, ds,
—L=_"R x=y-L/2 23
dx dx (23)

Eqgs. 20 and 21 represent the boundary conditions at ends, same as the aforementioned Eqgs. 6 and 7.
Additionally, Eqs. 22 and 23 are obtained according to the continuity conditions of deformation.
Solving the simultaneous equations gives the integration constants:
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_ —,BP eaL (ea(3L/2—u) _ ea(u—L/Z))

C, 5 Tal (24)
c, - A e3)
(B -
q¥§ﬂwflfmm) @7)

Substituting Eqs. 24 and 25 into Eq. 18 and 4 gives the distribution of interface shear flow force on
the left shear span:

g, = ﬂ;P [L;u ~ ez:i;ziaL (ea;::();;i)m . N
=qJL;”—fwxfg;5¥%in

where

q,=pPkP/ p (29)

,ﬂm=f%£§?l (30)

The gois the maximum full interaction interface shear flow force under a moving concentrated load
at the left support. As the envelope curve of the interface shear flow is antisymmetric, it is
straightforward to determine the minimum of the interface shear flow using the antisymmetric
function in Eq. 28. As ¢pi is the function of u# and x, the load position corresponding to the
maximum partial interaction positive shear flow at design point x satisfies the following equation:

dg . (x,u
g, ( )=0 (31)
du
However, due to the complexity of Eq. 30, it is quite cumbersome to assess an explicit solution of
umax. As the distribution of f(u) illustrated in Figure 5 is close to unity when the value of ol is
greater than 5, it is reasonable to assume that f(u)=1.

1.0 . L . L
Shce aL=5
=05 - - al=10
....... GL=20
0.0 T T T T T T T 1
0.00 0.25 0.50 0.75 1.00

relative coordinate x/L

Figure 5. Distribution of f ()
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Substituting f(1)=1 into Eq. 31, and simplifying, gives

u_ = Lln[aL cosh(al/2+ ax)]
a

Substituting Eq. 32 into Eq. 28, and simplifying, gives

n[faLcosh(aL/2+ ax)]+]
al

1
qpi,max = CIO {1 - }

642

(32)

(33)

Since the maximum interface shear flow is required, let gpi.max equal to zero when gpimax is less than
0. Since the envelope curve of the interface shear flow is antisymmetric, the minimum of the

interface shear flow is given

n[aLcosh(aL/2—-ax)]-1
al

1
qpi,min = _qO {1 - }

(34)

Let gpi.min equal to zero when gpimin is greater than 0. The maximum or minimum shear flow under a
moving concentrated load at each design point can be determined using Egs. 33 and 34, as the red

line indicates in Figure 6.
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Figure 6. Envelope Curve of the Interface Shear Flow under a Moving Concentrated Load:
(a) aL =5; (b) oL =10; (c) oL =20

As illustrated in Figure 6, under a moving concentrated load, the reduction of shear flow due to
partial interaction reached about 50% when oL is equal to 5, and this reduction is more remarkable
than that in the uniform loading condition. The proposed method is once again in very good
agreement with the numerical simulation and is more accurate than the method proposed by
Seracino R [11,12].

4. ANALYSIS OF APPLICABILITY

The theoretical derivation of the partial interaction theory is based on the assumption that the
distribution of shear studs is uniform. However, the distribution of shear studs is usually
non-uniform because of the non-uniform distribution of the interface shear force. It is necessary to
validate the proposed approach for the composite beams with non-uniformly distributed shear studs
by the FEM model.

Figure 7 shows three cases of composite beams with non-uniformly distributed shear studs, where
L is the length of the beam, p is the shear connector spacing, the reference connector spacing po is
300mm. The material and geometric properties of the composite beam are shown in Figure 2(a) and
the stiffness of each row of studs is 1.063x10* kN/m. In cases 1 and 3, the distribution density of
studs on both sides of the beam is about twice that at the mid-span, but the absolute distribution
density in case 3 is much larger than that in case 1. In case 2, distribution density of studs on both
sides of the beam is about four times that at the mid-span. As the change of the distribution of studs
is reflected in the change of parameter oL, the value of aL is also shown in Figure 7. The red solid
lines in Figs. 8 and 9 show the distribution of the shear flow determined by the respective values of
a.
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Figure 7. Three Cases of Composite Beams with Non-uniformly Distributed Shear Studs
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Figure 9. Distribution of gpi/qo under a Moving Concentrated Load:
(a) Case 1; (b) Case 2; (c) Case 3

When the distribution density of studs on both sides is about four times that at mid-span, as
illustrated in Figure 8(b) and 9(b), there are differences between the proposed method and the
numerical simulation, especially for the uniform load case. However, the significantly different
distribution density of studs is quite rare in practice.

When the distribution density of studs on both sides is about twice that at the mid-span, as
illustrated in Figure 8(a) and (c) and Figure 9(a) and (c), with the increase in oL, the discrepancies
between the proposed method and the numerical simulation also increase. However, limited
differences are observed in the local area where a varies, and the proposed method is in good
agreement with the numerical simulation on the other locations, especially at the support where the
shear force is at a maximum value. This shows that the distribution of shear flows on each part is
mainly determined by the respective value of o, and the proposed method is also applicable for
composite beams with non-uniformly distributed shear studs.
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S. CASE STUDY

The following example demonstrates the use of the proposed method in determining the partial
interaction force on studs at support and compares the results with those obtained from the full
interaction method and from the method developed by Seracino R [11,12]. Combined with the
fatigue life predicting equation provided by Euro code 4 [3,4] and Hanswille [7], the fatigue life of
studs is predicted to illustrate the accuracy and applicability of different methods. The prediction of
the reduction of static strength and accumulation of plastic slip due to fatigue loading is not
analysed in this paper, but the predicting process is similar to that of fatigue life.

The Euro code 4 [3,3] specifies that the fatigue life of studs can be calculated as:

lg N+8IgAr =21.935 (35)
where the A7 is the shear stress range of studs, N is the fatigue life of studs.

Hanswille G [7] suggests that the fatigue life of studs should be calculated as:

_ B4,0 _Pmax
©0.1267P,,—0.1344P,

mean

lgN (36)

where Puo is the static strength of studs, Pmax is the peak of fatigue loading, Pmean is the mean value
of the fatigue loading, and A is the fatigue life of the studs.

Suppose that a 30m long simply supported composite beam is subjected to a uniform load of
20kN/m as dead load and a moving concentrated load of 320kN as live load. The material and
geometric properties of the composite beam are shown in Figure 2. a. A uniform distribution of
connectors was used consisting of two rows of 19 mm diameter studs with a spacing of 150 mm,
giving a static strength of 118.3 kN per stud and connector stiffness of 2.736x10* kN/ m per stud.
In this example, the aL is equal to 11.34 according to Eq. 2. The fatigue shear stress range is given
by Eq. 33, because the live load in this example is a moving concentrated load. The shear stress
caused by the dead load is given by Eq. 10, because the dead load in this example is a uniform load.
The shear stress peak is the sum of the shear stress range and the shear stress caused by dead load.
Detailed calculation results are given in Table 1.

Table 1. Comparisons of Shear Stress and Fatigue Life Predicted by Different Methods

Calculating method of ~ Shear stress Shear stress Fatigue 11fe/106.
stud force range/MPa peak/MPa Euro — Hanswille
code 4 G
Full interaction 58.6 113.4 62.2 20.5
Seracino R 45.1 —_— 503.8 —_—
Proposed method 40.8 86.0 1117.2 33.2

After consideration of the partial interaction effect, as illustrated in Table 1, the calculated shear
stress decreased and the predicted fatigue life of studs significantly increased. Compared with the
shear stress range predicted by the full interaction theory, the result of the method developed by
Seracino R is reduced by about 23%, and the result of the proposed method is reduced by about
30%. Combined with the fatigue life predicting equation provided by Euro code 4, fatigue life
predicted by the method developed by Seracino R is about 8 times that of the full interaction theory,
and the proposed method predicts about 18 times the fatigue life expectancy of the full interaction
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theory. Compared to the method developed by Seracino R, the proposed method can make full use
of the beneficial effect of partial interaction. Combined with the fatigue life predicting equation
provided by Hanswille G, fatigue life predicted by proposed method is about 62% higher than that
of the full interaction theory. The method developed by Seracino R cannot be applied to the
equation provided by Hanswille G, because the method does not consider the influence of dead
load.

6. CONCLUSIONS

A method has been developed to determine the distribution of partial interaction interface shear
flows of composite beams subjected to a moving concentrated load and uniform load. This method
is validated by the finite element model (FEM) of the composite beam with uniformly and
non-uniformly distributed shear studs. Also, an example of predicting shear stresses and the fatigue
life of studs in composite beams with different methods is given. The main conclusions from the
study are as follows:

(1) Under the uniform load, the reduction of shear flow due to partial interaction can reached
about 40% when the composite action is relatively weak. The proposed method is in
excellent agreement with the numerical simulation.

2) Under a moving concentrated load, the reduction of shear flow due to partial interaction
reach about 50% when the composite action is relatively weak. Since the proposed method
is reasonably simplified according to a practically possible range of al, it is in better
agreement with the numerical simulation than the existing methods. When used with an
appropriate fatigue model, this method can be used to more accurately assess the fatigue
behaviour of studs.

3) When the proposed method is applied to composite beams with uniformly or non-uniformly
distributed shear studs, the discrepancies between the proposed method and numerical
simulation are obvious only in the local area where the change of stiffness is drastic. On the
other positions, especially at supports where the shear force is maximum, the proposed
method is in good agreement with the numerical simulation.

4 The interface shear flows, including shear range and peak shear, can be predicted using the
superposition of the moving concentrated load and uniform load, and therefore the method
can be applied to more general loading conditions. When used with an appropriate fatigue
model, this method can provide an accurate and reliable assessment of the fatigue
behaviours of shear studs.
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