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A B S T R A C T

Composite beams are being used increasingly in construction due to their benefits over beams consisting of the steel component alone. In some applications such as in
composite coupling beams and infill walls, steel-concrete connectors must resist uplift forces in addition to shear forces. Therefore, there is a need to carry out
experimental testing to investigate the performance of steel-concrete connectors under combined loading. Furthermore, the separation of the steel and concrete
components is a destructive activity and requires remelting of the steel component if it is to be reused. Remelting requires energy that usually comes from un-
sustainable resources. Hence, research has been carried out in this paper on demountable steel-concrete connectors as they allow demounting and easy separation of
the steel and concrete components and reuse.

The performance of three types of steel-concrete connectors subjected to combined shear and tensile loading was investigated experimentally. A pull-out test was
carried out to determine the tensile resistance of each type of steel-concrete connector. This was followed by a series of modified push tests to determine the
interaction between shear and tension loading. Tensile resistance which had been determined from pull-out tests was applied in increments of 25% to each group
followed by shear loading until failure of the steel-concrete connector was observed.

Based on the experimental investigation carried out, significant reduction in shear resistance was observed when tension was applied. The results are also
compared with existing relationships for headed studs under combined shear and tensile loading to determine which relationship is most reliable in predicting the
shear-tension resistance interaction of demountable steel-concrete connectors.

1. Introduction

Composite beams are increasingly being used in construction due to
their ability to withstand higher loads than if the beams are to be made
by only one of its constituents. Headed studs are used in these types of
beams to provide resistance to shear at the steel concrete interface.
Significant research [4–12] has been carried out on the performance of
headed studs under static and fatigue loading. This increasing usage of
composite construction has led to use cases in which the steel-concrete
connectors must resist both shear and tensile forces. Some examples of
such use cases include composite coupling beams, truss bridges with
connections between concrete slabs and diagonal members, infill walls
and composite column bases. Therefore, research [13–16] has been
carried out to determine the effects of combined loading on headed
studs and varying relationships have been proposed to estimate the
relationship between shear and tensile resistance of headed studs.

However, the traditional headed studs have a few disadvantages
such as the requirement of a separate contractor to install the headed
studs by welding to the steel section which subsequently requires
quality assurance testing. Additionally, the structure must be demol-
ished, and the steel section remelted so that it can be recycled to form

new steel sections. Remelting of the steel section requires significant
quantities of energy which is a concerning matter seeing the increasing
awareness of global warming and sustainability. To overcome this
issue, researchers have experimented [17–22] with using demountable
steel-concrete connectors to provide the shear resistance in composite
beams. Some have repurposed blind bolts as steel-concrete connectors
whereas some have milled threads onto the traditional headed stud to
allow demounting. They are easy to install on site and allow decon-
struction of the composite beam when the structure reaches its end of
service life.

The experimental research conducted on demountable steel-con-
crete connectors has involved monotonic or fatigue shear loading.
However, due to some use cases likely to subject tensile forces on the
steel-concrete connectors, there is a need to carry out experimental
investigation to determine if shear resistance is affected in the presence
of tensile forces. Hence, an experimental study has been carried out on
three type of demountable steel-concrete connectors under combined
shear and tensile loading. The experimental program consisted of three
pull-out tests, three standard push tests and nine modified push tests.
Varying percentages of tensile force were applied to the modified push
test to determine its effect on the shear resistance.
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2. Relationships proposed for the interaction in existing research

McMackin et al. [23] and cited by Saari et al. [13] experimented on
headed steel anchors under combined shear and tensile loading and
proposed an elliptical relationship, Eq. (1), based on their test results.
However, this relationship requires the interaction to be considered in
the design process regardless of the magnitude of the minor force. Al-
ternatively, the tri-linear relationship, Eq. (2), proposed by Bode et al.
[24,25] and adopted by both ACI 318-14 [26] and PCI 6th [27] requires
the interaction to be considered only if the design shear or tensile force
is greater than 20% of the ultimate shear or tensile strength of the steel-
concrete connector. On the other hand, the translated circular re-
lationship, Eq. (3), proposed by Lin et al. [14] allows for the interaction
to be ignored if the design tensile or shear force is less than 10% of the
tensile or shear resistance of the steel-concrete connector. Mirza et al.
[15] developed a finite element model to investigate the behaviour of
shear studs under combined shear and tensile loading for both solid and
profiled slabs. This model was verified against experimental results and
Eq. (4) was proposed to predict the interaction strength of headed studs
under combined shear and tensile loading for profiled slab.
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The test results of the experimental program are compared against
these relationships to determine whether the same relationships can be
used to predict the combined shear and tensile resistance of demoun-
table steel-concrete connectors. A new relationship will be proposed
where the existing relationships did not predict the strength within an
acceptable margin.

3. Experimental study

3.1. Test specimens

There were a total of fifteen test specimens equally divided in five
groups. Each specimen was identified by the letter S, A or H for headed
studs, AJAX ONESIDE and Hollo-Bolts respectively. This was followed

by a numerical value indicating the group that the specimen belonged
to. The purpose of specimens in Group 1 was to determine the tensile
resistance, Group 2 to determine the shear resistance and Group 3–5 to
determine the shear-tension interaction resistance. The specimen sum-
mary is given in Table 1 below. In general, there were two distinct test
specimens, one for the pull-out test and one for both push tests and
modified push tests. Push tests were of the standard type, where a steel
section with two concrete blocks connected with steel-concrete con-
nectors is vertically loaded. Modified push tests were like the standard
push test except that there were two additional hydraulic jacks between
the two concrete blocks applying a lateral force (Applying a tensile
force on the steel-concrete connectors). To summarise the specimen
differences, tension resistance was determined from Group 1, shear
resistance from Group 2 and interaction resistance from Group 3–5.
Group 3–5 specimens had an initial fraction of their respective Tu1, Tu2

or Tu3 applied before shear load was applied until failure.

3.1.1. Push test and modified push test
Three push tests and nine modified push tests were carried out.

Details of the push test specimens are shown in Fig. 1. Each specimen
consisted of two 600× 600×150mm concrete blocks with each

Nomenclature

Ano planner area of the concrete failure cone
dbs, do, ds steel-concrete connector shank diameter
du head diameter of the steel-concrete connector
E Youngs modulus of material
fc’ concrete cylinder compressive strength
fu,fuc ultimate yield stress of steel-concrete connector material
hef effective embedment depth of the steel-concrete connector
hsc overall nominal height of steel-concrete connector
i ductility index
kcp coefficient for pryout strength
Ksi shear stiffness
T tension applied per steel-concrete connector
Tcu initial tension applied for specimen under combined

loading
Tu maximum tension resistance

Tu1 ultimate tensile resistance of demountable headed studs
Tu2 ultimate tensile resistance of AJAX ONESIDE bolts
Tu3 ultimate tensile resistance of Hollo-Bolts
V shear force applied per steel-concrete connector
Vcu maximum shear resistance under combined loading
Vu maximum shear resistance
Δ0.85 slip at 85% of maximum shear load on the post-peak

descending branch
Δmax,Δu slip at maximum load
Δy slip at yield point

modification factor to account for the reduced mechanical
properties of light weight concrete

σy yield stress of material
σu ultimate stress of material
εu ultimate strain

c N, modification factor to account for presence or absence of
cracks when determining tensile resistance

Table 1
Test specimen summary.

Group Test specimen
ID

Connector type Initial tension
applied

Shear force
applied

Group 1 S1 Threaded headed
stud

Until failure No

A1 AJAX ONESIDE Until failure No
H1 Hollo-Bolt Until failure No

Group 2 S2 Threaded headed
stud

No Until failure

A2 AJAX ONESIDE No Until failure
H2 Hollo-Bolt No Until failure

Group 3 S3 Threaded headed
stud

25% of Tu1 Until failure

A3 AJAX ONESIDE 25% of Tu2 Until failure
H3 Hollo-Bolt 25% of Tu3 Until failure

Group 4 S4 Threaded headed
stud

50% of Tu1 Until failure

A4 AJAX ONESIDE 50% of Tu2 Until failure
H4 Hollo-Bolt 50% of Tu3 Until failure

Group 5 S5 Threaded headed
stud

75% of Tu1 Until failure

A5 AJAX ONESIDE 75% of Tu2 Until failure
H5 Hollo-Bolt 75% of Tu3 Until failure
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concrete block having two steel-concrete connectors embedded in it
and bolted to a 600mm long steel section (360UB56.7) through pre-
drilled holes. The diameter of the holes would be the same as the dia-
meter of the steel-concrete connectors used. The size of steel section
allowed the smaller tension jacks and their load cells to fit between the
two concrete blocks. Both concrete blocks were reinforced with an

upper and lower mesh layer of 540mm long N12 reinforcing bars
spaced at 180mm with a cover of 30mm provided for both layers. The
concrete blocks were casted horizontally from the same concrete mix to
avoid variations in concrete strength. The concrete blocks were air
cured for 28 days at which point the two halves of the steel beam were
welded together to get the final specimen arrangement.

Top view Front view Side view 
Fig. 1. Details of modified push test specimen (All dimensions in mm).

Top view Front view Side view 
Fig. 2. Details of pull-out test specimen (All dimensions in mm).

Fig. 3. Steel-concrete connector types, (a) AJAX ONESIDE; (b) Threaded headed stud; (c) Lindapter Hollo-Bolt.
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3.1.2. Pull-out test
To determine the tensile resistance, a pull-out test was carried out

for each of the three types of steel-concrete connectors. The test spe-
cimen is depicted in Fig. 2. The specimen consists of two 360UB56.7
beams perpendicularly placed on top of each other and connected by
four M20 bolts. Two steel-concrete connectors spaced 100mm centre to
centre are embedded in the concrete block through predrilled holes in
the bottom beam. The primary purpose of the top beam was to increase
the vertical height since the jack had a limited stroke length.

3.2. Installation of steel-concrete connectors

Three types of steel-concrete connectors tested in this experimental
program are shown in Fig. 3 below and their respective dimensions are
shown in Fig. 4 below. An additional nut was used when installing the
AJAX ONESIDE in such a way that would allow clamping to the flange
as well as provide a relatively higher tensile resistance. A torque
wrench was used to tighten the AJAX ONESIDE to the manufacturer
specified of 380 Nm. The second type of steel-concrete connector,
150mm long demountable headed stud, was put through a milling
process so that it could be made demountable. A 17mm diameter and
13mm long collar provided a ridge that prevented the headed stud
from falling through the pre-drilled hole in the steel section. A further
17mm long section was milled to accept an M16 nut and washer for
fastening. The third and final type, Lindapter Hollo-Bolt, was installed
using the standard installation procedure with a tightening torque of

Fig. 4. Steel-concrete connectors' dimensions, (a) AJAX ONESIDE; (b) Demountable headed stud; (c) Lindapter Hollo-Bolt (All dimensions in mm).

Fig. 5. Steel-concrete connectors after installation, (a) AJAX ONESIDE; (b) Threaded headed stud; (c) Lindapter Hollo-Bolt.

Load 

Fig. 6. Push test setup.
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300Nm as specified by the manufacturer. All three demountable steel-
concrete connectors after installation and before concrete casting are
shown in Fig. 5.

3.3. Test setup, loading procedure and instrumentation

3.3.1. Push test
The test setup to determine the shear resistance is shown in Fig. 6.

One of the concrete blocks was roller supported while the other had a
fixed support. The purpose of the roller support was to make the re-
sistance to horizontal movement of the concrete blocks negligible.

Displacement controlled load was applied at a rate of 0.016mm/s
by a 1000 kN resistance jack installed vertically until failure of the
specimens was observed i.e. load dropped by approximately 20%. A
thick metal plate was placed between the steel beam and the jack to
ensure that the force was distributed evenly. Each specimen had two
linear potentiometers (LP’s) recording the lateral displacement of the
concrete blocks (One LP per concrete block) and two LPs measuring the
vertical slip of each specimen (One LP per concrete block). The relative
positions of the LPs are shown in Fig. 7. Readings from the LPs and the
load cell for the hydraulic jack were recorded by a data logger.

3.3.2. Pull-out test
The test setup of pull-out tests is shown in Fig. 8. The specimen was

clamped to the floor beams by two square sections and the top beam
was bolted using four M20 bolts to the jack’s fully extended piston.
During loading, the jack piston was retracted at a displacement-con-
trolled rate of 0.016mm/s thereby exerting a tensile force on the steel-
concrete connectors. Loading continued until a sudden drop in load of
at least 20% was observed. A LP measured the vertical displacement of
each steel-concrete connector with respect to the floor beams. The
readings from the load cell of the hydraulic jack and both LPs were
recorded by a data logger.

3.3.3. Modified push test
The set-up for the modified push tests is shown in Fig. 9 (Re-

inforcement has been omitted for simplification purposes). Specimens
were placed upright supported by rollers on one concrete block and a
metal plate for the other concrete block. One jack was placed on each
side of the web at the same elevation as the steel-concrete connectors to
avoid eccentricity of tensile loading. Furthermore, the tension jacks
were of the same type and were connected to a single manual hydraulic
pump to ensure equal force was applied by each jack.

1

2

3

4

LPs concrete 
block

1 2 34

Back view Front view Top view 

Fig. 7. Position of LPs for modified push tests.

Fig. 8. Pull-out test set-up.

E.L. Tan et al. Engineering Structures 183 (2019) 110–123

114



Type 2 loading was adopted for the modified push tests. This is
whereby an initial tension force is applied by the two horizontal jacks
followed by shear force until failure is observed i.e. sudden drop in
shear load or the inability to maintain the tension at the required
magnitude due to significant lateral separation of concrete blocks. The
tensile force applied was 25, 50 and 75% of the ultimate tensile
strength determined from pull-out tests of that respective steel-concrete
connector type. When carrying out push tests, the concrete blocks
naturally tend to separate laterally upon shear loading which leads to a
reduction in the tensile force being resisted by the steel-concrete con-
nectors. It was therefore decided to continuously monitor the tension
jack load cell readings and adding pressure to the jacks to keep the
tension within 1kN of the required magnitude. The position of LPs that
measured the slip and lateral separation was identical to the push test
shown in Fig. 7.

3.4. Material properties

To determine the concrete strength parameter, fc’, 100mm diameter
by 200mm long concrete cylinders were prepared for compression tests
and tested at 7-day intervals up to 28 days. Three cylinders were tested
at each of the 7-day intervals and their results averaged. Testing of the
test specimens was carried out within a week after the 28-day curing
period. Three more cylinders of the same size were tested on 28-day to
determine the static chord modulus and the elastic modulus. Three
beams 100× 100×300mm were also prepared from the concrete mix
which were then tested in a modulus of rupture (MOR) test rig to de-
termine the MOR of the concrete on day 28. The results of these three
concrete material tests are shown in Table 2 below. Standard Deviation
is calculated to determine the variation in test results between the three
test samples for each material property test. The compressive strength
test was carried out as per AS1012.9 [28], static chord modulus as per
AS1012.17 [29] and modulus of rupture as per AS1012.11 [30].
Coupon tests were carried out to determine the material properties of
the steel section and the three types of steel-concrete connectors tested.
The results of these tests are given in Table 3.

4. Results and discussion

4.1. Load – Slip behaviour and ductility

4.1.1. Push test and modified push test
The load-slip curves of push test specimens are shown in Fig. 10

below. Applying 25% of the tensile resistance had a minimal effect on
the load-slip behaviour of all three steel-concrete connectors compared
to pure shear loading. However, significant difference in load-slip be-
haviour was observed when the initial tension applied was increased to
50% of the respective steel-concrete connectors’ Tu. A considerable
reduction in slip at failure is observed for AJAX ONESIDE when applied
tension is increased from 25% of Tu to 50% of Tu. Finally, the specimens
at 75% Tu did not show any plastic deformation as shown in the load-
slip curves. Failure in the linear region is observed for all three steel-

Fig. 9. Modified push test set-up.

Table 2
Concrete material properties test results.

Average (MPa) Standard deviation

7 day fc′ test 23.2 0.62
14 day fc′ test 27.2 1.07
21 day fc′ test 28.7 1.07
28 day fc′ test 30.1 1.50
Elastic modulus 34,667 1829
Static chord modulus 34,876 1660
Modulus of rupture 3.69 0.48

Table 3
Material properties of the steel-concrete connectors and steel section.

E (GPa) σy (MPa) σu (MPa)

Steel section - flange 226 265 485
Steel section - web 219 330 500
Headed stud 206 338 553
AJAX ONESIDE 225 830 1018
Hollo-bolt 216 740 969
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Fig. 10. Load vs slip diagrams, (a) Pure shear loading, (b) At 25% Tu, (c) At 50% Tu, (d) At 75% Tu.

Fig. 11. Ductility index [2].

Table 4
Ductility index for push test and modified push test specimens.

Group Specimen ID Δy (mm) Δmax (mm) i (Eq. (5))

Group 2 S2 1.00 11.05 11.1
A2 0.60 4.72 7.9
H2 0.10 1.4 14.0

Group 3 S3 1.00 12.10 12.1
A3 0.60 4.69 7.2
H3 0.10 1.20 12

Group 4 S4 0.80 11.92 14.9
A4 0.20 2.12 10.6
H4 0.10 0.27 2.7

Group 5 S5 1.46 1.46 1.0
A5 0.93 0.93 1.6
H5 0.10 0.10 1.0
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concrete connector types.
Ductility is the ability of a material to deform permanently in re-

sponse to tensile stress. The ductility index is that ratio of slip at ulti-
mate load to the slip at yield point, Eq. (5), as shown in Fig. 11
[2,31,32]. From Fig. 11, the intersection of two gradient lines OQ and
QS are used to determine the point O to determine the displacement at
yield, Δy. Gradient line OQ is drawn from the initial gradient of the
curve from point O where load is zero. Line QS is drawn from the last
gradient of the curve from point S where the load is at maximum.

Fig. 10 is used to determine the ductility index for all three types of
steel-concrete connectors. The ductility index values for specimens in
Group 2 to 5 are given in Table 4 below. Generally, tension had
minimal effect on the ductility index except for specimen H4 and Group
5 specimens which saw a significant reduction in the ductility index.
However, it should be noted that a smaller ductility index does not
imply the steel-concrete connector is undesirable. This is shown when
comparing the ductility index of specimen S2 and H2. In this case, al-
though H2 has a higher ductility index than the ductility index of S2,
the headed studs portray desirable behaviour with significant

deformation compared to Hollo-Bolts as seen in the load-slip behaviour
graph shown in Fig. 10(a).

=i
y

max

(5)

4.1.2. Pull out test
The tensile load vs pull-out displacement curve of the three steel-

concrete connector types is shown in Fig. 12 below. Both AJAX ONE-
SIDE and Hollo bolt nearly reach their peak load capacities before any
noticeable slip is recorded. The AJAX ONESIDE continues to resist close
to peak loads up to a pull-out of around 5mm after which point
breakout out occurred and load dropped. For Hollo-Bolts, the load
gradually decreased after reaching a maximum. On the contrary, de-
mountable headed studs behaved like a typical headed stud under shear
load by portraying significant displacement as well as undergoing
plastic deformation.

Using Eq. (5), the ductility index of the steel-concrete connectors
has been determined when subjected to purely tensile loads. The re-
sulting values of ductility index are given in Table 5. AJAX ONESIDE
had the highest ductility with a ductility index of 25.25. However, the
failure of AJAX ONESIDE connectors was abrupt and not desirable due
to the minimal warning signs before failure. Ideally, the pull-out load of
the demountable headed stud would be preferred due to its ability to
show significant plastic deformation.

4.2. Failure modes

4.2.1. Pull-out test
Two types of failure modes occurred in the pull-out tests. One of

them is concrete breakout due to tension. There are two commonly used
methods that estimate the design resistance due to concrete failure and
these are the 45° cone failure and the concrete design capacity (CCD)
method. In the case of the 45° cone method, the concrete is assumed to
form a conical surface around the steel-concrete connector with an
angle of approximately 45° as shown in Fig. 13(a) between the concrete
member and the concrete failure surface. Based on this method and
their test results, Nelson Stud welding [33] recommended an embed-
ment depth that is approximately 8–10 times the shank diameter so that
the concrete breakout strength in tension is larger than the tensile
failure of the steel-concrete connector material. The second method,
CCD, assumes a similar failure mode with the exception being the

Fig. 12. Load vs pull-out for pure tensile loading.

Table 5
Ductility index for pull out test specimen.

Group Specimen ID Δy (mm) Δmax (mm) i (Eq. (5))

Group 1 S1 1.56 5.70 3.7
A1 0.2 5.05 25.25
H1 0.1 1.24 12.4

Fig. 13. (a) Conical failure, (b) Four-sided pyramid failure [1].
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breakout takes the form of a four-sided pyramid with failure angle of
55° between the concrete failure surface and the steel-concrete con-
nector (35° between concrete member and failure surface) as shown in
Fig. 13(b). This method makes use of simple equations to estimate the
tensile and shear resistance. Various multiplication factors are then
used to account for design variations some of which include edge dis-
tance and absence of cracking [16]. The CCD method is adopted by ACI
318-14 [26]. Concrete breakout due to tension was observed for spe-
cimen A1 and H1 and the failure cones obtained from these specimens
are shown in Fig. 14(b) and Fig. 14(c) respectively. The average con-
crete cone failure angle for the specimens were 20° for the AJAX
ONESIDE and 27° for the Hollo Bolt which agrees more with the CCD

method than the 45° cone method. However, the shape of the failure
cones was more conical unlike the four-sided pyramid as suggested by
the CCD method. The cones obtained were irregular/non-uniform likely
due to the material boundaries of aggregate in concrete. Since the
headed studs did not undergo concrete breakout, results from Ožbolt
et al. [3] been shown in Fig. 14(a) alongside those of AJAX ONESIDE
and Hollo-Bolt for comparison purposes.

The second failure mode is splitting failure. This failure mode is also
because of concrete failing from tension. However, due to the higher
hef/ds ratio, the reinforcement was passing through the concrete failure
zone. Hence, it kept the concrete intact and prevented the complete
separation of the steel beam from the concrete block. Splitting failure
was observed for specimen S1 as shown in Fig. 15. Cracks had devel-
oped in specimen S1 and the load dropped but the specimen was still
intact unlike specimens A1 and H1 which exhibited complete separa-
tion at the steel-concrete interface upon failure.

4.2.2. Push tests
Two distinct types of failure modes were observed for the push tests.

The first mode being concrete breakout which is because of concrete
failing due to crushing resulting in the formation of concrete failure
cone. The concrete around the steel-concrete connectors begins to fail
from compression before the steel-concrete connector yields resulting in
formation of cracks and eventually complete separation of the steel
section from the concrete block as shown in Fig. 16.

Both specimen A2 and H2 failed due to concrete breakout. It should
be noted that cracking was also observed at the bottom of the concrete
block like what has been shown in Fig. 17 indicating edge effects on
specimen.

The second failure mode was stud fracture which was observed for
specimens S2. In this failure mode, the steel-concrete connector mate-
rial yields with subsequent and often abrupt fracture of the steel-con-
crete connector shank. Typically, the shank shears at the steel concrete
interface with some cracks emanating from the steel-concrete con-
nectors and concrete crushing visible as shown in Fig. 18.

Two types of failure modes were observed from the combined shear
and tensile loading tests. The first mode being concrete breakout which
occurred for all specimens involving AJAX ONESIDE and Hollo-bolt.

Fig. 14. Failure cones due to tensile loading (a) Headed studs [3], (b) AJAX Oneside, (c) Hollo bolt.

Fig. 15. Concrete splitting failure for specimen S1 (After demounting).
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Specimen S5 also failed due to concrete breakout as shown in Fig. 19.
However, the failure was gradual which contrasted with the abrupt

failure of the AJAX ONESIDE and Hollo-bolt. S5 was the only de-
mountable headed stud specimen under combine loading to experience
concrete breakout out. This is because the splitting failure (as observed
for specimen S1) inducing tensile load effectively worked in tandem
with the shear load to exert higher forces on the concrete and thereby
resulting in concrete breakout due to tension. Therefore, the failure
occurred at a much lower shear force compared to specimens S2-S4,
and hence the demountable headed studs in specimen S5 could resist
fracturing. The second failure mode was stud fracture and was observed
for specimens S3 and S4.

4.3. Ultimate shear resistance and stiffness

The method to estimate resistance of a steel-concrete connector
depends on what failure philosophy is assumed. These philosophies as
discussed earlier are the CCD method and the 45° cone method. Various
design codes provide formulas to estimate the shear resistance of a
steel-concrete connector. Two formulas are generally provided, one for
the steel-concrete connector material failure and one for the concrete
failure with the lowest value determining the observed failure mode
and hence the resistance of that steel-concrete connector. The design
expressions of four design codes namely; AS 2327.1 [34], Eurocode 4
[35], PCI 6th [27] and ACI 318-14 [26] are shown Table 6 below.

It should be noted that AS 2327.1 limits the use of its design
equations to steel-concrete connectors with an overall height after at-
tachment that is greater than 100mm. This means the AJAX ONESIDE
and Hollo-Bolt do not comply with the requirements of AS 2327.1.
However, AS 2327.1 has been used to estimate the resistance of these
steel-concrete connector for comparison purposes and to show the need
for expressions in AS 2327.1 that can be used in the design process
when using stocky steel-concrete connectors.

The test results of Group 2 specimen (pure shear loading) and
strength resistance estimates as per the design codes are given in
Table 7 below. The ratio of design code estimate against test result is
calculated to determine the accuracy of predicting the shear resistance.

Fig. 16. Concrete break-out for specimen H2.

Fig. 17. Cracks in the bottom of the concrete block for A4.

Fig. 18. Stud fracture with concrete crushing for headed studs.
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AS 2327.1 predicts the same shear resistance for both AJAX ONESIDE
and Hollo-Bolt which was not the case in the test results since height of
embedment is not a design parameter in AS 2327.1. It also over-
estimates the shear resistance of demountable headed studs, AJAX
ONESIDE and Hollo-Bolt by 19, 21 and 62% respectively. For AJAX
ONESIDE, Eurocode 4 [35] and PCI 6th [27] manage to predict the
strength relatively accurately with an estimated resistance that is 2 and
4% lower respectively than the test results. Both Eurocode 4 [35] and
PCI 6th [27] overestimate the shear resistance of Hollo-Bolts by 32 and
16% respectively.

Pryout failure is usually the critical failure mode for short and
stocky steel-concrete connectors and for this failure mode, the design
strength per ACI 318-14 [26] is found by multiplying the respective
steel-concrete connector’s tensile resistance due to concrete breakout by
a factor kcp. This method results in a significant underestimation of the
shear resistance of AJAX ONESIDE and Hollo-Bolts by an approximately
72%.

Shear stiffness Ksi, is computed to determine the secant modulus of
the load-slip curve up to 50% of Vu. Based on this principle, Ksi has been
calculated and summarised in Table 8. In the design of the test speci-
mens, the clearances between the bolt hole and the bolt rod are kept to
the minimum to prevent any slippage at the beginning of the loading
phase. For example, a hole diameter of 20mm will be drilled for a
20mm diameter bolt. However, from the Table 8, the shear stiffness
values for headed studs (S2-5) are low compared to both AJAX ONE-
SIDE (A2-5) and Hollo-Bolts (H2-5). The reason could be due the
locking mechanism for AJAX ONESIDE and Hollo-Bolts. Hollo-Bolt has
the expanded sleeves as shown in Fig. 4 that slightly reduce any
clearance between the hole and bolt rod, whilst AJAX ONESIDE has two
interlocked nuts to create additional frictional resistance to prevent
slippage at the clearance region. However, the shear stiffness values
decrease for all demountable steel-concrete connectors when they are
subjected to combined shear and tension.

4.4. Ultimate tensile resistance

Two design codes that provide design guidelines for determining the
tensile resistance of steel-concrete connectors are PCI 6th [27] and ACI
318-14 [26] and their respective design expressions are given in Table 9
below.

The test results of Group 1 specimen (pure tensile loading) and the
design resistance based on the two design codes are given in Table 10
below. Both PCI 6th [27] and ACI 318-14 [26] overestimate the tensile
resistance of AJAX ONESIDE by approximately 44 and 45% respectively
whereas for the Hollo-Bolt, they both underestimate tensile resistance
by approximately 10%. PCI 6th [27] and ACI 318-14 [26] also over-
estimate the tensile resistance of demountable headed studs by 32 and
33% respectively. Therefore, PCI 6th [27] and ACI 318-14 [26] are safe
to use when designing for Hollo bolts. However, it should not be used
when designing for AJAX ONESIDE blind bolts and demountable
headed studs.

4.5. Shear and tension interaction resistance

The test results for the shear resistance of steel-concrete connectors
under combined loading are summarised in Table 11. The interaction
diagrams for the demountable head studs, AJAX ONESIDE and Hollo
Bolts are plotted in Fig. 20. As shown in the graphs, there is a significant
decrease in shear strength depending on the tension being applied. For
headed studs, the shear resistance reduced by approximately 7, 19 and
56% when the tensile resistance was increased by 25, 50 and 75% re-
spectively. For AJAX ONESIDE, the shear resistance reduced by 11, 54
and 71% when the tensile resistance was increased by 25, 50 and 75%
respectively. For Hollo-Bolts, the shear resistance reduction of 12, 68
and 75% was observed when the tensile resistance was increased by 25,
50 and 75% respectively.

Fig. 19. Significant cracking in specimen S5.

Table 6
Design expressions for shear resistance.

AS 2327.1 Eurocode 4 PCI 6th (5% fractile) ACI 318-14 (5% fractile)

Connector fracture d f0.63 bs uc
2 A f0.8 s u A fs u A fs u

Concrete failure d f E0.31 bs cj c
2 ' a d f E0.29 bs cj c

2 ' a f d h215 c o ef
' 1.5 0.5b k f h24cp c ef c N

' 1.5
,

b

Units N, mm N, mm pounds, inches pounds, inches

= +( ) for h d0.2 1 3 / 4hsc
d sc .

= >for h d1 / 4sc .
= for cast in anchors1.25c N, .

= <k for h1 2.5 in(63.5 mm)cp ef .
=k for h2 2.5 in(63.5 mm)cp ef .

a Failure mode not specified.
b Concrete pry out failure.
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Headed studs show an elliptical relationship between the tensile
resistance and the shear resistance whereas AJAX ONESIDE connectors
and Hollo-Bolts had a relatively linear relationship. The square of the
Pearson product moment correlation coefficient (R2) was calculated to
assess the fit of the test data to the relationships proposed by McMackin
et al. [23], Bode et al. [24,25], and Lin et al. [14]. R2 is a value cal-
culated by spreadsheet programs to determine how well a range of data
fits a trend line. The closer the R2 value is to 1, the more accurate the
equation estimates the data. If the R2 value is 0, there is no relationship
between the data. Table 12 shows the calculated R2 value for three
equations for all three steel-concrete connector types.

For headed studs, the three relationships Eqs. (1)–(3) closely predict
the test data. Eq. (3) has the highest accuracy with an R2 value of
0.9887. For AJAX ONESIDE connectors, both Eqs. (1) and (3) over-
estimate the resistance with R2 values of 0.8522 and 0.8786 respec-
tively. Eq. (2) manages to closely predict the interaction with an R2

value of 0.9347. However, based on the test results, a perfectly linear
relationship accurately predicts the resistance with an R2 value of

0.9655. For Hollo-Bolt connectors, Eqs. (1)–(3) overestimate the re-
sistance considerably with R2 values of 0.7575, 0.7883 and 0.8600
respectively. Based on the test results, a perfectly linear relationship can
predict the resistance relatively accurately under combined loading
with an R2 value of 0.9363.

5. Conclusion

Tests were carried out on a total of fifteen specimens for three types
of steel-concrete connectors subjected to shear, tensile and combined
shear and tensile loading. Upon analysis of the results and comparison
with existing design codes and interaction relationships, the following
conclusions were drawn:

(1) Demountable headed studs are ductile as shown by the significant
slip demonstrated in its load-slip behaviour when under pure shear
loading compared to AJAX ONESIDE and Hollo bolts. However, this
increased ductility is not shown when calculating the ductility
index which relies solely on the slip at yield point and at ultimate
load.

(2) Significant reduction in shear resistance was observed when tensile
force was applied. Hollo bolts had the highest percentage reduction
in shear resistance whereas demountable headed studs had the
lowest reduction in shear resistance for specimens in each group.

(3) The primary mode of failure for demountable headed studs was
stud fracture whereas for AJAX ONESIDE and Hollo-Bolts, it was
concrete breakout owing to the high material strength of AJAX
ONESIDE and Hollo bolts.

(4) AJAX ONESIDE had the highest ultimate shear resistance
(104.3 kN) of the three whereas demountable headed studs had the
highest ultimate tensile resistance of the three (60 kN).

(5) Hollo-Bolts achieved the highest shear stiffness due their locking
mechanism using their expanded sleeves. However, the shear
stiffness decreased in the presence of tension for all steel-concrete
connectors.

(6) The design codes give varying accuracies when predicting the ul-
timate shear resistance and ultimate tensile capacities. The largest
difference between the strength resistance based on design codes
and test results was when using ACI 318-14 [26] to predict shear
resistance of AJAX ONESIDE and Hollo-Bolts.

(7) All three types of steel-concrete connectors followed different in-
teraction relationships. Demountable headed studs had an elliptical
relationship compared to the linear relationship observed for AJAX
ONESIDE and Hollo bolts.

Table 7
Push test results.

Group Specimen ID Vu (kN) AS 2327.1 (kN) EC 4 (kN) PCI 6th (kN) ACI 318-08 (kN) AS
Test

EC4
Test

PCI
Test

ACI
Test

su (mm) Failure mode

2 S2 84.8 100.7a 100.4a 125.5a 125.5a 1.19 1.18 1.48 1.48 11.05 Stud fracture
A2 104.3 126.7b 101.9b 99.7b 28.9b 1.21 0.98 0.96 0.28 4.72 Concrete breakout
H2 78.0 126.7b 103.1b 90.3b 21.5b 1.62 1.32 1.16 0.28 0.11 Concrete breakout

a Connector fracture.
b Concrete failure.

Table 8
Shear stiffness for push test and modified push test specimens.

Group Specimen ID Ksi (kN/mm)

Group 2 S2 69
A2 1600
H2 1920

Group 3 S3 67
A3 562
H3 750

Group 4 S4 67
A4 500
H4 166

Group 5 S5 27
A5 132
H5 677

Table 9
Design expressions for tensile resistance.

PCI 6th (5% fractile) ACI 318-14 (5% fractile)

Connector fracture A fs u A fs u
Concrete failure (breakout)

h3.33 (9 )fc
hef

ef
'

2 f h24 c ef c N
' 1.5

,

Units Pounds, inches Pounds, inches

Table 10
Pull-out test results.

Group Specimen ID Tu (kN) PCI 6th (kN) ACI 318-14 (kN) PCI
Test

ACI
Test

Maximum vertical pull-out (mm) Failure mode

1 S1 60 79.4a 79.5a 1.32 1.33 5.70 Concrete splitting
A1 20 28.8b 28.9b 1.44 1.45 5.4 Concrete breakout
H1 24 21.5b 21.5b 0.90 0.90 1.24 Concrete breakout

a Connector fracture.
b Concrete failure.
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Table 11
Push test and modified push test results.

Group Specimen ID % of Tu applied Tcu (kN) Vu (kN) Vcu (kN) Shear resistance reduction (%) Failure mode

2 S2 – – 84.8 – – Stud fracture
A2 – – 104.3 – – Concrete breakout
H2 – – 78.0 – – Concrete breakout

3 S3 25 15 – 78.5 7.4 Stud fracture
A3 25 5 – 93.3 10.5 Concrete breakout
H3 25 6 – 68.8 11.8 Concrete breakout due to tension

4 S4 50 30 – 68.8 18.9 Stud fracture
A4 50 10 – 47.5 54.4 Concrete breakout due to tension
H4 50 12 – 25.0 67.9 Concrete breakout due to tension

5 S5 75 45 – 37.5 55.8 Concrete breakout due to tension
A5 75 15 – 30.5 70.8 Concrete breakout due to tension
H5 75 18 – 19.5 75.0 Concrete breakout due to tension

Fig. 20. Comparison of test results with existing relationships for shear-tension interaction.
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(8) Due to the low ultimate tensile resistance for both AJAX ONSIDE
and Hollo bolts, they are not suitable in the application of compo-
site walls where they could be subjected combined tensile and shear
loads. However, they are suitable for composite beams where they
are only subjected to high shear loads.
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