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Abstract. This study presents experimental and numerical investigations on circular steel tube confined ultra high performance
concrete (UHPC) columns under axial compression. The plain UHPC without fibers was designed to achieve a compressive
strength ranged between 150 MPa and 200 MPa. Test results revealed that loading on only the UHPC core can generate a
significant confinement effect for the UHPC core, thus leading to an increase in both strength and ductility of columns, and
restricting the inherent brittleness of unconfined UHPC. All tested columns failed by shear plane failure of the UHPC core, this
causes a softening stage in the axial load versus axial strain curves. In addition, an increase in the steel tube thickness or the
confinement index was found to increase the strength and ductility enhancement and to reduce the magnitude of the loss of load
capacity. Besides, steel tube with higher yield strength can improve the post-peak behavior. Based on the test results, the load
contribution of the steel tube and the concrete core to the total load was examined. It was found that no significant confinement
effect can be developed before the peak load, while the ductility of post-peak stage is mainly affected by the degree of the
confinement effect. A finite element model (FEM) was also constructed in ABAQUS software to validate the test results. The
effect of bond strength between the steel tube and the UHPC core was also investigated through the change of friction coefficient
in FEM. Furthermore, the mechanism of circular steel tube confined UHPC columns was examined using the established FEM.
Based on the results of FEM, the confining pressures along the height of each modeled column were shown. Furthermore, the
interaction between the steel tube and the UHPC core was displayed through the slip length and shear stresses between two

surfaces of two materials.
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1. Introduction

In recent times, there has been an accelerating interest in
the utilization of ultra high performance concrete (UHPC)
in construction throughout the world (An and Fehling
2017a, Graybeal 2005). This is mainly attributable to the
superior mechanical properties offered by UHPC such as an
extremely high compressive strength up to 200 MPa, a post-
cracking tensile strength approaching 5MPa, and an
excellent durability (An and Fehling 2017d, Graybeal 2005,
Zohrevand and Mirmiran 2011). Furthermore, it has been
found that UHPC is a potential material and a suitable
alternative to normal strength concrete (NSC) or high
strength concrete (HSC) as reduced size and increased load-
bearing capacity of structural members can be achieved
(Liew and Xiong 2012, Tue et al. 2004a, An and Fehling
2017a, Empelmann et al. 2008). A considerable effort has
been put into investigating beneficial applications of UHPC
and possibilities to develop novel structural elements with
the employment of UHPC (Xiong et al. 2017, Empelmann
et al. 2008, Tue et al. 2004b). However, the inherent
brittleness of UHPC causes some obstacles for its
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utilization, especially for the columns or support structures
in seismically active regions or in the members subjected to
very high compressive loads (Liew and Xiong 2012, Xiong
et al. 2017). In view of the fact that lateral confinement of
concrete can lead to significant enhancements in both
compressive strength and ductility, there have been several
studies on the confining solutions to prevent the brittleness
of UHPC columns (An and Fehling 2017a, Empelmann et
al. 2004). These confining solutions for UHPC essentially
include: (1) external confinement using fiber reinforced
polymer (FRP) or steel tube (Zohrevand and Mirmiran
2011); (2) internal confinement using transverse
reinforcement (Yang et al. 2015, Shin et al. 2015). Among
such solutions, circular steel tube confined concrete (STCC)
columns have emerged as an attractive option because of
the efficient composite action of the concrete core and the
steel tube to form a high performance member that benefits
from significant increases in strength and ductility as
compared to unconfined concrete members (An and Fehling
2017b, Giakoumelis and Lam 2004, De Oliveira et al. 2010,
Han et al. 2005). Moreover, it is well known that STCC
columns is a special type of concrete filled steel tube
(CFST) columns where the load is applied to the concrete
core only instead of applying to the entire section (Han et
al. 2005, Yu et al. 2010, Ding et al. 2017). This loading
pattern can generate a maximal confinement effect for the

ISSN: 1225-4568 (Print), 1598-6217 (Online)



644 Phong T. Le, An H. Le and Lai Binglin

concrete core because in this situation, the steel tube mainly
works to provide the lateral pressure to the concrete core
(Ding et al. 2017; Liu et al. 2009, 2016; Johansson and
Gylltoft 2002).

For the construction, the use of STCC columns makes
the reinforced concrete (RC) beam to CFST column
connection easier (Yu et al. 2010). When STCC columns
are adopted for the connection, the outer steel tube does not
pass the beam - column joint to ensure that the
reinforcement in the composite columns and RC beam can
pass through each other and work together. By means of
STCC columns, the outer steel tube carries smaller direct
axial loading through the bond and friction between the
concrete core and steel tube as compared to CFST columns
(Liu et al. 2009). Accordingly, the outer steel tube only
serves to confine the RC columns. Therefore, the steel tube
in STCC column shows a better confinement effect on the
concrete core than that in CFST columns (An and Fehling
2017b). In practice, the steel reinforcements or steel
sections usually embedded in the concrete core of STCC
columns to resist the flexural moments and tensile forces
for the connection (Liu et al. 2016).

It should be noted that the addition of fibers does not
significantly increase the compressive strength of UHPC
(An and Fehling 2017d). Moreover, previous study by Yan
and Feng (2008) indicated that for the concrete filled steel
tube column with the employment of UHPC, there is no
notable effect on the strength and ductility when fibers was
added even with the volume up to 2%. Therefore, fibers
should not be used for this column type because the benefit
for strength and ductility is minor, while the cost for
construction signficantly increases. In the past, the majority
of studies on STCC or CFST columns were mainly
concerned with NSC or HSC. To date, research on the
compressive behavior of STCC columns using UHPC has
remained very limited with only a handful of studies
reported (e.g., Tue et al. 20044, b; Liew and Xiong 2012;
Xiong et al. 2017; An and Fehling 20174, b, c). Besides, all
current design codes for composite columns have a
limitation on the concrete strength, in which UHPC with the
compressive strength higher than 150 MPa is certainly not
covered and considered (Aslani et al. 2015; An and Fehling
2017a, b).

Based on the issues as highlighted above, this paper is
aimed at providing experimental investigation on circular
STCC columns using UHPC without the employment of
fibers (CSTC-UHPC columns). The axially compressive
behavior of six tested columns having the same outer
diameter of 152.4 mm and three nominal steel thicknesses
of 8.8, 6.3, and 5.0 mm is presented. The impact of some
main parameters including steel tube thickness, column
length on the strength and ductility is also explored.
Subsequently, based on the test results, the load
contribution of the steel tube and the UHPC core to the total
load is examined. Finally, a comparison between finite
element model (FEM) in ABAQUS software and test results
is conducted. The effect of the friction coefficient between
the UHPC core and the steel tube on load-shortening curve,
confining curve, shear stress, and slip length is examined
using the results of FEM.

2. Summary of experiment
2.1 Material properties

The mechanical properties of steel tube consisting of the
yield strength (f,), and elastic modulus (Es) were determined
by tensile coupons tests in accordance with EN 10002-1
(see Fig. 1a). UHPC mixtures without the use of steel fibers
were produced based on the recipe of M3Q developed at
University of Kassel (An and Fehling 2017d). The details of
mix proportions for UHPC in this study are given in Table
1. The M3Q mixture possesses a very high self-compacting
characteristic, thereby eliminating the necessity for
compactness of concrete using external vibration. This is
favorable for the casting UHPC on site and provides a great
convenience during the preparation of test specimens. There
were three batches of UHPC mixes corresponding to three
steel thicknesses of test specimens (see Table 2). The
flowability of the fresh concrete for each mix was checked
immediately after mixing, using a mini-slump cone on a
flow table in accordance with DIN EN 12350-8:2010-12
(see Fig. 1c). The average slump flow for fresh UHPC was
found to be about 850 mm. The compressive strengths (fc)
and elastic modulus (E;) were determined from three
cylindrical specimens of 100 mm x 200 mm for each
concrete batch in accordance with DIN EN 12390-3:2009-
07 and DIN 1048-5, respectively (see Fig. 1b). The average
values of fy, Es, f, Ec for each UHPC batch were given in
Table 2.

2.2 Configuration of specimens

A total of six specimens, including three CSTC-UHPC
stub columns and three CSTC-UHPC intermediate columns,
were fabricated and tested under pure axial compression.
The length of composite columns was classified in
accordance with AlJ (2001) standard, in which the short
column is defined as having a length-to-diameter ratio (L/D)
smaller than 4 and the intermediate column refers to a ratio
of L/D ranged between 4 and 12. All specimens had a same
nominal outer diameter of steel tube (D) of 152.4 mm.
Three nominal steel tube thicknesses (t) of 5.0, 6.3, and 8.8
mm were used for the tests. To facilitate the loading
application to the concrete core only, the length of the
concrete core (L) was designed to be 50 mm smaller than
the length of the steel tube (L) (see Fig. 2). The dimensions
of the test specimens are tabulated in Table 2 and described
in Fig. 2.

Table 1 Composition of UHPC mix

Mix composition Unit UHPC
Water kg/m? 187.98

CEM I 52.5R HS-NA kg/m? 795.40
Silica fume kg/m? 168.60

Sika Viscorete 2810 kg/m? 24.10
Ground Quartz W12 kg/m? 198.40
Quartz sand 0.125/0.5 kg/m? 971.00
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a) Tension test on steel coupons

b) Compression test on UHPC cylinder

¢) Slump flow of fresh UHPC mixture

Fig. 1 Reference tests to determine mechanical properties of steel tube (a) and UHPC (b, c)

“““ a5
Steel tube
UHPC
core L. i
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Bottom 'y
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block “a 65mm

Fig. 2 Schematic view and photos of specimens

Table 2 Material properties of specimens

Cast Specimens  fc (MPa) Ec (GPa) fy (MPa) Es (GPa)

SF0-t8.8-L600
1 1789 4837 3926 197.7
SF0-t8.8-L1000

SF0-t6.3-L600
2 198.0 4694 3734 201.4
SF0-t6.3-L1000

SF0-t5.0-L600
3 1904 4619 4459 197.9
SF0-t5.0-L1000

Table 3 Dimensions of specimens

Specimens L(mm) Le(mm) D(@mm) t(mm)

SF0-t8.8-L600 600 551.9

152.4 8.8
SF0-t8.8-L1000 1000 942.9
SFO0-16.3-L600 600 553.0

152.4 6.3
SFO0-t6.3-L1000 1000 949.7
SFO0-t5.0-L600 600 552.3

152.4 5.0

SF0-15.0-L1000 1000 948.5

2.3 Fabrication of specimens

A formwork for filling UHPC into the steel tube was
designed to ensure that the steel tube remained concentric
during the process of concrete pouring, as shown in Fig.
3(a). Bottom stiff blocks were included in advance in the
formworks. Due to very high slump flow, UHPC mixture
was vertically poured into the steel tube without any
additional vibrations, as shown in Fig. 3(b).

a) Formworks b) Pouring UHPC
Fig. 3 Fabrication of specimens

For installation of the upper stiff steel blocks and the
symmetry of the columns, the concrete was filled up to a
level which is roughly 25 mm lower than the top end of the
steel tube as demonstrated in Fig. 2. Once the casting was
complete, the top faces of the columns were covered and
sealed using plastic sheet. Then all specimens were cured at
ambient temperature in the laboratory. The height of the
concrete core (Lc) and the steel tube (L) were carefully
measured and given in Table 3.

2.4 Test setup and loading procedure

The load was applied on the concrete core only through
two stiff steel blocks which had a height of 90 mm and a
diameter smaller than that of UHPC core (see Fig. 4a and
Fig. 4b). Prior to testing, the top surface of the concrete core
was capped using a very thin layer of sand (about 4 mm) to
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Fig. 4 Test setup and top capping

create a flat surface and to ensure an even distribution of
axial loading during testing (see Fig. 4c). Additionally, a
steel plate with a circular hole was also produced and used
to confine the column at the position of sand layer, thereby
avoiding a premature local failure due to lateral pressure on
the steel tube induced by the sand layer (see Fig. 4c).

To monitor the longitudinal and the hoop strain of the steel
tube, six unidirectional strain gauges were attached to the
external surface at the mid-height of the steel tube and
placed at 120° spacing around the steel tube perimeter. Each
column was instrumented with three strain gauges (SG-V1,
SG-V2, SG-V3) installed in the longitudinal direction and
three strain gauges (SG-H1, SG-H2, SG-H3) installed in the
transverse direction. Axial shortening displacements of the
specimen were recorded using three Linear Varying

Shear

plane

b) Intermediate
column
Fig. 5 Typical failure modes of test specimens

a) Short column c) Oblique slip

Displacement Transducers (LVDTs - V1, V2, V3), which
were mounted on circular steel collars and placed along the
specimen. These three LVDTs were also located at 120°
apart and coincident with the position of the strain gauges.
Fig. 4 show the test setup and instrumentations. All
specimens were tested under uniaxial compression using a
6300 kN capacity computer-controlled  universal
compression testing machine. The loading rate for each
specimen was set as 0.01 mm/s up to the ultimate load. This
process was observed to be continued well beyond the
ultimate load. When the performance of post-peak branch
was fully captured at the axial displacements of LVDTSs of
about 15 mm, the displacement rate was changed to 0.05
mm/s. The testing was finished when the axial
displacements of LVDTSs reached a value of 20 mm. The
duration of loading for each specimen ranged between 25
and 30 minutes.

3. Results and observations of experiment
3.1 Failure modes

In contradiction to the brittle behavior of unconfined
UHPC cylinders in compression test there was no loud
cracking/crushing noise emanating from the UHPC core
around the ultimate load for all columns. All columns
demonstrated a shear failure. When the load reached the
ultimate load, oblique slip lines appeared on the outer walls
of the steel tube and subsequently expanded along the
height of the steel tube, as shown in Fig. 5(c). After testing,
two outward bulges were observed at two opposite sides of
the columns, as shown in Figs. 5(a)-(b). These bulges and
oblique slip lines were produced by the shear failure plane
of UHPC core and the restraint of the steel tube to restrict
this shear failure plane. The shear failure in this study
seems to be consistent with that of some previous studies on
steel tube confined HSC or UHPC columns conducted by
Xiong et al. (2017), De Oliveira et al. (2010), Johansson
and Gylltoft (2001), and Schneider (2006).

3.2 Axial load versus axial strain curves

The measured axial load versus axial strain (L-S) curves
of all specimens are illustrated in Fig. 6. The axial
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displacement of specimens in each loading interval was
calculated by subtracting the summation of elastic
displacements of two steel blocks from the average
displacement recorded by three LVDTSs. Subsequently, the
axial strain of specimens was calculated from this axial
displacement divided by the overall length of the concrete
core (Lc).

It is evident from Fig. 6 that all specimens experienced
an almost linear ascending part and a short elasto-plastic
stage before the ultimate load, then followed by a decrease
of load capacity until reaching a relatively stable residual
strength (or a second peak load), at which a slight recovery
stage of the strength or a or a virtually horizontal branch
developed. Previous studies indicated that the shear failure
is associated with a softening branch in L-S curves
(Johansson 2002). The softening branch right after the
ultimate load is marked by a drop of load from the ultimate
load (N,) to the second peak load (Nrs), this is caused by
the brittle nature of UHPC. Beyond this sudden drop of
load, a larger expansion of the UHPC core leads to a contact
with the outer steel tube. Therefore, in the post-peak stage,
a significant confinement provided by the steel tube
effectively prevents the shear failure of the concrete core,
thereby improving the ductility. The larger confining stress
and the hardening effect of steel tube in tension compensate
the strength degradation of concrete, thus leading to a
strength recovery.

Fig. 6 also shows the effect of column length on the L-S
curves. As expected, the short columns (with L=600 mm)
generally exhibited a more ductile behavior in the post-peak
stage and a smaller magnitude of strength loss after the
ultimate load as compared to the intermediate columns
(with L=1000 mm). It is interesting to explore in Fig. 6 that
beyond the ultimate load, the columns with the smallest
steel thickness of 5.0 mm performed a horizontal branch,
while the remaining columns with larger steel thickness of
6.3 mm and 8.8 mm showed a descending branch. This is
likely explained by the fact that the steel tube with thickness
of 5.0 mm had a highest tensile strength and its stress-strain
curve showed a strain hardening stage right after the yield
strength, while the steel tube with thickness of 6.3 mm and
8.8 mm showed a plateau branch. Moreover, the shape of
stress versus strain curves of steel coupons with thickness
of 5.0 mm was found to adapt with high strength steel,
whereas the shape of two remaining steel coupons with
thicknesses of 6.3 and 8.8 mm was preferable to mild steels.
This exploration implies that high strength steel should be
used for this type of columns in order to obtain more
significant increase in the ductility of columns. This
inference is in line with that of previous studies by (Xiong
et al. 2017). However, due to a limited amount of tests in
this study with considering various steel yield strength, this
finding should be experimentally or numerically checked
further.

The longitudinal and hoop strains in the steel tube were
recorded at the mid-height by the uni-axial strain gauges
placed at the outer surface of the steel tube. At the mid-
height section, there were three strain gages measuring the
hoop strains and three strain gages measuring the
longitudinal strains. To investigate the stress state of steel
tube at the mid-height section, these average values of
strains were converted into average values of stress by
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Fig. 6 L-S curves of test specimens

using the elastic-plastic analysis method proposed by Zhang
et al. (2005). Fig. 7 shows the load versus stress curves of
the steel tube at the mid-height. As depicted in Fig. 7, in the
elastic stage of load versus axial strain response of the
columns, the longitudinal and hoop stresses increased
linearly at the initial loading stage. When the axial load was
close to the ultimate load of unconfined concrete (fc), the
longitudinal and hoop stresses showed nonlinearity and
increased rapidly. It could be observed that although noload
was applied on the steel tube directly, the longitudinal stress
at the mid-height section increased quickly due to the
bonding resistance between the concrete core and the steel
tube. the hoop stress maintained at an extremely low level
up to the ultimate load. Although the hoop stress beyond the
ultimate load were not performed herein, it is believed that
the values of hoop stress at the mid-height of the steel tube
would significantly increase and exceed the yield stress of
steel in the post-peak stage of load versus axial strain
response of the columns.

3.3 Effect of steel tube

Fig. 8 depicts the effect of steel thickness on the L-S
curves. The applied loads (N) were normalized with respect
to the nominal cross-sectional capacity of the concrete core
(Acfo). In order to investigate the effect of steel thickness on
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L-S curves, the normalized confined loads N/(Acfc) were
plotted against the axial strains for each group of short and
intermediate columns.

In general, there is no noticeable increase in the initial
stiffness as steel thickness increases from 5.0 mm to 8.8
mm. As expected, the columns with a largest steel thickness
of t = 8.8 mm (or a highest confinement index ¢&) exhibited
the most significant increase in the normalized peak
strength. As compared to the unconfined concrete strength,
the confined strengths of these columns were significantly
increased by 65%, 22% and 20% in the case of the short
columns with steel thicknesses of t = 8.8, 6.3 and 5.0,
respectively, and also increased by 54%, 27% and 12% in
the case of the intermediate columns with steel thicknesses
of t = 8.8, 6.3 and 5.0, respectively. When steel thickness
increased from 5.0 mm to 6.3 mm, there was almost no
increase in the normalized peak strength. This may be due
to that the confinement index & of the columns having steel
thickness of t = 5.0 mm is quite close to that of the columns
having steel thickness of t = 6.3 mm.
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Fig. 8 Effect of steel tube thickness on L-S curves

In addition to the beneficial effect of higher steel thickness
(or higher confinement index ¢) on the strength
enhancement and the elasto-plastic stage within the pre-
peak stage of L-S curves, the use of larger steel thickness
was found to decrease the slope of the descending branch.
Besides, it is worth noting that all the columns with ¢ = 8.8
mm presented a more pronounced strength recovery in the
L-S curves. The recovery stage is attributed to the effect of
strain hardening of steel tube and the stronger confinement
effect induced by higher steel thickness. Despite of having
an almost identical confinement index to the columns with ¢
= 6.3 mm, the columns with # = 5.0 mm displayed a better
post-peak behavior than that in the columns with ¢ = 6.3
mm. This can be explained by the fact that the yield
strength of the steel tube with # = 5.0 mm at the value 445.9
MPa is much higher than that of the steel tube with ¢ = 6.3
mm at the value 373.4 MPa.

To quantify the effect of steel thickness on the strength
and the ductility of columns, the values of strength
enhancement ratio SR and ductility index DI were plotted
against the ratios of D/t for three short and three
intermediate columns. The strength enhancement ratio (SR)
introduced by Han et al. (2005) provides a quantitative
measure of the strength enhancement arising from the
composite action in STCC columns:

Nu
Ac'fc

where N, is the ultimate load obtained from the
experimental test, 4. is the cross-sectional area of the
concrete core, and f; is the concrete cylinder strength.

The ductility of the specimens is assessed by means of
the ductility index DI (Han et al. 2005, An and Fehling
2017b)

SR =

(1)
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Table 4 Test results of N, N5, DI and SR

Specimens & Nu(kN)  Nes(kN) DI SR
SF0-t5.0-L600  0.34 364594  3193.85 234 1.20
SF0-t6.3-L600  0.36 3692.81  3165.12 256 1.22
SF0-t8.8-L600  0.61 4200.84  3570.71 1.88 1.65
SF0-t5.0-L1000 0.34 3383.35 296226 3.09 1.12
SFO0-t6.3-L1000  0.36 3861.14  2570.15 1.05 1.27
SF0-t8.8-L1000 0.61 3919.86  3331.88 1.21 1.54
£85%
DI = . )

u

in which & gs¢; 1s the axial strain when the load decreased to
85% of the ultimate load, and ¢, is equal to the axial strain
at the ultimate load.

The confinement index ¢ was used to reflect the
combined effect of f, f,, D/t:
f.
§= fy—AS &)
c’ Ab
Three types of steel thicknesses t = 5.0 mm, 6.3 mm and
8.8 mm corresponds to D/t ratios of 30.48, 24.19 and 17.32,
respectively. An increase in steel tube thickness also
corresponds to a decrease in the ratio of D/t and an increase
in the confinement index. Fig. 9 shows the effect of D/t
ratios on SR and DI, while Table 4 presents the results of
Nu, Nres, DI and SR for all columns. As reported in Table 4
and Fig. 9, for all columns, there was no noticeable increase
in SR when the steel thickness increases from 5.0 mm to 6.3
mm, this can be attributed to the almost identical
confinement indices of these two types of steel thickness.
However, when increasing steel thickness from 5.0 mm to
8.8 mm, SR was increased by 45% for the short columns,
while SR was increased by 42% for the intermediate
columns. Therefore, the strength enhancement is increased
with increasing the steel thickness. The ductility index DI is
mainly dependent on the level of confinement effect. It can
be seen that the influence of D/t ratio on DI was irregular;
this accords with a large variation in the post-peak region of
L-S curves as changing steel thickness. For instance, when
steel thickness decreased from 8.8 mm to 5.0 mm, DI
values tended to increase. The significant improvement in
the ductility of the post-peak response of the columns with
the use a smallest steel thickness (t = 5.0 mm) as observed
above implies that in addition to the impact of the steel
thickness, the post-peak softening rate is also affected by
the increase in the yield strength of the steel tube. Within
this study, no effort to comprehensively examine the effect
of the yield strength of the steel tube was made due to the
limited test specimens.

4. Load contribution of the steel tube and the
concrete core to the total load

The longitudinal and hoop stress distribution along
the height of circular STCC columns were numerically
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investigated by Yu et al (2010), Haghinejad and
Nematzadeh (2016), and Gupta et al. (2014). These authors
pointed out that the distribution of the longitudinal and
hoop stress is non-uniform, thus leading to the non-uniform
distribution of the confinement stress throughout the length
of the columns. Gupta et al. (2014) supposed that the
confinement induced by the steel tube is almost uniform
along the periphery of the steel tube. It was found in these
studies that at the columns ends, the longitudinal stress of
the steel tube is zero, whereas the hoop stress is relatively
high. In contrast, the numerical results of Yu ef al. (2010)
revealed that, the longitudinal stress tends to increases and
the hoop stress gradually decreases from the column ends
toward the column mid-height. Similar to Yu et al. (2010),
Haghinejad and Nematzadeh (2016) stated that at the
column mid-height, the confining stress due to the
development of the hoop strain is smallest, while the
longitudinal stress is maximum. Observing the increasing
rate of strains on the outer steel tube in the circular STCC
columns, Han et al. (2008) reported that the increase of the
hoop strain values at the top of the columns is quicker than
that in the middle of the columns, but the increase of
longitudinal strain values in the middle of the columns
tends to be faster than that at the top of the columns. To
investigate the stress state of the steel tube along the length
of the columns, Schneider (2006) used the strain gauges
attached to the steel tube at three levels (1, 2 and 3) to
monitor the steel strains at three areas as shown in Fig. 10.
From the experimental results, the author also reached a
conclusion that the hoop stress of the steel tube is highest at
the position near the column ends (level 1) and the
longitudinal stress of the steel tube is highest at the column
mid-height (level 2). Accordingly, the calculated confining
stress at the level 1 were higher than those at the other
levels. This can be due to the effects of the friction between
the loading steel blocks and the concrete core at the
columns ends, which can greatly exaggerate the additional
confining stress and thus resulting in very high compressive
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Fig. 10 Schematic of stress distribution in circular STCC columns (Reproduced from Schneider 2006)

stress for the concrete core in these areas (Gupta et al.
2014).

To investigate the stress state of steel tube at the mid-
height section, the average values of strains recorded by
strain gauges were converted into average values of stresses
by using the elastic-plastic analysis method proposed by
Zhang et al. (2005). From the discussion above, in each step
of loading, the average value of longitudinal stress at the
mid-height of the columns can represent the maximum
stress of the steel tube along the length of the columns. On
the other hand, the average hoop stress at the mid-height
cannot be adopted to calculate the confining stress because
its value may be smaller than the hoop stress values in the
other positions as explained above.

As is also mentioned above, the ascending branch up to
the ultimate load were mainly associated with the
development of the longitudinal stress in the steel tube and
the concrete core, whereas the effect from the hoop stress in
the steel tube can be negligible owing to its extremely small
portion as compared to the longitudinal stress. Therefore,
the load carried by the steel tube before the ultimate load
(Ns) can be computed by multiplying the longitudinal stress
of the steel tube (ov) at the mid-height and the area of steel
cross section (As):

N =0, A “4)

Although the load applied on the concrete core only, the
load is partially transferred from the concrete core to the
steel tube due to the existence of the bonding resistance.
Hence, the total load applied on the composite column (N)
in each loading step before the ultimate load is calculated
as:

N:Ns+Nc (5)

in which, N, and M. is the loads carried by the steel tube and
the concrete core, respectively, in the loading process.

The longitudinal stress in the concrete core o is derived
from the load carried by the concrete core N.:

Oc = (6)

To quantify the load contribution of the steel tube and
the concrete core to the total load at each loading step, the
portion of the total load N shared by the load carried in the
steel tube Ns is depicted in Fig. 11. Accordingly, Fig. 11
shows the relation between the normalized axial load N/N,

Table 5 The values of Nyand N,

N5 (kN) NyN Nc (kN)
(at the (in the (at the Occ

Specimens ultimate ascending ultimate (MPa) ol
load Ni)  branch)  load M)
STOUSS 155782 016037 264226 18524 104
85?3368_ 1187.12 0.25-0.30 250569 175.66 0.98
STOUOS 85013 017023 278681 18164 0.92
S{?3863_ 991.00  0.22-0.26 2928.86 190.90  0.96
SFLO6't05O~0‘ 605.65 0.080.17 325549 20452 1.07
SO 4448 011006 283887 17834 0.94

and the steel load to the total load ratio Ns/N. Furthermore,
the values of Ns and N at the ultimate load, and the ranges
of the ratio Ng/N in the ascending branch of —S curves were
also given in Table 5.

It is revealed from Fig. 11 that the steel tube generally
maintained the same portion of the total load throughout the
elastic stage of the load-axial strain response of the
columns. For most of the columns, the load shared by the
steel tube performed a slight increase in the elasto-plastic
stage of L-S curves of the columns. Due to the natural
roughness of the surface between the concrete core and the
steel tube, the bonding resistance may be varied from the
column to the column, thereby causing a variation of the
steel load to the total load ratio Ns/N during the loading
steep and at the ultimate load when compared among tested
columns. The load contribution of steel tube is dependent
on the bonding resistance between two materials. According
to many previous studies (Johansson and Gylltoft 2002; Liu
et al. 2016), the contribution of the steel tube to the total
load increases with increasing the value of bonding
resistance. This implies that the value of bonding resistance
between the UHPC core and the steel tube should be further
checked by the push-out tests.

Bold words refer Ng/N at the ultimate load N,; Italic
words denote the average value of Ns/N in the elastic stage
Fig. 11 shows that the intermediate columns had the ratio
Ns/N considerably higher than the short columns, this is due
to the larger bonding resistance induced by the higher
length of the contact surface between the concrete core and
the steel tube in the intermediate columns. Comparing
among three steel tube thicknesses of 8.8 mm, 6.3 mm and
5.0 mm, it is demonstrated from Fig. 11 and Table 5 that
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load

there is an increasing tendency in the values of Ns/N with
increasing the steel tube thickness. Therefore, the
contribution of steel tube to the total load is higher with
larger steel tube thickness. This inference is also true when
using higher confinement index &

As seen in Table 5, the confined stress in the UHPC
core is quite close to the unconfined compressive strength
with the ratio oc/fc ranged between 0.92 and 1.04. This
observation indicates that the increase in the compressive
strength of UHPC core due to the confinement effect is
minor. When reaching the unconfined compressive strength,
UHPC core was crushed before steel tube yielded.
Therefore, no significant confinement effect can be
developed in the pre-peak stage of L-S curves. The
confinement effect mainly affects to the behavior of
columns in the post-peak stage of L-S curves. Also, the
loading capacity of all STCC columns in this study is lower
or slighly higher than the sum of the sectional capacity of
the steel tube and UHPC core. This finding is in line with
the studies conducted by Liew and Xiong (2012) and Xiong
etal. (2017).

5. Comparison between FEM and test results
5.1 Finite element model details

5.5.1 Concrete core

By the steel tube surrounding the concrete core and
providing peripheral stress, the concrete core undergoes tri-
axial stresses and its compressive strength as well as its
ductility enhances significantly. The concrete core being
under a state of tri-axial stresses has different behavior
throughout the loading. In order to correctly simulate the
response of the concrete filled steel tubular columns, the tri-
axial response of the concrete has to be modeled. One way
to do it is by using the Damage Plasticity model available in
the commercial code ABAQUS. This model can be utilized
by inputting the following three parameters:

e The dilation angle of concrete .

e The ratio of the second stress invariant on the tensile
meridian to that on the compressive meridian K.

e The ratio of the compressive strength under biaxial
loading to uniaxial compressive strength (f3.//c)

e The value of i can be calculated based on the work
done by Tao et al. (2013):

el

Compressive stress

>

-—-=XO

Compressive strain & /50

Fig. 12 Concrete stress-strain curve

56.3-(1—&)foré <0.5
W= 7.4

4.64+ (7)
6.672-e%%4< for£ > 0.5

where, ¢ is the confinement factor and can be calculated as
in Eq. (3)

The value of K. can be found based on the equation
developed by Tao et al. (2013) and Yu et al. (2010)

55
K. =
° T 52| fco.o75) (3

The value of (fyo/fc) can be determined according to the
equation proposed by Papanikolaou et al. (2007):

f -
b _15. 70075 ©)
fC

The stress-strain curve proposed by Binici (2005) and
modified by Al-Ani (2017) is adopted and illustrated in Fig.
12:

It has been assumed in this study that the concrete will
reserve a linear behavior following the modulus of elasticity
relationship from the beginning of the loading phase until
the concrete reaches 30% of its compressive strength.
Afterwards, the concrete stress from point A to point B
follows the next equation which proposed by Binici (2005):

r.( E—¢, j

Enng — €,

o= for(f- )2 )
r—1+( € j

Eeo ~ e

where, f. is the elastic concrete compressive strength, 7 is a
constant, ¢ is the concrete strain and is bounded between &,
and &, €0 1S the unconfined compressive strain of concrete
and & is the confined concrete compressive strain. &, can
be calculated based on the work done in Al-Ani (2017) and
Tasdemir (1998)

. 30.02058- f 882933, 1160.756
« 895673.2

As suggested by Al-Ani (2017), it has been assumed
that concrete will reserve the same stress from reaching the

(11)
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Fig. 13 Steel tube stress-strain curve

ultimate compressive strength at e, until it reaches its
confined strain e, which can be determined by following
the equation proposed in Attard and Setunge (2012) and
modified in Al-Ani (2017):

E 080358
fec B
s =1.03549+(13.88456-0.751- fC)(f_cJ (12)

where Fp is the confining stress provided to the concrete
core by its surrounding steel tube, and can be calculated
using the equation proposed by Tao et al. (2013):

i ((1+0.027-fy)exp(—0.02~?D

B~ f 4.8
Tt

The last part of the concrete’s stress-strain curve can be
calculated by following the equation proposed by Binici

(2005):
E— & £
o=f +(f. - f,)- EXP{—[—“J J (10)

o

(13)

5.1.2 Steel tube

The multilinear stress-strain curve of the steel material
given in Fig. 13 which has been used in Al-Ani (2017) to
simulate the response of the steel tube when surrounding
concrete with strength ranged from 32 MPa to 102 MPa is
adopted in this paper to simulate its response when infilled
with concrete of strengths ranging from 178.9 MPa to 198
MPa.

Steel’s modulus of elasticity Es is assumed to be 200
GPa. &n stands for the strain at the beginning of the
hardening portion of the steel tube, and can be determined
by the equation proposed in Al-Ani (2017):

~7-f,+7100
/. (f, <800MPa)
fn=1 500

(14)
3.5,(f, >800MPa)
e stands for the point that the steel tube reaches its ultimate
yield strength, and can be determined also by the work done
in Al-Ani (2017):

A
Critical

shear stress I

Slipping

Shear stress

Penalty algorithm

>
- —
0.005 Slip length

Fig. 14 The Coulomb friction model combined with the
penalty algorithm

Load application

Concrete core

Steel tube

Only the concrete |
was restrained \
against all degrees
of freedom except

Fig. 15 Details of the FE model

f—f,
“h2 =0 012-E, (15

The ultimate yield strength can be determined based on
the equation suggested in Tao et al. (2013):

when 200 < ,<400: f, =1.6-2-103(f,~200)- f,  (16)
when 400 < f, <800: f, =12-3.75.104(f, ~400)- f, (17)

5.1.3 Interaction between the steel tube and the
concrete core

A hard contact is employed to simulate the interaction
behavior between concrete and steel along with the penalty
algorithm method to control the contact clearance and
contact pressure. Consequently, Coulomb friction model
used to simulate the interaction in the tangential direction.
A representation sketch of the Coulomb friction model
combined with the penalty algorithm can be seen in Fig. 14
More details of the employed model can be found in Tao et
al. (2013) and Al-Ani (2017).

5.1.4 Boundary conditions, load application, and
mesh details

To make sure that the simulation duplicates the tests, the
bottom end of the concrete core was fixed against all
degrees of freedom. While, the upper end of the concrete
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Fig. 16 Load-shortening curves of the current FE model and experimental results for the selected specimens

core was fixed against all degrees of freedom except the one
in the axial direction. The load was made by applying
displacement on the upper end of the specimen. It should be
noted here that only the concrete core was loaded in this
study as this was the method followed in the tests. It is also
worth to mention here that the same FEM has been used
and verified before in Al-Ani (2017) for strengths ranged
from 23 MPa to 102 MPa. This study investigates its
performance when UHPC with strengths ranging from
178.9 MPa to 198.0 MPa are used. Fig. 15 depicts the
simulated specimen.

5.2 Results and discussion

As mentioned before, the FEM was used to verify when
the concrete compressive strength ranging from 23 MPa to
102 MPa (Al-Ani 2017). In this study, 6 specimens of
UHPC without steel fibers with compressive strength
ranging between 178.9 MPa to 198 MPa were analyzed in
order to check the performance of the FEM against
experimental results.

As can be seen from Fig. 16, there is, in general, a good
agreement between the FEM and the test results of the short
specimens with steel tube length equal to 600 mm in terms
of ultimate load and post-peak behavior. On the other hand,

it has been noticed that the current FEM overestimates the
ultimate load and fails to accurately simulate the post-peak
behavior of the intermediate specimens with steel tube
length equal to 2000 mm. The failure noticed from the tests
with sudden reduction in the columns load bearing after
reaching its maximum. However, the simulation of the first
intermediate column SF0-t8.8-L1000 showed acceptable
performance in terms to both the ultimate load and the post-
peak behavior. Main reasons behind this phenomenon might
be explained as there is a higher influence from the
parameter L/D and the length of the specimen when
associated with UHPC. It is expected that the parameter
(foo/fc) adopted in this paper does not encounter the
influence from the columns local buckling when UHPC is
used in this type of columns. Therefore, it is suggested that
more modification is required to address these limitations
by investigating the influence of the column’s length on the
ratio (foo/fc) .

In order to understand the interaction and the contact
behavior between the two components, the concrete core
and the steel tube, the contact-related results are illustrated
in Fig. 17. This is done by comparing the confining
pressure, shear stress, and the slip length of the different
contacted elements located between the concrete and the
steel elements. The confining pressures at different lengths
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Fig. 18 The shear stress along the simulated specimens.

were collected at the ultimate load. As seen in Fig. 17,
although the lateral deformation of the concrete core at the
two ends of STCC columns is prevented and smaller than
lateral deformations at different height. The confining
pressures were observed to be larger than 10 MPa at the
ultimate load. The effect of stress concentration due to end
conditions causes a significant pressure on the concrete
core. As compared to short CFST columns, Yu et al. (2010)
stated that the confining stress of short STCC columns is
generally higher. Fig. 17 depicts the recorded confining
pressure along the longitudinal direction of the specimen.
As can be seen from Fig. 17(a), with the short specimens
with steel thickness t = 8.8 mm, the confining pressure
recorded its highest value somewhere at 15 - 20% of the
specimen’s length from both ends. The center of the
specimen recorded almost 9 MPa lower confining pressure
than the highest values near the ends. This might be
explained as this specimen has the highest steel content in
its cross-section, 21.76%. Meanwhile, the other two short
specimens having t = 6.3 mm and 5.0 mm with steel
contents equal to 15.85% and 12.69%, respectively,
recorded a confining pressure at the middle portion of the
specimens almost as high as the recorded confining pressure
near the two ends. Fig. 17(b) showed a different behavior.
The confining pressure recorded lower value in the
intermediate columns when comparing to the short
columns. Moreover, it is noticeable that the pattern of the
confining pressure curves is more steep in the intermediate
columns. The locations of the maximum confining pressure
were closer to the ends than the first group, about 10%

from both ends. Also, all specimens recorded almost as high
confining pressure at the middle portion as near the ends.
Which means the influence of the steel content is reduced
when increasing the length.

Fig. 18 demonstrates the shear stresses of the contacted
steel and concrete elements along the simulated columns.
Fig. 18(a) shows the shear stresses of the short specimens
while Fig. 18(b) shows the shear stresses of the intermediate
specimens. As can be seen, the maximum values of the
shear stresses are located exactly at the same elements
which recorded the maximum confining pressure near the
ends. The middle portion, 40% - 60% of the specimen’s
length, recorded zero shear stresses and was the point where
the direction of the shear stress changes to the opposite
direction. It has observed that the shear stress’s value
increases when increasing the steel content. The specimens
with t = 8.8 mm and 6.3 mm registered the highest value at
exactly the same element which registered the highest
confining pressure near the ends. The specimens with t =5
mm recorded different pattern than the first two specimens
but also indicated a connection to the confining pressure.
Overall, the intermediate columns recorded lower shear
stress value than the short columns.

Figs. 19(a)-(b) show the slip length of the steel tube and
the concrete core contacted elements along the length of the
short and the intermediate columns. It can be seen by
examining the short columns that the maximum slip length
happened at the end of the specimens. While the zero slip
happened somewhere between 37% - 63 % of the column’s
length. Negative values of slip length mean movements in
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Fig. 21 Influence of friction coefficient on shear stress and slip length

the opposite direction. There were not many different
observations made in the intermediate columns. The only
odd observation was that the intermediate columns resulted
in a lower slip length value than that in the short columns.
More simulations have been run to investigate the
influence of changing the coefficient of friction on the load-
shortening curve, the confining pressure, the shear stress,
and the slip length. The first specimen has been selected for
this investigation with four different values of friction
coefficient, 0, 0.2, 0.4, and 0.6, respectively. The reason
behind choosing this specimen is basically because this
specimen exhibited the most agreed simulation results to the
experimental results. Fig. 20(a) illustrates a comparison
between the load-shortening curve of the test results with

the load-shortening curve calculated numerically by the
FEM approach. As can be seen, decreasing the friction
coefficient results in increase in the ultimate load and a
more ductile performance added to the post-peak portion of
the load-shortening curve. However, the specimen with zero
friction coefficient exhibited a lower value of ultimate load,
yet a more ductile post-peak of the load-shortening curve.
Among all these curves, the curve with friction coefficient
equal to 0.6 was the most agreed load-shortening curve to
the experimental results when it comes to both the ultimate
load and the post-peak behavior.

Fig. 20(b) shows that the confining pressure of
simulated specimen. It shows that the friction coefficient
has a significant role on the confining pressure. It indicates
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that the decrease in the friction coefficient increases the
confining pressure significantly.

Figs. 21(a)-(b) illustrate the influence of changing the
friction coefficient on the shear stress and the slip length,v
respectively. It can be noticed from Fig. 21(a) that the value
of the shear stress increases while increasing the friction
coefficient from 0.2 to 0.6. When friction coefficient is
zero, the shear stress also becomes zero along the height of
the specimen. Fig. 21(b) shows the slip length along the
height of the specimen. As can be seen, the value of the slip
length increases when decreasing the friction coefficient.
This is also consistent with the scientific sense, where in
zero friction coefficient contacted specimens, a major
movement can take a place. As in the comparison with the
test data, the maximum slip length was recorded at the ends
of the specimens.

6. Conclusions

This study is expected to enrich the existing test
database of STCC columns and to supplement information
about the confinement behavior of UHPC. On the basis of
the experimental results, some conclusions can be drawn as
follows:

e The compressive failure in all specimens occurred as
a result of shear plane failure of the UHPC core, thus
causing a softening branch in L-S curves beyond the
ultimate load.

e Loading on only the UHPC core can lead to an
enhancement in strength and ductility, and restrict the
brittleness of unconfined UHPC.

e Within the tests in this study, confined strength
reached 120%-165% and 112%-154% of unconfined
strength for short and intermediate columns, respectively.
Moreover, a prominent ductility with a large axial strain and
a strength recovery in the post-peak stage was observed for
all columns.

e An increase in steel tube thickness (or confinement
index) results in an increase in the strength and ductility
enhancement and a decrease in the slope of the descending
branch of L-S curves. Besides, steel tube with higher yield
strength can significantly improve the post-peak behavior.

e The contribution of steel tube to the total load is
higher with larger steel tube thickness or higher
confinement index.

e The confined strength of the columns is induced by
the load contribution of the steel tube. The confinement
effect significantly enhances the ductility of columns in the
post-peak stage of L-S curves.

e The results of the simulation show a good agreement
to the experimental results of the current FEM in both
ultimate load and post-peak behavior of the short columns.
However, limitations have encountered in both respects,
ultimate load and post-peak behavior, when the
intermediate columns are utilized. The main reason of this
limitation can be attributed to the unexpected increased
influence received from the length of the columns, in
particular L/D, on the capacity of these columns.

. More research is required to deal with this

shortcoming and it is suggested that the method of
calculating the parameter fi/fc should be revised to
encounter this special type of concrete.

e The results of the simulation suggest that increasing
the friction coefficient leads to a decrease in the ultimate
load and the confining pressure.
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