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This study investigates the effects of the shape and location of the shaped steel shear connector
on its behavior in steel-concrete sandwich beam. In this study the shear connectors not only in
tensile side of the concrete (lower) but also in the compressive side (upper) were studied. The
effects of the shape on the initial equivalent stiffness as well as the value of the transferred shear
force when a sudden decrease of the equivalent stiffness of the shear connector and the crack
propagation were presented. The revised model to predict the relationship between transferred
shear force and relative displacement of the shear connector was proposed. It was found that the
boundary conditions, which are no rotation at the top of the shear connector and the uniformly
distributed load on the shear connector gave a good prediction of the shear connector deforma-

tion.
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1. INTRODUCTION

In the analysis of the steel-concrete sandwich beam
structures, the composite action between steel plate and
concrete should be considered by using a transferred shear
force-relative displacement relationship of shear connec-
tors. Transferred shear force and relative displacement
relationships of the shear connector are affected by vari-
ous factors such as the height, thickness and shape of the
" shear connector, concrete strength, and the thickness of
the base steel plate where the shear connectors were at-
tached. Therefore, studies by the authors™ ? were con-
ducted on the effects of the height of the shear connector
and the concrete strength on the behavior of the shear
connector, and the formula to predict the transferred shear
force-relative displacement relationship” was presented.

This paper describes the effect of the shape and location
of the shear connector on the relationship between trans-
ferred shear force and relative displacement of the shear
connector in steel-concrete sandwich beam. The effects of
the crack propagation was investigated and the assump-
tions for the boundary condition of the shear connector
were verified. :

As a result, the revised formulae to predict the trans-
ferred shear force relative displacement relationship were
proposed. A part of the test results was reported already in
the previous paper”.

2. MODEL FOR RELATIONSHIP BETWEEN
TRANSFERRED SHEAR FORCE AND RELA-
TIVE DISPLACEMENT?

In order to explain the experimental results of the rela-
tionship between transferred shear force and relative dis-
placement of the shear connector, the equivalent stiffness
was introduced?. The equivalent stiffness of the shear
connector is the stiffness provided by the stiffness of the
shear comnector itself and the concrete surrounding the
shear connector.

The boundary conditions of the shear connector element
in a steel-concrete sandwich beam are shown in Fig. 1;
namely a fixed end at the bottom, no rotation at the top
and a uniformly distributed load which balances the trans-
ferred shear force. '

T .

y=0,y'~0,Ely"=-Qa

Fig. 1 The boundary conditions of the shear connector
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The increment of the relative displacement of the shear
connector linearly increases with the initial equivalent
stiffness of the shear connector until a sudden decrease of

the equivalent stiffness of the shear connector starts at a-

transferred shear force, Q.. The effective stiffness of the
concrete surrounding the shear connector reduces with an
increase in transferred shear force.

crete surrounding the shear connector, a tie plate was put
at the same location of each shear connector and it was
not welded between the tie plate and the shear connector.
The vertical compressive force of the concrete is assumed
the same as the tensile force of the tie plate. The speci-
mens were designed to fail in shear compression failure
mode. The details of the specimens and its shear connec-

tors are given in Fig. 2 and Table 1.

3. OUTLINE OF EXPERIMENT
Table 1 Details of specimens

Three steel-concrete sandwich beams of rectangular

cross section were tested (see Fig. 2). All the beams had Specimen | Type of SC| Sizes of SC| f.(MPa)
the same size of 2102x150x250 mm (length x width x (mm)**
height). Three types of the shear connectors, namely L S-1* L 40%x40x5 24.2
shape, I shape and T shape were provided at the interface S * L 90x40x5 24.9
between the concrete and the steel plate for specimens S- S-3 * L 140%40x5 4.9
8, S-9 and S-10 respectively. It should be noted that the S8 L 40%40%5 183
direction of the shear connector for specimen S-8 was in S0 I 4055 210
the reverse direction of the shear connector for specimen -
S-10 T 40x40x5 31.6

S-1 in the previous study”. The sizes of the shear con-
nectors for specimens S-8, S-9 and S-10 were L.40x40x5
mm, 1.40x5 mm and T.40x40x5 mm respectively. In or-
der to estimate the vertical compressive force in the con-

SC: shear connector, *: specimens in Ref. 1)
**: first number is height and the last number is thickness
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' ) I B T
20 20 o
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I r__r i _
@ scit sc2  sc3 sC3  sc2  sc1 @ T
RL
16| LL — e RN
184 4@181.5 =726 250 4@181.5=1726 «
- (a) Specimen S-8
LU RU
SC-1  8C2  SC3 { ! $C-3  SC2  SC-1
[ [ f ! [ I .
20 ' 20 =
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16| LL | | | P
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} :
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16= [« LL | | i | 16 RSN
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(c) Specimen S-10 (unit:mm)

Fig. 2 Details of specimens
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The steel properties for flange plate, end plate, tie plate
and the shear connector were the same as in Ref. 1) as
shown in Table 2.

. The experimental work of this study was conducted for
simply supported sandwich beams with a symmetric two-
point loading system. The load was applied by a hydraulic
jack and its magnitude was measured by an electrical load
cell.

Table 2 Steel properties

Component | Steeltype| f, fi E;
(MPa)| (MPa)| (GPa)
Flange Plate | SM 450 A| 377.6 | 5232 | 179
End Plate | SM450A| 377.6 | 523.2| 179
Tie Plate | SM450A] 357.5| 514.2| 186
Shear Con- | SS400 | 367.7| 526.1{ 213
nector

Three electrical strain gauges were mounted on both
sides of the vertical part of the shear connector to measure
its deformation. In order to measure the transferred shear
force between concrete and lower flange plate through the
shear connector electrical strain gauges were mounted on
both sides of the lower flange plate near the shear con-
nector. The gauges were also mounted on both sides of the
tie plate to estimate the vertical compressive force of
concrete surrounding the shear connector. Detailed ar-
rangement of the electrical strain gauges is shown in Fig.
3.

TP1/2 TP3/4
19 1
11—— C1]1¢2 «<— Point1
ur C3§| C4 <— Point2
9% csllce <— Point 3
SP1 : SP3
SP2 SP4

10

] 2

Unit : mm
Fig. 3 Locations of strain gauges

The measuring system with contact gauges was used to
measure relative displacement: of the shear connector
which is the relative displacement at the top of vertical
part to the displacement at its bottom. The detailed ar-
rangement of the contact gauges is given in Fig. 4

\ \
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Fig. 4 Distance points measured by contact gauges

In this study the location of the shear connector was
classified into four cases for each specimen namely Left
Lower (LL), Right Lower (RL), Left Upper (LU), Right
Upper (RU). For each location three shear connectors
namely SC-1, SC-2, and SC-3 as shown in Fig. 2 were
investigated. During the test, the deflection of the speci-
mens, the relative displacement of the shear connector and
the strain of the flange plate, the tie plate and the shear
connector were measured at every load step. Crack propa-
gation was observed in detail.

4. TEST RESULTS AND DISCUSSIONS

4.1 Load-deflection and failure characteristics of the
beam

The load-deflection relationships for specimens S-8, S-9
and S-10 are presented in Fig. 5. Effect of the transferred
shear force and relative displacement of the shear con-
nector on the load-deflection relationship is rather small.

Figure 6 shows the crack pattern of the tested speci-
mens. The failure mode of the beams was shear compres-
sion failure, which is characterized by diagonal cracking
and crushing of the concrete near the loading point. The
failure occurred in the right side of the shear span of the
beam for specimens S-8 and S-10 while in the left side for
specimen S-9. Some cracks also appeared at the backside
of the shear connector for specimens S-8 and S-10. Those
cracks propagated from the shear connector to the lower
flange plate.

——S8-8

P

| —=2—S-10

R
Deflection (mm)

Fig. 5 Load-deflection relationship
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Fig. 6 Crack pattern (number indicating load in tf, 1 tf = 9.807 kN)

4.2 Relationship between transferred shear force and
relative displacement

The relationship between the transferred shear force

and the relative displacement at the shear connectors for

specimens S-8, S-9 and S-10 are shown in Figs. 10, 11
and 12 respectively. As shown in those figures, the rela-
tionships for the upper and lower shear connectors are
rather similar.

5. VERIFICATION AND REVISION OF PREVI-
OUS MODEL

5.1 Verification of the boundary conditions

In the previous studyl), no rotation or spring stiffness, £
infinitely large at the top of the shear connector and a
fixed end at the bottom of the shear connector with uni-
formly distributed load which balances the transferred
shear force were taken as the boundary conditions.

In this paper the above boundary conditions were veri-
fied.

The analyses for the verification of the loading condi-
tion have been done through the calculation of the curva-
ture distribution of the shear connector with different
loading condition. The curvature of the shear connector
was calculated by the following equation:

(E )eqy” =-M (1)
where, M : bending moment along the vertical part of the
shear connector, KN-mm
y" : curvature, mm
(EI )eq: the equivalent stiffness of the shear connector,
KN-mm? _
Three cases of the loading condition were selected. The
first one was a concentrated load P at the top of the shear

connector (case I), the second one was a distributed load
over a portion of the vertical part of the shear connector

which started from the middle of the height of the shear
connector to the top of the shear connector (case II), and
the third one was a distributed load over a lower haft of
the vertical part of the shear connector (case III). The
curvature distributions along the vertical part of the shear
connector for case I, case II and case III compared with
the previous assumption, which is a uniformly distributed
load from the bottom to the top of the shear connector,
and experimental ones are shown in Fig. 7. It can be said
that the uniformly distributed load gives the best agree-
ment with the experimental ones.

4 T O Experimental data
— Previous assumption
R B Casel
30¢-
ﬁ "
16- | Specimen S-8
: . { . N
Soo———00 0 100

Curvature (10 “%/mm)

Fig. 7 Curvature distribution with different cases of the
loading condition

To verify the boundary condition at the top of the shear
connector the calculation of the curvature distribution of
the shear connector with different spring stiffness, k. was
conducted. The spring was inserted at the location as
shown in fig. 8.
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Fig. 8 Location of the spring

The spring stiffness, k was expressed as the following
equation:
M =-ky' @
where, y’ :slopes, rad
k : spring stiffness, KN-mm

Figure 9 shows the calculated curvature distribution
along the vertical part of the shear connector with various
k, which is compared with the case of the infinitely large &
and the experimental ones.

O Experiment data
E— Infinitelyslarge k
"""" k = 1x10_ kN.mm

g ¥ 1R k = 1x10 kN.mm

El., x k= 1x105 kN.mm

] Y 4 k=1x10, kN.mm

Y % = k=1x107 kN.mm

30- %, % |+ k=1x10°KN.mm

1G- i Specimen S-8

-200

000100
Curvature (10 */mm)

Fig. 9 Curvature distribution with different spring stiff-
ness, k :

The calculated curvature distributions for k of 1x107,
and 1x10® are overlapped with the infinitely large k and
close to the experimental ones.

It can be seen from figs. 7 and 9 that the previous as-
sumption of the loading condition and the boundary con-
dition at the top of the shear connector gave a good
agreement with the experimental ones. Generally, a good
agreement also can be seen in this relation in the cases of
all the specimens including S-8, S-9 and S-10: It can be
concluded that the previous assumed boundary condition,
which uniformly distributed load and no rotation at the
top of the shear connector can be used to analyze the
transferred shear force and relative displacement of the
shear connector.

However, the future study, which covers the effect of
the height of the shear connector relative to the effective
depth of the beam as well as the effect of the thickness of
the shear connector, should be conducted. After that, it is
able to conclude the applicable range more precisely.

5.2 Revision of the previous model
5.2.1

Initial equivalent stiffness of the shear connec-
tor

The equivalent stiffness of the shear connector is the
summation of the stiffness of the shear connector itself
and the effective stiffness of the concrete surrounding the
shear connector”.

Table 3 shows the experimental results of the average
value of the initial equivalent stiffnesses that are calcu-
lated for 12 shear connectors in each specimen. The initial
equivalent stiffness was calculated from the experimental
results of relationship between transferred shear force and
horizontal displacement at the top of the shear connector.
The effective stiffness of the concrete, (EI),,, can be cal-
culated by subtracting the calculated stiffness of the shear
connector itself, (EI);, from the experimental initial
equivalent stiffness of the shear connector, (EI),,;. By
knowing the effective stiffness and Young’s modulus of

~ the concrete, the effective thickness of the concrete sur-

rounding the shear connector, f, can be calculated as
shown in Table 3.

Table 3 Initial equivalent stiffness properties

SPCCi‘ (EI)eq.i (EI)con Ec t
men kN-mm? | kN-mm? N/mm mm
S-1* | 1.95x10° | 1.62x10° | 23249.29 | 17.73
S-2* | 7.91x10° | 7.57x10° | 23602.65 | 29.49
S-3* | 2.13x107 | 2.09x107 | 23602.65 | 41.40
S-8 1.97x10° | 1.63x10° | 2022422 | 18.62
S-9 1.37x10° | 1.04x10° | 21695.84 | 15.64
S-10 | 2.38x10° | 2.05x10° | 26593.76 | 18.32

* : Specimen in Ref. 1)
(EDs. = 3.33x10° kKN-mm®

E, =4730\/f. N/mm*?

It can be seen that the effective thickness of the concrete
surrounding the shear connector, ¢, for specimen S-9 was
relatively small among the specimens with the same
height of the shear connector. Regarding to this effect, the
following equation was proposed to predict the effective
thickness of the concrete surrounding the shear connector:

t, =oh®”  (t, and h, in mm) 3
where, a : coefficient for shape effect
(1.51 for L and T shape, 1.29 for I shape, each

of which is the average of 12 shear connec-
tor)
522 Q,value

Q. is the value of the transferred shear force when a
sudden decrease of the equivalent stiffness of the shear
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connector starts”, The Q. was chosen in such a way that
both calculated initial linear stiffness and nonlinear range
agree well with the experimental ones as shown in Figs.
13to 15.

In order to predict more precisely the Q. values of the
specimens in both of this study and the previous study,
the formula in the previous study was modified slightly
in this study.

L B e B S E AR S
@0.8 Eq. (4) o ]
2
In-Q 0.4
<
£
> 0.4
"o
& I3
o 0.2 o Lower .
@) o A Upper |
IR B P

10 20 30 40 50
F'com

Fig. 10 The relationship between Q. and corresponding
compressive force

- Since the Q. values are not different between the upper
and lower cases of the shear connector as shown in Fig.
10, the same formula can be used to predict Q. for the
both cases. The parameters which affect the Q. value
were taken as in the previous study®. The vertical axis in
Fig.10 shows the Q. values normalized by its parameters.

The following equation is then introduced to predict the
0, value.

QC = (0-00955 Fc'om + 0'25 )f 'i/z bhsil;: (4)

SC

where, F,,, : the vertical compressive force of the con-
crete surrounding the shear connector
10 — T
4
o
80- &
E K 0 0 |
[o}
o
~ 60~ ~
'C_J ) (o}
9/ oo Oo
o 40- .
O o 9 o ©
SR §
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' i | ) | L 1 1

Qc (test) kKN

Fig. 11 Comparison between predicted and measured Q,
values

Figure 11 shows the comparison of the predicted Q.
values and the experimental ones. It can be seen that the
predicted results are in good agreement with the experi-
mental ones.

The agreement can be seen equally for different con-
crete strengths as shown in Fig. 12, which indicates the

appropriateness of the function, fc'l/2 in the Q. formula.

22—
= | g '
O F (o] .
Q oo o
o T ) .
= 8 8
§1 o o 83 8
S| e % o °

R (o] i

| S | EE— | N

fc' (MPa)

Fig. 12 The relationship between Q, ratio and concrete
strengths

Transferred shear force and relative dis-
placement relationship

5.2.3

The analytical results of the relationship between the
transferred shear force and relative displacement for
specimens S-8, S-9 and S-10 compared with the experi-
mental ones are shown in Figs. 13, 14 and 15 respec-
tively. Generally good agreement can be seen. The broken
lines in the figures indicate the stiffness of the shear con-
nector itself.

As in Ref.1), in the inelastic range, in which the trans-
ferred shear force is greater than Q,, the effective stiffness
of the concrete surrounding the shear connector was re-
duced with an increase in the transferred shear force by a
similar function to that of the Bronson’s equation for
bending stiffness of reinforced concrete beam”. It can be
seen that the transferred shear forces at a sudden decrease
of the equivalent stiffness of the shear connector were
different between different specimens. The experimental
data of the shear connector SC-3 (RL) in specimen S-8
did not indicate the sudden decrease of the stiffness as
shown in Fig. 13.
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Fig. 13 The experimental and the analytical relationship between transferred shear force and
relative displacement in specimen S-8
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Fig. 14 The experimental and the analytical relationship between transferred shear force and
relative displacement in specimen S-9
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Fig. 15 The experimental and the analytical relationship between transferred shear force and

relative displacement in specimen S-10

6 CONCLUSIONS

An experimental investigation was conducted with
three steel-concrete sandwich beams. From the investi-
gation on the relationship between the transferred shear
force and relative displacement of the shear connector,
the following conclusions were derived.

1. The boundary condition, which is no rotation at the
top of the shear connector and uniformly distributed
load on the shear connector, can be used to analyze
the relationship between the transferred shear force
and relative displacement of the shape steel shear
connector in steel-concrete sandwich beams.

2. A revised formula to predict the effective thickness
of the concrete surrounding the shear connector was
proposed for the cases of L, T and I shape of the
shear connector. .

3. A revised model to predict the relationship between
the transferred shear force and relative displacement
was proposed. The model is applicable for the cases
of different compressive strength of concrete and
different shape and location of shear connector.

Since these conclusions are derived from test results of
a small number of specimens as well as a small size of

specimen compared with the actual structure, they should
be confirmed with additional study in the future.
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NOTATION y
Unless redefined where they appear, the letter symbols ;’

adopted for use in this paper are defined and listed be-
low:

b : width of the shear connector

Sc

E
(EI‘) : initial effective stiffness of the concrete

con

: Young’s Modulus of concrete

<

—1459—

: initial equivalent stiffness

: stiffness of shear connector itself
: compressive strength of concrete

: compressive force
: height of the shear connector
+ spring stiffness
: bending moment
: transferred shear force
: transferred shear force when sudden decrease of

the equivalent stiffness of the shear connector
: relative displacement

: slopes

: coefficient for shape effect of the shear con-
nector
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