Milad Soltanalipour, Miquel Ferrer-Ballester, Frederic Marimon Carvajal, Albert Albareda Valls,
Miquel Casafont Ribera, Gorka Iglesias Toquero

REPRINT

New shear transfer system for concrete-filled steel tube
(CFST) columns
Concrete-filled steel tube (CFST) columns are frequently used
in construction due to their high ductility and improved loadbearing capacities. At beam-to-CFST column joints, gusset
plates are welded to the outer face of the steel tube, and specific elements should ensure the shear transfer between the
inner face of the steel tube and the concrete core. The current
shear transfer systems are shear studs, internal rings, angles,
steel plates, steel bars, tab stiffeners, etc. Although good, these
systems also have disadvantages, such as slowing down the
construction process, complexity of execution, greater material
consumption and restricting the flow when pumping the concrete into the tube. UPCCFST is a new connection system that
enhances the shear bond strength of CFST columns and consists of punching the steel tube inwards to produce crownshaped protrusions that act as shear connectors. This system
also speeds up the construction process, simplifies connections, does not restrict the flow when casting the concrete and
has economic and environmental advantages. Push-out tests
were performed to evaluate the shear bond strength. The shear
strength improvement using UPCCFST has been compared with
the reference conventional CFST columns. The new system increased the shear bond strength by up to 6.67 times for the
SHS 200x4 specimens and 2.89 times for the SHS 110x2 specimens. This paper explains the UPCCFST system, the prototyping process, the testing and the most important results and observations.
Keywords CFST; concrete-filled steel tube; composite column; shear
transfer
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In the case of welding the plate to the outer face of the
steel tube, the shear transfer between the inner face of the
steel tube and the concrete core should be ensured by
shear transfer elements. This can be especially important
for the large CFST sections and high load demands normally applicable in high-rise buildings. Therefore, relying
on the natural bond between the steel tube and the concrete core is insufficient and shear transfer systems are
needed [2]. The current shear transfer systems are shear
studs, internal rings, angles, steel plates, steel bars, tab
stiffeners, etc. (see Fig. 2). These systems increase the
shear bond strength but also have the following disadvantages for construction:
–
–
–
–

Slow down the construction process
Complexity of execution
Greater material consumption
Restrict the flow when pumping concrete into the
tube

The objective is to introduce a new shear transfer system
for CFST columns which overcomes the limits of the
current systems. The experimental campaign is aimed
at evaluating the shear bond strength of the specimens
when applying the UPC patent and comparing the results
with conventional test specimens in order to measure the
improvements. This paper presents the shear bond resistance test only; the compressive and bending strengths of
the column and the local effects due to the punching will
be addressed in further research.

Introduction

Concrete-filled steel tube (CFST) columns are frequently
used in construction due to their high ductility and improved loadbearing capacities. The steel tube restrains the
lateral expansion of the concrete core and the concrete
core prevents inward buckling of the steel tube. Therefore, CFST columns ensure composite action between the
two materials.
At beam-to-CFST column joints, gusset plates transfer the
loads from the beam to the column. The gusset plates are
executed by cutting the steel tube or welding the plates to
the outer face of the steel tube.
In the case of cutting the steel tube, the shear transfer between the beam and CFST column is guaranteed by the
friction between the gusset plate inside the concrete core
(see Fig. 1).

Fig. 1

Load introduction into hollow sections by means of inserted plates [1]
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Fig. 2

State-of-the-art shear connection systems

The shear transfer systems and parameters studied in
other research are described below.
The influence of steel plates with different lengths, singleor double-sided welds and different spacings, and the influence of double-layer steel bars are reported in [2]. Increasing the length of the steel plate increases the shear
bond resistance, and it is not affected by the welding conditions. Specimens with double-layer steel plates achieve
higher resistances than specimens with a single-layer steel
plate, and increasing the interlayer spacing increases the
bond. The specimen with a double-layer steel bar achieves
the highest resistance compared with other specimens.
The influences of shear studs and internal rings are studied separately in [3]. The flat interface specimen is also
studied with the same cross-section dimensions and material properties for comparison purposes. Using an internal ring provides a higher shear bond resistance compared with shear studs, and both systems have greater resistances and slip capacities than the flat interface.
The influence of headed-stud bolts and angles is reported
in [4]. The elements were applied in two layers and welded
on two opposite sides of the steel tube. The results show
that angles are more efficient than bolts due to their
higher stiffness, but both enhance the shear bond resistance and slip compared with the flat cases.
The influence of tab stiffeners applied on two opposite
sides of the tube is reported in [5]. Tab spacing was the
main parameter studied. For comparison, specimens
without tab stiffeners and with longitudinal stiffeners only
were also analysed. Tab stiffeners increase the bond, and
decreasing the tab spacing has a positive effect on the
60
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shear bond. The highest resistances are obtained for
100 mm and 75 mm tab spacing; therefore, the optimum
spacing is the former.
It should be noted that the surface condition of the inside
of the steel tube has either a positive or negative influence
on the shear bond. For example, the bond of a CFST that
has rust on the inner surface of the tube is more than
twice that of specimens without rust [6], and conversely,
lubricating the inner surface reduces the bond [7].
This study was performed experimentally using a pushout test setup. Square cross-sections were studied, as they
are easier to build than the circular cross-section in the
real construction state and they also result in simpler
beam-to-CFST column joints than circular columns.

2

UPCCFST system

The UPCCFST system is a new connection system that
applies UPC patent ES2344389 [8] to enhance the shear
bond strength of CFST columns.
The patent consists of small crown-shaped protrusions
created by punching through the steel tube. The crownshaped protrusions embed themselves inside the fresh
concrete and resist shear forces after the concrete hardens (see Fig. 3).
This system uses the same amount of material as for conventional columns with a flat interface. It has a great
economic advantage over other shear transfer systems
due to the reduced material consumption. No welding is
required to connect the shear transfer elements to the

Fig. 3

UPCCFST system

steel tube as they are created simply by punching through
the tube, which speeds up the construction process. For
the same reason, the beam-to-column connection is also
simplified. The flow is not restricted when filling the tube.
Moreover, punching assists fire protection by preventing
the spalling phenomenon, which will be addressed in further investigations.

In order to evaluate the dependency of the shear bond
strength on the cross-sectional size, columns with two
cross-sections of 110 mm and 200 mm, specimens
“SHS110x2” and “SHS200x4” respectively, have been
studied in this work. These dimensions are taken from
the list of cold-formed hollow sections manufactured by
the ArcelorMittal company [9].

In summary, the advantages of the proposed system are
as follows:

In order to evaluate the optimum design of UPCCFST
specimens, different punching densities were studied: 50,
25, 17 and 13 punches per metre. For ease of reference
they are named ultra-high (UHD), high (HD), medium
(MD) and low (LD) densities respectively. Fig. 4 shows
the overall dimensions, thicknesses and punching arrangements.

–
–
–
–

Speeds up the construction process
Simplified connections
Economic advantages
Flow is not restricted when casting the concrete

3

Experimental campaign

Push-out tests were performed to evaluate the shear bond
strength. The shear bond strengths of the conventional
CFST columns are used as references to quantify the
shear strength improvement afforded by UPCCFST.

Fig. 4

For statistical robustness, four samples were tested for
each unique design. The statistical robustness is of great
importance in push-out tests on CFST columns. The
shear bond strengths are scattered due to reasons such as
surface irregularities of the cross-section, the amount of
chemical bond between the concrete and the steel, etc.

Experimental campaign (dimensions in mm)
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Fig. 5

Punching flat steel plates with a hydraulic press

3.1

Prototyping process

The process of manufacturing steel tubes begins with
punching the flat steel plates by means of a hydraulic
press according to the configurations shown in Fig. 4. The
punching pattern is previously defined with a laser-cut
that allows the formation of identical crown shapes after
pressing. Each steel plate is placed manually under the
hydraulic press equipped with a linear array of punches
(see Fig. 5). The prototyping process adopted here suited
the research and will probably differ from that for a mass
manufacturing process.
The horizontal distance of the punches from the edge of
the tube is 25 mm and 15 mm in the SHS200x4 and
SHS110x2 specimens respectively. For defining these
horizontal spacings, the geometry of the punched crowns
and the press-brake forming process for the steel plate
must be taken into account.
After that, the punched steel plates are bent to form L sections. The two L sections are welded together along their
outer edges to create a hollow square section (see Fig. 6).
Exterior welding is used to keep the interior surfaces flat
and is more practical than interior welding. According to
the stipulations in EC-4 [10], the tube inner surface
should be unpainted and free from oil, grease or rust. The
roughness of the tube inner surface has not been changed.
Tab. 1

Material properties

No.

fc,cylinder
[N/mm2]

fc,cube
[N/mm2]

fy [N/mm2]
t = 2 mm

t = 4 mm

1
2
3
4
5
6
7
8

27.48
20.70
18.29
20.09
17.06
15.87
21.64
24.09

34.36
25.88
22.86
25.12
21.32
19.84
27.04
30.11

296.06
294.70
293.09

301.41
297.86
293.78

Average

20.65

25.82

294.62
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Fig. 6

The 150 mm concrete cube samples were cast in eight
moulds according to EN 12390 at the same location and
on the same day as filling the steel tubes. The compression tests were carried out alongside the experimental
campaign, and the first compression test was carried out
at least 28 days (51 days exactly) after casting.
The tensile coupons were taken from the same steel plate
used for the CFST specimens. Three samples were tested
for each steel thickness and the tensile tests were performed according to EN 10002.
The steel tensile and concrete compression test results are
presented in Tab. 1.

3.2
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297.69

Prototyping process

Casting the specimens

The steel tubes in the UPCCFST system were covered to
prevent dripping while casting the concrete. For this purpose, the steel tubes were packed together and all specimens were surrounded by expanded polystyrene (EPS)
blocks fastened by horizontal straps.
An air gap 40 mm deep underneath the concrete core allows a downward slip movement inside the steel tube
when the push force is applied. An EPS block 40 mm
deep is placed in the free end before casting the concrete
(and it is taken off before testing) to preserve a place for
the air gap.

At the same time and place of casting, concrete cube samples were filled so that they would have the same curing
conditions as the test specimens.

3.3

Test setup

In push-out tests, the concrete core is pushed out of the
steel tube, and the resisting force is then used to define
the shear bond strength.
For this purpose, a 400 kN hydraulic jack is used to apply
the push force. The force is applied to the concrete core
top surface only. Since the hydraulic jack has a circular
cross-section, a square steel block 40 mm deep is placed
on the concrete core surface to transfer the load. A thin
layer of sand is spread between the steel block and the

Fig. 7

Test setup (schematic view)

Fig. 8

Test setup, SHS400x4 specimens

concrete core surface as the finished concrete surface is
not polished.
The hydraulic cylinder and the support beam were placed
perpendicular to each other using a laser calibrator. No
movement or rotation of the specimen was observed in
directions orthogonal to the load axis. This was confirmed by marking the original position of the specimen
on the base. The marked position was never overlapped
at the end of the tests.
Fig. 7 and Fig. 8 show the scheme and photos of the pushout test respectively.
The test was force-controlled at a rate of 10 kN/min.
After the maximum resistance is achieved, the slip rate is
maintained at 1 mm/s until the end of the test.
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Tab. 2

Average (SD) [N/mm2]

Ratio

FLAT (reference)

0.23 (0.08)

1.00

UPC-UHD

1.25 (0.07)

5.35

UPC-HD

1.56 (0.11)

6.67

UPC-MD

1.34 (0.03)

5.74

UPC-LD

1.11 (0.04)

4.73

Tab. 3

Fig. 9

Shear bond enhancement (SHS200x4)

Shear bond enhancement (SHS110x2)

Average (SD) [N/mm2]

Ratio

FLAT (reference)

0.46 (0.09)

1.00

UPC-UHD

1.34 (0.02)

2.89

UPC-HD

1.31 (0.05)

2.83

UPC-MD

1.19 (0.06)

2.57

UPC-LD

1.04 (0.05)

2.24

Test setup (distribution of transducers), UPC110-MD specimen

The slip is measured using transducers with a 50 mm displacement capacity, pointing towards the steel block and
attached to the upper steel tube (LVDT#1 in Fig. 9). This
slip measurement excludes the vertical deformation of the
steel tube (if any), as also adopted in [11] and [12].

The shear bond resistance is defined using the following
equation:
F
τ=
(1)
4 B − 2t Lc

4

Results and analysis

4.1

Shear bond resistance

where:
F
B
t
Lc

In the case of the SHS200x4 specimens, the UPCCFST
specimens show average shear bond resistances 5.35
(UHD), 6.67 (HD), 5.74 (MD) and 4.73 (LD) times
greater than the conventional flat specimens. For the
SHS110x2 specimens, these ratios are 2.89, 2.83, 2.57
and 2.24 respectively. Tab. 2 and Tab. 3 show the average
shear bond strengths and their standard deviations (SD),
and Fig. 10a and 10b employ bar charts to compare the
average resistance separately for the SHS200x4 and
SHS110x2 specimens.

Fig. 10 Shear bond strength comparison
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(

)

push force
width
steel tube thickness
length of concrete core (250 mm)

In the UPCCFST specimens, the coefficients of variation
for each group (four specimens) lie below 7.31 %, but the
coefficients of variation in flat specimens are up to
35.76 %. Given the same level of cross-section irregularities for all specimens, the UPCCFST specimens are not
affected by the cross-section irregularities compared with
the conventional flat specimens.
The comparison with the other shear transfer systems reveals how good the results are (see Tab. 4).

Tab. 4

Comparison with other shear transfer systems

UPC system

Steel plate (double layer)

Internal ring

Shear studs

UPCCFST200

UPCCFST110

Ratio B/t

50

55

50

60

60

t [N/mm2]

1.56

1.31

1.64

1.57

0.33

Tab. 5

Dependency of shear bond on cross-section dimensions

Average (SD) [N/mm2]
SHS200x4

SHS110x2

Ratio
(SHS200x4/
SHS110x2)

UPC-UHD

1.25 (0.07)

1.34 (0.02)

0.94

UPC-HD

1.56 (0.11)

1.31 (0.05)

1.19

UPC-MD

1.34 (0.03)

1.19 (0.06)

1.13

UPC-LD

1.11 (0.04)

1.04 (0.05)

1.07

FLAT

0.23 (0.08)

0.46 (0.09)

0.51

Punch density and shear bond strength are plotted in
Fig. 11. This figure presents the second-order polynomial
trend line and R2 values for the SHS200x4 and SHS110x2
specimens. (2) and (3) can be used to interpolate the
shear bond resistance of other punch densities within the
tested range. These equations are exclusive for the specimens with 200 mm and 110 mm dimensions and the mechanical properties presented in Tab. 1.

τ 200x4 = −0.0013 ρ 2 + 0.0871ρ + 0.2367 N/mm 2  (2)


τ 110x2 = −0.0007 ρ 2 + 0.0527 ρ + 0.4743 N/mm 2  (3)



4.2

Cross-section size

In the UPCCFST specimens, the shear bond strength is
independent of the cross-section size and the strength
ratio is close to 1, as presented in Tab. 5.
In the conventional CFST specimens, the shear bond
strength decreases when the width increases according to
the expectations. According to [3], the effect of width is
important when it approaches 120 mm.

4.3

Optimum punch density

The best punch density in the specimens is the high-density case, as it achieved the highest shear bond strength.

where r is the punch density (number of punches per
metre).
Why does the shear bond strength decrease when increasing the punch density above the optimum?
If the punch density is too high, the bond strength decreases as the interference between protrusions increases.
The shear strength is maintained as long as each row of
protrusions erodes the surface of the concrete core. The
interaction drops when the slip reaches the space between the protrusions because a continuous eroded band
has been provoked on the concrete. The phenomenon
can be better understood by studying Fig. 12.

4.4

Steel-concrete interface

According to the observations shown in Fig. 12, crushing
of the concrete in front of the punch is the most important change to the concrete core after the tests. Thus, the
shear bond strength is ensured due to the interaction of
the protrusions with the concrete core. This phenomenon
was also observed in the previous study by the authors
[13].
The flat interface specimens do not show any change to
the concrete core surface and any deformation of the
steel tube. Only frictional marks in the corners of the steel
tube are evident, showing that the shear bond is ensured
in the corners of the square cross-sections.

Fig. 11 Optimum punch density
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Fig. 12 Steel and concrete surfaces after testing

4.5

Typical bond-slip relationship

The decrease in resistance of UHD specimens occurs in a
brittle manner, whereas other specimens show a more
ductile behaviour. The bond-slip relationships can be ca
tegorized into the following types, as shown in Fig. 13.

– Type A (HD) Non-linear ascent up to maximum resistance, slow decrease in shear bond strength.
– Type B (MD, LD) Non-linear ascent up to maximum
resistance, horizontal bond-slip relationship until end
of test.
– Type C (UHD) Sharp transition from initial line to
descending branch, brittle failure.
The bond-slip relationship of the conventional CFST
specimens depends on the cross-section size. In the
SHS200x4 specimens, the bond-slip curve is brittle,
whereas in the SHS110x2 specimens there is a non-linear
ascent up to maximum resistance. The resistance is either
retained or gradually increases at the end of the test.

Fig. 13 Typical bond-slip relationship

Fig. 14 Shear bond-slip behaviour
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Fig. 14a and 14b show the bond-slip curves. The postfailure behaviour shows a slow decrease in the load since
the concrete is being eroded. After that, the slip reaches
the free space between the crowns and the eroding process ends. From this point onwards, a continuous band of
concrete is already crushed and the load attains the minimum value. Conversely, in the conventional case, the

load remains constant throughout the slip process because of the simple flat frictional condition.

5

Conclusions

The UPCCFST system has been very effective at increasing the shear strength of CFST columns. This system increased the shear strength between the steel tube and the
concrete core by up to 6.67 times for the SHS200x4
specimens and up to 2.89 times for the SHS110x2 specimens, with respect to the conventional specimens.

greater scatter of the results, especially in the case of
SHS110x2, compared with the UPCCFST system.
Besides increasing the shear bond strength, this new
system has many other advantages from the construction point of view. These advantages are faster construction, reduced material consumption, easier casting of
columns without restricting the flow of the fresh concrete, simplified joints and economic and environmental
benefits.
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