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Abstract
This paper presents the results from the final phase of a major UK research programme, where an 11,4-m span composite beam and companion push tests were
undertaken to investigate the load-slip performance of multiple stud connectors.
The tests showed that the resistance of three studs per rib was no better than
two studs per rib, thereby indicating that the design equations in BS 5950-3.1 and
ANSI/AISC 360-10 were unconservative by up to 45%. As a direct result of this
work, an amendment was made to BS 5950-3.1 in 2010.
Although the beam tests demonstrated the ductile performance of studs in current UK-profiled steel sheeting, the problem remained that if new sheeting products were developed, it would be difficult to identify cases when the behaviour
was poor unless beam tests were undertaken. In response to this problem, this
paper also presents the development of an improved standard push test, which
reflects the conditions that exist in a real beam more closely. As opposed to other
international investigations, the improved test was calibrated directly against real
beam behaviour by considering the load-slip performance of the shear connectors within the three beam tests that were undertaken in the current research
programme.
Keywords: composite beams; shear connection; shear connectors; headed studs;
profiled steel sheeting; push test; push-out test; push-off test; resistance; reduction factor; ductility; slip capacity; safety; ANSI/AISC 360-10; Eurocode 4; BS
5950-3.1; NZS3404.1; EN 1994-1-1.

Introduction
The forces that occur in the concrete
flange of a composite beam are shown
in Fig. 1a. The compressive forces Fc,
which reduce over the thickness of the
concrete flange, are in equilibrium with
the tensile forces Fsf within the transverse reinforcement and with the longitudinal shear forces Fl in the studs.
The forces Ften, resulting from the
inclination of the compressive forces
Fc at the weld collar of the stud, and
F are in equilibrium (the force F leads
to transverse bending in the slab).
Under constant vertical shear force
where Vl = Vr, the components F and
Ften compensate for each other and,
at the interface between the concrete
and the top flange of the steel beam,
only the shear forces Fl occur. Should
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a distributed load q be introduced, the
vertical shear forces are affected such
that ΔV = Vl – Vr = q. If the distributed
load q acts on the concrete flange, as
well as the longitudinal shear force Fl,
a compression force q Δl exists at the
interface between the concrete and the
top flange of the steel beam.
The load-slip performance of shear
connectors has been historically established from small-scale push specimens
of the type shown in Fig. 1b. The internal forces in the push specimen are
shown to enable direct comparisons
to be made with those in a composite
beam. The forces Fl are transferred
through the concrete in a similar way
as a composite beam (note the recess
at the bottom of the slab is optional in
the standard test in Eurocode 42). The
moment P e, resulting from the eccentric load introduction, causes tension
in the studs and compression at the
interface between the concrete and
the flange of the steel section. In the
Eurocode 4 standard test, the magnitude of the tension forces in the studs

Ften is therefore affected by frictional
forces developing at the base of the
slab at the interface between the test
slabs and the strong floor m P (where
m is the friction coefficient); if these
frictional forces are eliminated, Ften
increases, which has been shown to
reduce the shear resistance of the studs
by approximately 30%.3 Alternatively,
some researchers1 have reduced the
tension forces in the studs by modifying the standard test through the introduction of the tension tie Z shown in
Fig. 1b.
The characteristic resistance of a stud
embedded within a solid concrete slab
has been evaluated from push test
data and is determined in Eurocode 4,
ANSI/AISC 360-104 and NZS 3404.15
by considering the possibility of stud
shank failure or crushing of the concrete. In Eurocode 4, the characteristic
resistance of a stud is taken to be the
smaller of the following two equations:
PRK = 0,8Asc fu

(1)

or
(2)
where Asc is the cross-sectional area of
the shank of the stud of diameter d, fu
is the ultimate tensile strength of the
stud material, fck is the characteristic
cylinder compressive strength of the
concrete and Ecm is the mean secant
modulus of elasticity of the concrete.
As opposed to using Eqs (1) and (2),
the “characteristic stud resistances”
given in BS 5950-3.16 represent a linear regression line through push test
data7 and are presented in tabular
form as a function of stud diameter/
length against characteristic compressive cube strength.
When studs are welded in sheeting
with the ribs transverse to the supporting beams, the shear resistance is
reduced. To account for this effect, the
characteristic resistance is determined
by multiplying the resistance of a stud
embedded within a solid concrete slab
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Fig. 1: Internal forces within (a) a composite beam and (b) a push test1

by a reduction factor k, which has
been evaluated from push tests of the
type shown in Fig. 1b. For Eurocode
4, the reduction factor is applied to
both Eqs (1) and (2) and the smaller
value is used in design. Conversely, for
ANSI/AISC 360-10, k is only applied
to the design equation for stud failure
(Eq. (1)), whereas for NZS 3404.1 it
is only applied to the design equation
for crushing of the concrete (Eq. (2)).
According to Eurocode 4, BS 5950-3.1
and NZS 3404.1, the reduction factor
for studs welded centrally within a rib
is proportional to:
kt = c/√nr (b0/hp){(hsc/hp)–1}but ≤ kt,max
(3)
where c is a calibration factor (in
Eurocode 4 and NZS 3404.1 c = 0,7
and in BS 5950-3.1 c = 0,85), nr is the
number of stud connectors in one rib
at a beam intersection, b0 is the average breadth of the concrete rib for
trapezoidal profiles (which is taken as
b0 = 2e in BS 5950-3.1 when studs are

welded in the unfavourable position as
shown in Fig. 2c), hp is the height of the
profiled steel sheeting, hsc is the height
of the stud and kt,max is the upper limit
given in Table 1.
For ANSI/AISC 360-10, the reduction
factor for studs welded centrally within
a rib is proportional to:
kt = RgRp

(4)

where Rg is the group effect factor
(Rg = 1,0 for nr = 1; Rg = 0,85 for nr =
2; and Rg = 0,7 for nr ≥ 3) and Rp is the
position effect factor (from Fig. 2, Rp
= 0,75 when e ≥ 50 mm and Rp = 0,6
when e < 50 mm).
nr
1
2
≥3

Eurocode 4
t Ä 1,0 mm
t > 1,0 mm
0,85
1,0
0,70
0,8
—
—

BS 5950-3.1

NZS 3404.1

BS5950-3.1+A1

1,0
0,8
0,6

1,0
0,8
0,6*

0,82
0,45
–

Table 1: Upper limits kt,max for the reduction factor kt for through-deck welded studs

hp,n

e

hp,g
Edge of
beam

Another key performance characteristic that is evaluated from push tests
is the ductility of the shear connectors. The ductility is measured by the
slip capacity du, which is defined as the
slip where the characteristic resistance
PRk intersects the falling branch of the
load-slip curve. The Eurocode 4 rules
for partial shear connection are based

* Limited to nr = 3.

Compression in slab

hp,g

Questions have arisen on the appropriateness of using the reduction factors in Eqs (3) and (4), owing to the
fact that the failure mechanisms of
studs in profiled steel sheeting are
quite different to those experienced in
solid slabs, which are described by Eqs
(1) and (2); to remedy this situation,
attempts have been made to develop
mechanical models8 but, as yet, the
resulting equations have not been
adopted by any standards. For example, when push tests are conducted on
studs welded favourably or centrally
within the ribs of modern trapezoidal
sheets (Fig. 2), a typical failure mode
known as concrete pull-out occurs.9,10
In this case, the whole stud rotates and
is pulled out of the slab, carrying with
it a wedge-shaped pyramidal portion
of concrete (Fig. 2d); in these cases,
the axial tension in the stud can be significant, which has been measured in
some special test specimens to be in the
order of 30% of the longitudinal shear
resistance.11 Due to the tension and
rotation of the stud, the concrete slab
can separate from the profiled steel
sheeting relatively early in push tests,
which brings into question whether it
is entirely appropriate to neglect the
compression at the interface between
the concrete and the steel section that
would occur in a composite beam subjected to a uniformly distributed load
(Fig. 1a).

Fl

Force from stud
(a)

hsc

(b)

b0
(c)

Ften
(d)

Fig. 2: Dimensions of profiled steel sheeting and studs in the (a) central; (b) favourable; (c) unfavourable position; and (d) concrete
pull-out failure
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on two independent studies.12,13 These
studies assumed that, in solid concrete slabs and composite slabs using
profiled steel sheets prevalent in the
1980s, the characteristic slip capacity
of 19 mm diameter studs was approximately duk = 6 mm. The required slip
was determined from numerical analyses of composite beams using various
spans, cross sections and degrees of
shear connection. The rules for partial shear connection in Eurocode 4
were limited to situations where the
required slip did not exceed 6 mm.
Studs were deemed to be “ductile” in
those situations.
Push tests in Australia14 have suggested that studs welded within the
ribs of modern trapezoidal profiled
steel sheeting possess lower resistance
and ductility than those assumed in
current standards on composite construction. To address these concerns,
tests on two full-scale composite beams
together with six companion push tests
were undertaken.15 A variety of shear
connector arrangements were investigated, which included (cf. Fig. 2) one
stud per rib in the favourable (nr = 1F),
central (nr = 1C) and unfavourable
position (nr = 1U) and two studs per
rib in the favourable position (nr = 2F).
Both beam specimens exhibited excellent ductility with measured slip capacities exceeding the levels assumed in
the development of the rules for partial shear connection. Furthermore,
the performance of the beams generally supported the UK practice of
using the net height of the rib hp,n
in Eq. (3). However, for nr = 2F, the
characteristic resistance was lower
than anticipated, which led to a modified reduction factor formula being
proposed.15 Furthermore, from comparisons between the load-slip curves
from the beam tests and the companion push tests, it was shown that any
brittleness exhibited in push tests was
as a result of a deficiency in the standard push specimen rather than the
shear connection.
Although a modified reduction factor was proposed for nr = 2F, it was
believed that the performance of the
studs was adversely affected by local
uplift effects from their longitudinal

Top flange
Bottom flange
Height
h (mm) width bt (mm) width bb (mm)
532
208,6
208,4

spacing in the beam test (corresponding to 677 mm, which is equivalent to
4,8 × overall slab depth). In addition,
although BS5950-3.1, ANSI/AISC
360-10 and NZS3404-1 permit nr = 3,
the rules appear to be based on limited experimental evidence. To further
investigate the performance of nr = 2F
and provide experimental data for nr
= 3F, a third full-scale composite beam
specimen, together with six companion
push tests, was constructed and tested
to failure. Furthermore, to address the
apparent deficiency that exists in the
current standard push specimen, a
new test was developed and calibrated
against the results from the three beam
tests. The remainder of this paper
describes this work and its implications on design.

Experimental Investigation
To represent UK practice and provide
comparisons with the earlier beam
tests, a typical 60 mm deep trapezoidal
sheet was fixed perpendicular to the
longitudinal axis of the steel I-beam
(consisting of a Multideck 60-V2 profile manufactured from S350GD+Z275
material according to BS EN 1032616).
As the limits to the reduction factor
formulae in Eurocode 4 reduce for
sheet thicknesses t ≤ 1,0 mm (Table 1),
a 0,9-mm-thick sheet was used to
ensure that the lowest stud resistance
was achieved in the tests (which is the
thinnest sheet currently employed in
UK construction). The cross section of
the sheet was similar to that shown in
Fig. 2, with b0 = 150 mm, hp,n = 60,9 mm
and hp,g = 69,9 mm.
The shear connectors consisted of 19
mm diameter × 100-mm-long headed
studs (length-as-welded of approximately 95 mm). Due to the presence
of a central stiffener within the rib of
the sheet, the studs were through-deck
welded in the favourable position with
the dimension e in Fig. 2 corresponding

to 110,5 mm. Two stud arrangements
were considered in the tests: nr = 2F
with a transverse spacing of 104,6 mm
(equivalent to 5,5d) and nr = 3F with a
transverse spacing of 75,3 mm (equivalent to 4d). The slab was 140-mm-thick
normal-weight concrete and was reinforced with one layer of A193 square
mesh fabric, consisting of 7-mm-diameter wires at 200 mm cross centres. The
reinforcement was laid directly on the
deck (i.e. the top of the studs projected
11 mm above the mesh).
For the beam test specimen, the steel
section consisted of a 533×210×82 kg/m
UKB using grade S355 steel supplied
according to BS EN 10025-2.17 In a
similar manner as the earlier tests,15
the internal forces were evaluated from
strain gauge measurements on the steel
beam, which were recorded at cross
sections corresponding to the shear
connector positions; these were accompanied with horizontally mounted
transducers to monitor the slip at the
interface between the underside of
the slab and the top flange of the steel
beam. The geometry of the steel section
was measured at each of the 20 instrumented cross sections. The average
measured geometrical properties of the
UKB section are presented in Table 2.
The stress–strain relationship of the
materials was established from a minimum of three tensile coupons taken
from the steel section, profiled steel
sheeting, studs and the reinforcement,
which were tested according to BS
EN 10002-1.18 The average measured
material properties are presented in
Table 3.
The normal force at each of the instrumented cross sections was evaluated
by transforming the measured strains
to stresses using the measured stress–
strain relationship for the steel, prior
to integrating these derived stresses
over the measured cross-sectional area
of the steel section. By plotting the

Location

Steel section
Profiled steel Reinforcement
sheeting
bars
Top flange Web Bottom flange
426,98
442,09
424,97
372,40
627,00
Mean yield strength
fym (N/mm²)

Note. Mean ultimate tensile strength of headed studs fum = 509,28 N/mm².

Table 3: Average measured steel properties

Web thickness tw
(mm)
10,0

Top flange
Bottom flange
thickness tf,t (mm) thickness tf,b (mm)
12,8
12,9

Root radii
r (mm)
12,7*

Cross-sectional
area A (mm²)
10545,7

*Nominal dimension.

Table 2: Average measured cross-sectional properties for 533 × 210 × 82 kg/m UKB
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Position

Composite beam
specimen 3
Companion push tests

Mean cube
Characteristic cube
Mean cylinder Characteristic
Mean secant
Age, t
(days) strength fcm,cube, 100 strength fck,cube (N/mm²) strength fcm cylinder strength modulus of elasticity
(N/mm²)
(N/mm²)
fck (N/mm²)
Ecm (kN/mm²)
10
32,90
28,55*
30,84**
22,84*
19,6***
13
14

33,83
34,53

29,65*
30,47*

31,72**
32,38**

23,72*
24,38*

19,8****
19,9****

*Calculated according to EN 1992-1-1.19
**Based on conversion factors according to Ref. [20].
***Calculated from initial stiffness of composite beam.
****Calculated according to EN 1992-1-1 for variation of modulus of elasticity with time.

Table 4: Measured concrete properties

Test ref.
MBP02
MBP03

nr
2
3

Pe,1 (kN)
51,24*
36,79*

Pe,2 (kN)
51,39*
38,33

Pe,3 (kN)
56,30
38,48

PRk (kN)
46,1
33,1

As can be seen from Fig. 3, the studs
were through-deck welded in the 2F
and 3F position on the left- and righthand side of the beam, respectively.

cuk (mm)
1,7
2,0

*Concrete age 13 days.

General Behaviour of the Beam

Table 5: Characteristic resistance of studs welded in the favourable position (F) evaluated
from the standard push test

change in normal force ΔNc at each of
the instrumented cross sections with
the corresponding measured slips from
the horizontally mounted transducers,
the in situ load-slip behaviour of the
shear connectors was evaluated.

note that the characteristic resistance
for nr = 2F is remarkably consistent
with the earlier push tests, where an
identical value was evaluated.15

In the interests of providing the lowest degree of shear connection that is
permitted by the current standards in
order to obtain evidence of slip capacity, a low concrete strength class of
C20/25 was specified. The gain in the
compressive concrete strength was
monitored using 100 × 100 × 100 mm
cubes that were stored under cover
with the composite beam specimen.
A summary of the measured properties are presented in Table 4.

The composite beam was simply supported over a span of 11,4 m (Fig. 3)
and, in a similar way as the earlier
beam tests,15 the beam was propped at
third-points at the wet concrete stage
so that the full self-weight load was
applied to the shear connection once
the props were removed. As well as
pre-loading the studs, this construction
also ensured that the effects of ponding
were minimised to enable a constant
slab thickness to be assumed in the back
analysis of the test. A total slab width of
2850 mm was provided, which corresponds exactly with the effective width
requirements given in current standards
of beam span/4. To remove the beneficial effect of compression forces developing at the base of the studs from the
hogging bending moments that would
occur over a beam in a real building,
the loads were conservatively applied
directly over the centre-line of the beam
to simulate the bending moment from a
uniformly distributed load.

Companion Push Tests
Six nominally identical push specimens were constructed using exactly
the same lorry load of concrete that
was used in the beam specimen so
that direct comparisons of the performance could be made. The push tests
consisted of three specimens with nr =
2F and nr = 3F, respectively.
Concrete pull-out failure occurred in
all the tests (Fig. 2d). The shear resistances from each set of tests Pe,n are
given in Table 5 along with characteristic resistance and slip values calculated in accordance with Annex B
of Eurocode 4 (taken as 0,9 times the
minimum test value, as the deviation
from the mean did not exceed 10%).
As can be seen from Table 5, the characteristic slip capacity is lower than the
6 mm value given by Eurocode 4 for
“ductile” connectors. It is interesting to

Composite Beam Specimen 3

1430

2850

The props were left in place until the
concrete was 6 days old (corresponding to fcm,cube,100 = 28,7 N/mm²). Once
the props were struck, the self-weight
load on the composite cross section,
which amounted to 96 kN, resulted
in a measured mid-span deflection
of 7,65 mm (excluding the estimated
deflection caused by shrinkage). The
end-slips indicated that there was symmetry in the shear connector behaviour, with measured values of 0,070
mm and 0,073 mm at points A and D
in Fig. 3, respectively.
The use of plastic theory to predict
the bending resistance is limited in
most standards to shear spans where
the degree of shear connection h is
at least 40% (h = n/nf, where n is the
number of studs provided and nf is the
number of studs required for full shear

2840

354

2350

1430

354 400
W

A

From the concrete modulus of elasticity Ecm given in Table 4, the total
shrinkage strain was estimated from
BS EN 1992-1-119 to be equivalent to
a tensile normal force in the concrete
of 222 kN. From linear-elastic partial
shear connection theory, the shrinkage force transferred by the end group
of studs was calculated to be 24 kN.
In addition, it is estimated that concrete shrinkage resulted in a mid-span
deflection of 4,6 mm.

300

W

B
2F studs welded in each of the 16 ribs
at 354 mm and 323 mm cross-centres

W

W

C

D

3F studs welded in each of the 16 ribs
at 354 mm and 323 mm cross-centres

Fig. 3: General arrangement of composite beam test specimen (Units: mm)
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nr

Stud position

1**

F
C
U
F
F

2
3

Pe,min (kN) PRk (kN) duk (mm)
123
107
89
65,5
64,2

111
96
76***
58,9
40,2***

9,6
11,9
6,0
7,2
6,0

Stiffness* ksc
(kN/mm)
83
31
46
109,7
327,2

Eurocode 4 ANSI/AISC 360- BS5950-3.1 NZS3404.1
PRk/PRk,n
10 PRk/PRk,n
PRk/PRk,n
PRk/PRk,n
2,19 (50,6)
1,38 (80,6)
1,27 (87,3) 1,73 (64,3)
1,90 (50,6)
1,19 (80,6)
1,10 (87,3) 1,49 (64,3)
—
0,94 (80,6)
1,32 (57,6)
—
1,20 (49,0)
0,66 (89,3)
0,75 (78,8) 0,99 (59,4)
—
0,55 (73,6)
0,68 (59,1) 0,83 (48,5)

Note. Calculated characteristic resistance values in kN are given in parenthesis
*Stiffness calculated according to Eurocode 4 as 0,7 PRk/s, where s is the slip at a load of 0,7 PRk
**Composite Beam Specimen 2
***down-rated to achieve characteristic slip capacity of 6 mm

Table 6: Characteristic properties of studs in the favourable (F), central (C) and unfavourable position (U) evaluated from beam tests

From the load-slip curves evaluated
from the beam tests, the character250
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(a)

studs, the characteristic resistance has
been down-rated in Table 6 in order to
satisfy the Eurocode characteristic slip
requirements when connectors may be
taken to be ductile.

Development of an Improved
Push Test
Beam and companion push test loadslip curves for studs with the lowest
recorded resistance are presented
in Fig. 4. As can be seen from these

70
Beam test
Push test

60
50

Load per stud (kN)

Under load, a very ductile failure of the
shear connection occurred along AB
before the steel beam was fully plastic
at B. At the maximum applied load, the
bending at point B was 1152,5 kNm at a
mid-span deflection of 260 mm (equivalent to span/43). The maximum end
slip recorded at point A was 22,6 mm
and 12 mm at point D. By preventing
additional slip along AB, the beam was
subjected to further vertical displacement until a maximum moment of
1156,5 kNm was achieved at C, which
corresponded to a mid-span deflection
of 329 mm (equivalent to span/35). At
this point, an end slip of 20,4 mm was
achieved at point D, whereupon the
test was terminated owing to concerns
over the stability of the test rig from
the large curvatures. In a similar way
as the companion push tests, concrete
pull-out failure was later confirmed
in both beam specimens when the
concrete slab was carefully excavated
around the stud positions (Fig. 2d).

istic resistances presented in Table 6
have been taken to be 0,9 times the
minimum failure load per stud Pe,min
according to Eurocode 4 Annex B.
For completeness, the earlier results
for nr = 1 are also presented15 (the
results for nr = 2F from the previous
beam test are not included, as it was
deemed that their performance was
adversely affected by uplift from the
longitudinal spacing of 4,8 × overall
slab depth). Owing to the shape of the
load-slip curves for nr = 3F and nr = 1U

40
30
20
10
0

0

5

10

15

20

25

–10
–20

(b)

Slip (mm)

70
Beam test
Push test

60
50

Load per stud (kN)

connection). From the measured geometry and material strengths presented
in Tables 3 and 4, the tensile force in
the steel beam is Aa fym = 4576 kN. For
nr = 2F and taking the characteristic
resistance of 46,1 kN from Table 5, nf =
4576/46,1 = 99 (following a similar calculation, nf = 138 for nr = 3F). However,
in the tests, 12 ribs were available up
to the points of maximum moment
defined by B and C in Fig. 3, so for nr
= 2F, the number of studs provided n =
2 × 12 = 24 and h = 24/99 = 0,24 (for nr
= 3F, h = 3× 12/138 = 0,26). This simple
calculation shows that the degree of
shear connection provided in the tests
was below 40% and implies that failure
of the shear connection would occur
while the steel beam remained partially
elastic. This behaviour was borne out in
the test, which was deliberate owing to
the fact that the beam test was intended
to provide evidence of slip capacity.

40
30
20
10
0
0
–10

5

10

15

20

25

30

35

Slip (mm)

Fig. 4: Load-slip curve for beam test compared to standard push test for (a) nr = 2F and
(b) nr = 3F
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plots, there appears to be no similarity in performance of studs in these
two types of specimens. The slips measured in the push tests are well below
the levels achieved in the beam and, if
considered in isolation, would suggest
that the studs should not be taken to
be “ductile”. These observations were
also made in the earlier beam tests for
nr = 1 and nr = 2.15
From comparisons of the load-slip
curves, it is clear that any brittleness
exhibited in the push test is as a result
of a deficiency in the standard specimen rather than the shear connection.
However, although the present tests
showed that the performance of studs
through-deck welded in current trapezoidal sheeting is ductile, the problem
remained that, if new floor decks were
developed, it would be difficult to identify cases when the behaviour would
be brittle unless further beam tests
were undertaken. Moreover, although
helpful in evaluating the actual loadslip performance of shear connectors,
it would be difficult to conduct beam
tests in sufficient numbers to investigate the sensitivity of different parameters and evaluate the performance of
a design model using structural reliability analysis.
It was felt that the reason for the poor
performance in push tests is due to
the absence of the compression force
at the interface between the concrete
and the flange of the steel section,
which exists in real composite beams
from the floor loading (Fig. 1a). Earlier
work21 attempted to remedy this problem by modifying the push test through
the introduction of a normal force,
equivalent to 10% of the vertical load,
applied directly over the centre-line of
the steel section. The results from these
tests were compared favourably with
the performance of four 9,0 m span
companion beam tests and were subsequently used to develop the design
rules for stud connectors in the 2010
AISC Specification.4 Similarly, the
push test was modified in Australia to
a single-sided arrangement and tested
in the horizontal position.22 In the
Australian tests, the normal force was
slightly smaller at 5% of the longitudinal shear force but was applied uniformly along the edges of the specimen,
thereby applying a hogging moment
over the centre-line of the steel section
to reflect the loading conditions on two
8,05-m span companion beam tests.
In the present work, it was decided to
draw inspiration from the earlier North
American and Australian modifica-

tions and develop a new test, which better reflects the conditions that exist in
a real beam. As good-quality load-slip
data existed from the present composite beam tests, the new test could be
calibrated against this performance.
However, rather than developing a
completely new specimen, it was proposed to modify the standard specimen
given in Annex B of Eurocode 4, in the
interest of developing a relationship
with historical push test resistances.
Also, although a single-sided arrangement was considered, this was disregarded due to concerns that such an
arrangement would prevent the redistribution of load from one test slab to
the other, which occurs in the existing standard specimen.23 Finally, due
to the possibility of different friction
coefficients at the base of the test slabs
affecting the repeatability of the tests2
(Fig. 1b), it was decided to develop a
self-contained rig that could be disassembled and erected in different locations without the need of a strong floor.
The improved push rig is shown in
Fig. 5. The loading system consists of
two vertical jacks applying the longitudinal shear force, accompanied with
two horizontal jacks applying a lateral
force, which is uniformly distributed
over the face of the test slabs through
a grillage of UC sections. A total of 14
specimens were constructed from a single concrete mix using the same details
that had been provided in the previous beam tests with nr = 1F and nr =
2F. They were tested with the following
levels of normal force (taken as a proportion of the longitudinal force): 0%,
4%, 8%, 12% and 16%. The load-slip
curves for these tests are presented in
Fig. 6 and compared against those mea-

sured in the beam tests. It was considered that the results with a 12% lateral
load provided the closest match with
the load-slip behaviour from the beam
test. While it might be argued that this
lateral load does not impose the exact
stress conditions within the studs in the
beam tests, it is felt that the improved
push rig delivers more representative
performance of studs in a beam, while
still maintaining the simplicity of the
traditional push test.
A further two tests with a lateral load
of 12% were conducted to evaluate the
characteristic values for nr = 1F and nr =
2F (which were subsequently given the
test reference A1D and A2DY, respectively). In a similar way as the earlier
tests, taking the characteristic value as
0,9 times the minimum measured, the
following properties were evaluated:
PRk = 101,2 kN and duk = 10,2 mm for
nr = 1F; and PRk = 63,8 kN and duk =
8,7 mm for nr = 2F. By comparing these
values with those presented in Table 6,
the improved push rig delivered performance properties in good agreement
with the beam tests. The improved push
rig was subsequently used to investigate the effect of a number of key variables on the load-slip arrangement of
headed stud connectors. Further details
on specimens A1D and A2DY and the
subsequent parametric investigation
are reported in Ref. [24].
Due to the favourable comparisons with
the three full-scale beams presented in
this paper, as well as similar levels of
lateral force being found to be appropriate in the earlier North American
and Australian research programmes
(which used different concrete strength
classes, trapezoidal profiled steel sheeting geometries, etc.), it is recommended

Vertical jacks applying
longitudinal shear
force to shear studs
Three UC sections to distribute jack forces
uniformly over face of test slabs

A

A

Section A-A
Horizontal jacks applying
lateral load to push specimen

Elevation

Fig. 5: Improved push test rig
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Fig. 6: Comparison of load-slip behaviour for the new improved test with that measured in
beam tests for (a) nr = 1F and (b) nr = 2F

that the improved push test may be
used with confidence for the common
case when the loading is applied to the
concrete slab of a composite beam. For
special cases when the load is applied
directly to the steel beam (such as
may be encountered in crane beams),
the tensile forces applied to the shear
connectors will be significant; in these
cases, it may be more appropriate to
reduce the lateral load from 12% to
zero, which has been verified by other
investigators from tests on composite
beams and companion push tests.25

Discussion
To examine the performance of the
current standards with the beam tests,
predictions of the characteristic stud
resistance according to Eurocode 4,
ANSI/AISC 360-10, BS 5950-3.1 and
NZS3404-1 are presented in Table 6.
By adopting the current UK practice
of using hp,n in Eq. (3) (Fig. 2), the predicted characteristic stud resistances
for the net height of the sheet PRk,n
252

steel sheeting is proportional to 1/√nr.
By considering Table 6, the reduction
to the characteristic resistances measured in the beam tests is 58,9/111 =
0,53 for nr = 2 and 40,2/111 = 0,36 for
nr = 3. This simple calculation clearly
shows that the assumption that the
resistance is proportional to 1/√nr is
inappropriate. Moreover, when considering the resistance of the shear
connection per rib, the resistance of
nr =2 is 6% greater than nr =1 (i.e.
2×0,53 – 1 = 6%), whereas the resistance of nr =3 is only 8% greater than
nr =1 (i.e. 3×0,36 – 1 = 8%). This calculation clearly shows that there is no
benefit in providing more than nr =2,
which supports the Eurocode 4 reduction factor formula limit. This finding,
in part, led to the amendment given in
BS 5950-3.1+A1.26 In this standard, the
variables in Eq. (3) are as follows (see
final column of Table 1 for kt,max): c =
0,63
for nr = 1; c = 0,34
for nr =
2 and no guidance is given for nr = 3.
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are based on the characteristic material properties evaluated from measurements given in Table 4.
As can be seen from Table 6, the characteristic resistance for studs in the
1F, 1C and 1U position compare well
with the BS5950-3.1 predictions; however, they become unconservative for
studs in the 2F and 3F position (by
25% and 32%, respectively). Similarly,
the ANSI/AISC predictions compare
favourably for 1F and 1C studs, but
become unconservative by 34% for 2F
studs and by 45% for 3F studs; however, for this standard, all the predictions are based on stud shank failure,
which was not borne out in the tests.
For Eurocode 4, the predictions are on
the safe side for nr =2 but appear to be
overly conservative for studs in the 1F,
1C and 1U position. Finally, the NZS
3404 predictions compare well with nr
=2 but are conservative for nr = 1 and
unconservative for nr =3.
Equation (3) assumes that the reduction of resistance of studs in profiled

Full-scale composite beam and companion push tests have been undertaken with trapezoidal profiled steel
sheeting.
Propped
construction,
together with other unfavourable combinations of variables, was adopted to
demonstrate the slip capacity that can
be achieved in a beam, together with
the level of safety that exists in current
design standards. All specimens exhibited excellent ductility with slip capacities exceeding the levels assumed in
the development of the rules for partial shear connection in Eurocode 4.
The performance of the beams generally supports the UK practice of
using the net height of the rib hp,n
in the reduction factor formulae.
However, for two and three studs per
rib, the performance in the beam test
was lower than anticipated by ANSI/
AISC 360-10, BS5950-3.1 and NZS
3404.1. The results also demonstrate
that there is no further improvement
in resistance when providing three
studs per rib, and this arrangement
should be used with caution when
using plastic design. These findings, in
part, led to the amendment given in
BS 5950-3.1+A1.
From comparisons of the load-slip
curves between the beam tests and
the companion push tests, it is clear
that any brittleness exhibited in
the push test is as a result of a deficiency in the standard push specimen
rather than the shear connection. To

Structural Engineering International 2/2014

remedy this situation, an improved
push test has been developed, which
has been calibrated against real beam
behaviour.
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