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Abstract. A nonlinear finite element model (FEM) using ATENA-3D software to simulate the axially compressive behavior
of circular steel tube confined concrete (CSTCC) columns infilled with ultra high performance concrete (UHPC) was presented
in this paper. Some modifications to the material type “CC3DNonlinCementitious2User” of UHPC without and with the
incorporation of steel fibers (UHPFRC) in compression and tension were adopted in FEM. The predictions of utimate strength
and axial load versus axial strain curves obtained from FEM were in a good agreement with the test results of eighteen tested
columns. Based on the results of FEM, the load distribution on the steel tube and the concrete core was derived for each
modeled column. Furthermore, the effect of bonding between the steel tube and the concrete core was clarified by the change
of friction coefficient in the material type “CC3DInterface” in FEM. The numerical results revealed that the increase in the
friction coefficient leads to a greater contribution from the steel tube, a decrease in the ultimate load and an increase in the
magnitude of the loss of load capacity. By comparing the results of FEM with experimental results, the appropriate friction
coefficient between the steel tube and the concrete core was defined as 0.3 to 0.6. In addition to the numerical evaluation,
eighteen analytical models for confined concrete in the literature were used to predict the peak confined strength to assess their
suitability. To cope with CSTCC stub and intermediate columns, the equations for estimating the lateral confining stress and
the equations for considering the slenderness in the selected models were proposed. It was found that all selected models except
for EC2 (2004) gave a very good prediction. Among them, the model of Bing et al. (2001) was the best predictor.
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1. Introduction than those using CFST columns (Liu et al. 2009). Among

the common cross section shapes introduced in the literature

Steel tube confined concrete (STCC) columns is a (i.e., square, rectangular, circular, elliptic and octagonal

special type of concrete filled steel tube (CFST) columns
where only the concrete core only is loaded (Aboutaha and
Machado 1998, An and Fehling 2016a, Yu et al. 2010, Han
et al. 2005). In STCC columns, the steel tube mainly works
to provide the confining stress to the concrete core and
carries less load, thereby generating much more effective
confinement (Han et al. 2005, An and Fehing 2017a, b).
Accordingly, STCC columns exhibit higher strength and
better ductility as compared to the conventional CFST
columns with the same dimensions. Previous studies
recommended that STCC columns should be used instead of
the conventional CFST columns when the columns strength
and ductility are considered as the most important design
factors (Aboutaha and Machado 1998, Yu et al. 2010, Han
et al. 2005, 2008). Furthermore, the construction of the
beam-column joint using STCC columns is easier and faster
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shapes), circular section is found to be the most optimum
and to provide the best confinement effect (An and Fehling
2017c, Han et al. 2014). A large number of existing
experimental studies on the compressive behavior of
circular STCC (CSTCC) columns have been recently
reported in a review study by An and Fehling (2017b). The
majority of previous tests focused on CSTCC columns with
the employment of normal strength concrete (NSC) or high
strength concrete (HSC) having compressive strength of
concrete cylinder smaller than 120 MPa (e.g., Tomii et al.
1985, Sakino et al. 1985, Orito et al. 1987, O’Shea and
Bridge 1994, 2000, Johansson 2002, Johansson and Gylltoft
2002, Fam et al. 2004, Han et al. 2005, 2008, Liu et al.
2009, De Oliveira et al. 2010, Yu et al. 2010, Huang et al.
2012), while experimental studies concerning with ultra
high performance concrete (UHPC) or ultra high strength
concrete (UHSC) having compressive strength of concrete
cylinder higher than 120 MPa remain extremely limited.
Only two series of tests on this column type using UHPC
and UHSC were conducted and reported by the research
group led by Professor Tue (Tue et al. 2004a, b, Schneider
2006) and another group led by Professor Liew (Liew and
Xiong 2010, 2012, 2014, Xiong 2012, Xiong et al. 2017),
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respectively.

It is now widely accepted that UHPC is a material that
provides better mechanical properties than NSC and HSC,
thus making it an attractive alternative to NSC and HSC in
construction (An and Fehling 20173, b, Fehling et al. 2014,
Liew and Xiong 2010, Graybeal 2005). It is widely
accepted that NSC has concrete strength of cylinder smaller
than 60 MPa, while HSC is defined as concrete with
concrete strength of cylinder varying between 60 MPa and
90 MPa (Liew and Xiong 2015). Accordingly, ultra high
strength concrete (UHSC) has concrete strength of cylinder
higher than 90 MPa. This concrete classification is adopted
in this study. In addition to the superior mechanical
properties such as compressive strength higher than 120
MPa, elastic modulus ranging between 45-60 MPa, usable
tensile strength, and enhanced durability, UHPC poses high
self-compacting characteristics (An and Fehling 2017d,
Graybeal 2005, Ismail et al. 2016, Schmidt and Fehling
2005). Therefore, the use of UHPC in CFST or STCC
columns results in not only a reduction in member size but
also a greater convenience for casting concrete without any
additional vibrations. As also indicated in the studies by An
and Fehling (2017a, b), CSTCC column is the best choice to
eliminate the inherent brittle nature of UHPC which
normally associated with very high compressive strength.
Moreover, steel fibers reinforced UHPC (UHPFRC) is also
an optional solution to enhance the strength and ductility of
unconfined UHPC (An and Fehling 2017d). Therefore, the
potential benefits of confining UHPC or UHPFRC columns
with circular steel tube should be further investigated.

To support the experimental works, some analytical and
numerical studies on CSTCC columns have been
undertaken. Johansson (2002) carried out a three-
dimensional nonlinear finite element model (FEM) to
address the influences of bond strength and confinement on
the mechanical behavior and the increased compressive
strength of CSTCC stub and slender columns infilled with
NSC and HSC. Starossek et al. (2008) numerically
investigated the loading tranfer by natural bonding
resistance at mechanical shear connectors at the interface
between the steel tube and the concrete core for the CFST
columns using NSC subjected to loading on only the
concrete core. Likewise, Yu et al. (2010) established a FEM
with the assistance of ABAQUS software to investigate the
mechanism of STCC stub columns using NSC. Haghinejad
and Nematzdeh (2016) also performed a FEM in ABAQUS
software to carry out a parametric study of the effect of
column parameters on the compressive behavior of short
CSTCC columns using NSC. Normally, the bond strength is
simulated in FEM by using the friction coefficient as an
input parameter. Accordingly, Liu et al. (2016) investigated
the effect of friction in CSTCC stub columns using concrete
with compressive strength up to 80 MPa through a FEM
established in ABAQUS software. These authors found that
the friction coefficient smaller than 0.6 significantly affects
the stresses in the steel tube and the ultimate load of the
column. The formulae to precisely predict the hoop and
longitudinal stresses in the steel tube with taking into
account the friction were also proposed in Liu et al. (2016).
An and Fehling (2016b, 2017e) presented a FEM in

ATENA-3D software to verify the tested columns of
Schneider (2006) using UHPC, in which they insisted that
the steel tube thickness has a major influence on the
strength and ductility. A similar FEM accounting for a wide
range of concrete strengths (i.e., NSC, HSC and UHPC)
varying between 16 MPa and 200 MPa was introduced by
An and Fehling (2017f). Ding et al. (2017) addressed the
composite action in STCC stub columns using NSC through
the numerical and theoretical approaches. The friction
coefficient between the steel tube and core concrete could
be suitably determined by the values ranging between 0.4
and 0.6.

There were many analytical models for confined
concrete available in the literature. However, most of these
models were developed for the use of NSC and HSC and
not applicable to UHSC and UHPC. De Oliveira et al.
(2010) used the previous confined models of CFST columns
to predict the peak confined strength of their tests on
CSTCC columns with various slenderness and using
concrete up to 105.5 MPa. Recently, Liu et al. (2018) have
evaluated some existing confined models for predicting the
confined concrete strength of CSTCC stub columns using
thin steel tube. There has been relatively little attention paid
to the evaluation of confined models for higher concrete
strength. The availability of confined concrete models for
UHPC and UHPFRC in STCC columns is still questionable.
Therefore, there is a need to conduct more studies to assess
the confined concrete models in the case of UHPC and
UHPFRC.

Set against the background as mentioned above, this
study is aimed at providing numerical and analytical
evaluations of the confined strength in CSTCC columns
using UHPC and UHPFRC based on the actual test results.
A nonlinear FEM to simulate eighteen tested columns was
established in ATENA-3D software. In addition to the
material model for the steel tube, some modifications to
material type “CC3DNonlinCementitious2User” of UHPC
and UHPFRC in compression and tension were made in
FEM. In addition to the proposed model for the concrete
core in the compression, two different tensile stress-strain
models were proposed for UHPC and UHPFRC, based on
CEB-FIP Model Code 1990 and Kang and Kim (2011),
respectively. The ultimate strengths and the axial load
versus axial strain (L-S) curves of all modelled columns
obtained from FEM were compared with the test results.
Through the results of FEM, the influence of friction
coefficient was clarified. Furthermore, the range of friction
coefficient was also determined. Finally, a total of eighteen
confined concrete models were collected and utilized to
predict the peak confined strength of the tested columns.
The equation for estimating the lateral confining stress and
the equation for considering the slenderness of the columns
were proposed in these models. The applicability of the
selected models was identified.

2. Summary of tested columns

Tests on CSTCC columns made from UHPC and
UHPFRC were performed by An and Fehling (20179, h).
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Table 1 Dimensions and material properties of tested
columns

f, E Es Dxt L Nu  fee .
MPa) (GPa) (GPa) (mmxmm) (mm) (kN) (MPa) -

SF0-t50-L600 190.4 82 4459 46.19 197.9 152.4x5.0 3645.94 294.50 0.34

. Vi ft
Specimens %) fc (MPa) (MPa) (

SFO-t63-L600 0 198.0 7.7 373.4 46.94 201.4 152.4x6.3 3692.81 300.65 0.36

SF0-t88-L600 1789 7.1 392.6 48.37 197.7 152.4x8.8 4200.84 305.24 0.61
SF1-t50-L600 195.6 8.4 4459 48.69 197.9 152.4x5.0 3997.48 240.70 0.33
SF1-t63-L600 1 1955 8.2 373.4 47.88 201.4 152.4x6.3 600 3807.97 248.20 0.36
SF1-t88-L600 1955 7.3 3926 49.65 197.7 152.4x8.8 4288.54 262.87 0.56
SF2-t50-L600 1924 87 4459 4856 197.9 152.4x5.0 4224.02 229.04 0.34
SF2-t63-L600 2 187.8 9.4 373.4 4858 201.4 152.4x6.3 4033.01 251.13 0.37
SF2-t88-L600 188.2 85 3926 4.842 197.7 152.4x8.8 4354.06 265.36 0.58
SF0-t50-L1000 190.4 82 4459 46.18 197.9 152.4x5.0 3383.35212.55 0.34
SFO-t63-L1000 0  198.0 7.7 373.4 46.94 201.4 152.4x6.3 3861.14 233.95 0.33
SFO0-t88-L.1000 1789 7.1 392.6 48.37 197.7 152.4x8.8 3919.86 251.02 0.61
SF1-t50-L1000 195.6 8.4 4459 48.69 197.9 152.4x5.0 3724.06 251.67 0.33
SF1-t63-L1000 1 1955 8.2 373.4 47.88 201.4 152.4x6.3 1000 3535.31230.43 0.36
SF1-t88-L1000 1955 7.3 392.6 49.65 197.7 152.4x8.8 4178.66 233.65 0.56
SF2-t50-L1000 192.4 87 4459 4856 197.9 152.4x5.0 3995.71 274.80 0.34
SF2-t63-L1000 2 187.8 9.4 3734 48.58 201.4 152.4x6.3 3584.70 292.95 0.37

SF2-t88-L.1000 188.2 85 392.6 48.42 197.7 152.4x8.8 4099.79 287.42 0.58

The detailed information of eighteen tested specimens is
given in Table 1, where Vi is the volume of steel fibers (%),
fc is the unconfined compressive strength of concrete core,
fy is the yield strength of the steel, E. is the elastic modulus
of the concrete core, E;s is the elastic modulus of the steel
tube, D is the nominal outer diameter of the steel tube, t is
the nominal thickness of the steel tube, L is the length of the
steel tube, Ny is the ultimate load measured from the tests.
The basic mechanical properties of the steel tube were
determined by tensile coupon tests, while the compressive
strengths (fc) of the concrete core were determined from the
compression tests on the cylinders of 100 mmx200 mm.
Besides, the tensile strengths (f;) of the concrete core were
derived from the direct tension tests on the prisms of 40
mmx40 mmx160 mm. The tested specimens consisted of
nine short columns (L = 600 mm) and nine intermediate
columns (L = 1000 mm). According to AlJ (2001), the short
columns have the ratio of length-to-diamter (L/D) smaller
than 4, whereas the intermediate columns are defined as
L/D ranging from 4 to 12. The specimens were labeled such
that the volume of steel fibers, steel tube thickness and
length of the steel tube could be identified from the label.
For instance, the specimen “SF1-16.3-L600” was the
column constructed with 1% of steel fibers, nominal steel
tube thickness of 6.3 mm and steel tube height of 600 mm.
It is noted that the length of the concrete core was about 25
mm smaller than the length of the steel tube at each end (see
Fig. 1(a)). Plain UHPC (0% steel fibers) and UHPFRC
mixtures with steel fibers at 1% and 2% by volume were
cast to fill in 18 hollow steel tube columns. The specimens
after casting are depicted in Fig. 1(b). Two steel blocks
were produced to apply the concentric load on only the
concrete core. Fig. 1(c) described the test setup, and

25mm

Steel tube

Concrete
core

Bottom

stiff steel 1 25mm
block 65mm

(a) Schematic view of tested columns

~—~

Steel plate
to confine
sand layer

(c) Test setup

Fig. 1 Tested specimens and test setup (An and Fehling
2017 g, h, An et al. 2019a, b)

instrumentation, and typical failure mode of tested columns
after testing. The experimental ranges of tested parameters
for the composite columns were identified as follows:

» Compressive strength of UHPC and UHPFRC: f. =
178.9 MPa — 198 MPa.

« Steel tube grade: f, = 373.4 MPa — 445.9 MPa.

 Tube diameter to wall thickness ratio: D/t = 17.31 —
30.48.

* Column slenderness ratio: L¢/D = 3.94 — 6.56.

« Steel fiber volume: Vs =0, 1, and 2%.

« Confinement index &: £=0.33-0.61
where the confinement index & was defined as

s= (1)
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in which As and A are the cross-sectional area of the steel
section and the concrete section, respectively. L is the
length of the concrete core

The compressive behavior of the tested columns can be
briefly described as follows:

(1) The general compressive behavior including the load
versus strain curve, and the failure pattern of the short
columns was similar to that of the intermediate columns.

(2) The incorporation of steel fibers has insignificant
effect on the strength and ductility.

(3) The steel tube thickness has significant effect on the
strength and ductility.

(4) The strength and ductility were significantly
enhanced with increasing the confinement index &.

(5) When the ratio of L/D increased, the ultimate
strength was increased, while the ductility of the columns
was decreased.

3. Numerical assessment

To perform numerical simulations of eighteen tested
specimens, a nonlinear FEM was constructed using a
specialized software package, ATENA-3D. To facilitate the
investigation on the behavior of CSTCC columns, the
established FEM is able to simulate these columns in a
realistic way, such the nonlinear behavior of the steel tube
and the confined concrete, the bond between two materials
and the increase in the column strength due to the confining
effect were taken into consideration. Due to the symmetryy
of the circular specimens and the concentric load which is
applied in the same way at both ends of the columns, only
one fourth of each specimen as seen in Fig. 2 was modelled
to save time for the analysis progress.

3.1 Finite element type and mesh

The components of one modelled column including the
steel tube, the concrete core and the loading plates were
defined as individual bodies in order to simulate the bond
between them. It should be mentioned that the loading
plates were modelled as two stiff steel plates at each end
surface of the concrete core to ensure that the load is only
applied on the concrete section. Due to the limitation of the
element type in the library of ATENA-3D, only 3D Solid
Tetrahedral Elements which are designated by
“CClsoTetra” with reduced integration (4 nodes) were
chosen for modeling the steel tube, the concrete core and
the loading plates (Cervenka et al. 2013). The size of the
mesh was also chosen to reduce the time for computation
process and to provide the most accurate results. Moreover,
the use of large element sizes results in difficulty to ensure
the accuracy of the simulation, whereas small size element
sizes consume high amount of analysis time and the
convergence difficulty. For this reason, mesh sensitivity
analysis was conducted with several mesh sizes including
15, 20, 25, 30 and 35 mm. It was shown from the results of
this analysis that there was no significant change in the
results when the mesh size was smaller than 25 mm,
however the run time for analysis was much increased.
Therefore, the global element size was determined to be 25

Upper loading plate
Contact

STCC column Steel tube Concrete core surface

i
o

17
A 5 £ AN 7 A 7 B 5 720 9 2 2 1 S A 2 P

8 72 7 P2 20 V2 S P P R W2 7 5 P
AN NN AAAANINIS AL A7

Bottom loading plate

VAEVAE'AVAVAVA\‘EVABVAVA'AVA'AVA'A'A?
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o

Fig. 2 Modelling of the components of the specimens

mm for the steel tube, the concrete core and the loading
plates. It should be noted that due to the mesh compatibility
requested on the contact surfaces between the steel tube and
the concrete core, the concrete core and the loading plates,
three components of the specimens should be modelled in
the same mesh size. The contact surfaces between the steel
tube and the concrete core were simulated using the
interface elements which are designated by “CClsoGap” in
ATENA-3D (Cervenka et al. 2013). These interface
elements were automatically created between two
components and assigned by a material type
“CC3DlInterface” which can precisely describe the bonding
behavior between two materials of these two components.
Fig. 2 depicted the element type and mesh of the modelled
column.

It could be seen that the failure mode and compressive
behavior of the short columns were similar to the
intermediate columns. According to Tao et al. (2013), for
CFST short columns, the effects of initial imperfections and
residual stresses were observed to be minimised by concrete
filling and ignored in FEM. This conclusion can be
confirmed by the previous numerical studies by Hassanein
and Patel (2018), Tao et al. (2009), Johansson (2002).
Moreover, for STCC short and intermediate columns, the
compressive behavior and the lateral deformation of the
steel tube depend on the concrete expansion and its failure
pattern. Deriving from the mentioned reasons, the effect of
initial imperfections and residual stresses were not
considered in FEM in this study.

3.2 Loading application and boundary conditions

As seen in the test setup, for the loading application on
the test specimens, two circular steel blocks were placed at
both ends of the concrete core to minimize the effect of end
conditions and to ensure that the applied load transfers to
only the concrete section. Therefore, in FEM, the axial load
was applied through the stiff steel plates which were
modelled at each end surface of the concrete core. A static
uniform load was applied to the monitoring point 1 which
was placed at the center of the top surface of the upper steel
plates. This method of loading application was used to
equally transfer the load from the steel plate to the concrete
core. Accordingly, all the nodes at the top surface of the
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Fig. 4 Boundary conditions

concrete section were forced to have the same vertical
displacement, thereby ensuring the concentric loading. The
load was measured as the total reaction acting on this
monitoring point. In order to capture the post-peak response
of the column, the load was applied as an increased
deformation at the point 1 of the upper steel plate. The
Newton-Raphson iteration method was used to solve the
equilibrium of the nonlinear equations for each load
increment (Cervenka et al. 2013). Due to the fact that only
one fourth of the column was modelled, the boundary
conditions at the symmetry surfaces and the central axis
were chosen to ensure the effect of continuity. All the
symmetry planes perpendicular to the X-axis were fixed
against the displacement in the X direction, while the
displacement in the Y direction was forced to be zero for all
the symmetry plane perpendicular to the Y-axis. In addition,
the central line of the column was restricted along the X and
Y direction. A point 2 coinciding with the central point at
the bottom surface of the bottom steel plate was created and
fixed in the Z direction. The boundary condition at the point
2 ensures the same loading distribution at both end surfaces
of the concrete core.

Three monitoring points (1, 2, 3) were created as shown
in Fig. 3, in which the second monitoring point (2) was used

Al

&

Ey

Fig. 5 Stress-strain curve for steel tube

to record the vertical displacements of the concrete core at
each step of loading increment and then the vertical strains
of the concrete core were derived by the ratio of these
displacements to the concrete core length. Furthermore, the
third monitoring point (3) created at the center of the outer
surface of the steel tube was used to capture the stress and
the strain of the steel tube. Fig. 3 describes the loading
application and the position of three monitoring points,
while Fig. 4 depicts the boundary condition.

3.3 Material models

3.3.1 Stiff steel plates

The material type of the stiff steel plates placed at both
end surfaces of the concrete core was defined as 3D Elastic
Isotropic material (CC3D Elastlsotropic) (Cervenka et al.
2013) with an extremely large elastic modulus of 2.106 MPa
and the Poisson’s ratio of 0.3 in the elastic phase. A very
high stiffness for the loading plates was induced by such
very high elastic modulus, thereby restricting bending
moments in the loading plates under prescribed
deformation.

3.3.2 Steel tube

There are a number of stress-strain models of steel tube
available in the literature such as elastic-perfectly plastic
model, and elastic-plastic model with linear hardening, or
multi-linear hardening (Tao et al. 2013, Thai et al. 2014). It
was concluded by Tao et al. (2013) that the effects of using
three types of stress-strain models on the ultimate strength
and the behavior of composite columns can be negligible. In
the FEM of this study, an elastic-plastic model with linear
hardening as shown in Fig. 5 with the Von-Mises yield
criterion were adopted to describe the constitutive behavior
of the steel tube. The Von-Mises yield criterion was used
due to the biaxial stress state of steel tube in yield condition.
In ATENA-3D, the material type
“CC3DbilinearSteelVVonMises” was used to simulate the
behavior of the steel tube (Cervenka et al. 2013). To define
input parameters for this material type, the average tensile
strength fy and modulus of elasticity Es were obtained from
the tensile coupon tests of steel tubes. Besides, the
Poisson’s ratio of the steel tube in the elastic part was set to
be 0.3, this value has been widely used in the numerical
simulation of the steel tube. The strain hardening modulus
E: was taken as 0.01E:.

3.3.3 Concrete core
The material type “CC3DNonlinCementitious2User”
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Fig. 7 Tensile stress-strain curve for the UHPC without
steel fibers

provided in the material library of ATENA-3D (Cervenka et
al. 2013) was used for modeling the behavior of the
concrete core, in which the strength and ductility
enhancement due to the confinement effect were taken into
account. The principal description of material type and
other laws for the concrete core, and the consideration of
the confinement effect were explained in detail in the
previous study conducted by An and Fehling (2017f). In
this section, only the tension and compression laws were
developed and presented.

To simulate the compressive behavior of the UHPC and
UHPFRC core in the material type
“CC3DNonlinCementitious2User”, a compressive stress-
strain curve was proposed as shown in Fig. 6. The
ascending part was modelled as linear elastic up to a
compressive strength fe,, which was taken as 80% of the
peak stress (feo = 0.8f;) according to Fehling et al. (2014).
The Poisson’s ratio in the elastic part was set to be 0.2, this
value can be accepted for UHPC and UHPFRC. The
hardening part up to the peak stress f. was defined using the
plastic straingy, which can be calculated using Eq. (3). The
values of E; and f. was taken from the compression test
results of cylinders for each batch of the concrete, while the

Tt
Ja |
0.3f.
HE &
Ea £ E¢
(a) Complete stress-strain curve in tension
O
Ja
0.3f:

W We
(b) Bilinear crack opening in tension

Fig. 8 Tensile stress-strain curve for the UHPFRC with steel
fibers

Eq. (2) proposed by An and Fehling (2017d) can be used for
determining the values of the straine at the peak stress f.

&, =0.0257- £ 2% )

Epl =€ =€ =& —— (3)
C

The descending part was assumed to be linear up to zero
stress. In order to capture the increase in the ductility due to
the confinement effect in a reasonable way, the inelastic
strain & at the zero stress can be computed from the
empirical equation proposed by Lim and Ozbakkaloglu
(2015)

foo — f
&4 :o.ozrf-{%} (4)
cc r

in which, f; is the residual stress in the stress-strain curve of
the tested columns. The residual stress corresponds to the
second peak load in the load-strain curve of the tested
columns.

With respect to the tension function including post
cracking softening behavior in the material type
“CC3DNonlinCementitious2User”, two different tensile
stress-strain curves were proposed for UHPC and UHPFRC
as depicted in Figs. 7-8. The softening models of the tensile
stress-strain curves were assumed to be linear and bilinear
for UHPC and UHPFRC, respectively. For UHPC without
steel fibers, the input parameters for the tension function in
ATENA-3D including the matrix tensile strength fg, the
corresponding straing at fu, the straingy, at the zero stress,
the fracture energy Gy, the crack opening we can be
determined following Egs. (5)-(9) in the study by An and
Fehling (2017¢)

fy=03-(f, )23 (5)
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fot
Eot “E (6)
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Gy =73-f° (8)
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Weww = f 9)

ct

The parameters for the ascending branch of tensile
stress-strain curve for UHPFRC are similar to those of
UHPC without steel fibers. However, the bilinear softening
curve proposed by Kang and Kim (2011) was adopted to
express the post-cracking behavior of UHPFRC. It is
mentioned that this proposed model was based on CEB-FIP
Model Code 1990 (CEB 1993) for the concrete using a very
small size of coarse aggregate. The following equations
taken from study by Kang and Kim (2011) were applied for
the bilinear softening curve of the matrix of UHPFRC

oy = Ty (1—0.7ﬂj for 0.3f; <oy < fy (10)
C
0.3f
Oy = v ;tVl (w, —w)for 0<o, <0.3f, (11)

where w1 = 0.2 mm and we= 0.5 mm

3.3.4 Interaction between the concrete core and the
steel tube

The material type “CC3DlInterface” in ATENA-3D
(Cervenka et al. 2013) was adopted to simulate the interface
between the concrete core and the steel tube. The detail of
this material type can be found in the studies by An and
Fehling (2017e, f). The master and slave surfaces were
automatically defined by ATENA-3D for the concrete core
and the steel tube to reduce the numerical errors. Normally,
the slave surface is assigned to a softer material and it has a
finer mesh than the master one. The interface elements
comprise two matching contact surfaces of the steel tube
and the concrete core. These two surfaces can be separated
under the influence of the tensile force, however they are
not allowed to penetrate into each other in compression.
The general bond action between the concrete core and the
steel tube was simulated through the Coulomb friction
model with a friction coefficient x. According to many
previous studies (e.g., Liu et al. 2016, Johansson 2002), the
compressive behavior of circular STCC columns is
sensitive to the selection of the friction between the steel
tube and the concrete core. Because there were no push out
tests or other tests to determine the friction between UHPC
or UHPFRC and the steel tube, different friction
coefficients ranging from 0 to 0.6 were investigated in FEM
for each column to perform the sensitivity study. The
selected range of the friction coefficients in FEM is based

on the suggestions of Baltay and Gjelsvik (1990), Rabbat
and Russel (1985), and Aly et al. (2010). The value of
friction coefficient between the concrete core and the steel
tube varies between 0.2 and 0.65 and depends on the type
and the surface of the steel tube. This selection accords with
the study by Liu et al. (2016), in which these authors stated
that for circular STCC columns, the friction coefficient
smaller than 0.6 causes a significant influence on the stress
state of the steel tube and the ultimate load of the columns,
while there is no such notable influence with the friction
coefficient higher than 0.6. The friction coefficient u=0
indicates that there is no bonding between two materials.
The established FEM in ATENA-3D also studied this case
with the purpose of comparing the behavior of the modelled
columns between two cases: with bonding and without
bonding.

3.4 Comparison of FEM results with experimental
results

The accuracy of established FEM in ATENA-3D was
validated through comparing the axial load versus strain (L-
S) curves and the ultimate loads predicted by the numerical
method described above against the experimental results. A
total of eighteen tested specimens in this study with the
dimensions and the material properties as shown in Table 1
were adopted for modelling and comparisons. Six friction
coefficients x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 were
used for each modelled column in order to find the most
suitable friction coefficient for the corresponding tested
column.

Figs. 9-11 present the comparisons between the L-S
curves obtained from the FEM and those measured in the
experiments. It is evident from these figures that the L-S
curves significantly vary with the friction coefficient each
time adopted. The results obtained from the FEM indicated
that the modelled column using smaller friction coefficient
exhibited a smaller initial stiffness, and a higher ultimate
load and a better ductility of the post-peak range in
comparison with that using higher one. For the short
columns in the FEM, the L-S curves presented a strain
hardening stage after the elastic stage, and then followed by
a stabilized stage which was marked by a slight recovery of
load. It was noticed that there was a drop of load before
starting a stabilized stage for the modelled columns with
steel thickness of t = 6.3 mm and 5.0 mm, while in the case
of the modelled columns with t = 8.8 mm, the drop of load
did not occur for x = 0.0 and x = 0.1. The magnitude of the
loss of load capacity in FEM increases with increasing the
values of u. Similar trends in the L-S curves were also
observed for the intermediate columns in the FEM, however
there were a drop of load for all columns. In the FEM, the
short columns performed a more significant recovery of
load than the intermediate columns.

From six L-S curves corresponding to six friction
coefficients obtained from the FEM, the best suitable
friction coefficient for each tested column was selected and
given in Table 2 to ensure that the FEM results were in the
best agreement with the test results. By comparing the L-S
curves with the selected friction coefficient between the
FEM results and the test results, it can be seen that the
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Fig. 12 Influence of friction coefficient on the ultimate
loads (Results obtained from FEM)

numerical curves agree reasonably with the experimental
curves, especially for the ultimate load and the trend of the
ascending and descending parts. Both numerical and
experimental curves display four different parts, comprising
an elastic stage, elasto-plastic stage, loss of load capacity
stage and stabilized stage. Nevertheless, the numerical
curves performed an initial stiffness higher than the
experimental curves, leading to the differences in the
ascending branch and the axial strain. The main causes for
this difference may be attributed to: (1) the slippage
between the concrete core and the steel tube within the
initial loading as explained in An and Fehing (2017h), (2)
the existence of initial imperfection and residual stresses in
the steel tube, (3) the use of the thin sand layer for capping.
In Table 2, the ultimate loads predicted by FEM (Ny,rewm)
were compared with those measured from the tests (Nuytest)
through the ratios of Ny rem/Nu test. A mean ratio Ny rem/Nuy test
of 1.061 was obtained with a COV of 0.068, indicating that
the FEM provides a slight overestimation (6.1%) but with a
reasonable accuracy. From Table 2, the appropriate friction
coefficient between the steel tube and the concrete core can
be defined as 0.3 to 0.6. This result accords with the
previous study by Ding et al. (2017).

3.5 Effect of the friction coefficient

It is agreed that the change of friction coefficient greatly
affects to the ultimate load of CSTCC columns (Liu et al.
2016). Fig. 12 shows the influence of the friction coefficient
on the ultimate load for the modeled columns SF2-t8.8-
L600 and SF2-t8.8-L1000. It should be noted that the
remaining modelled columns had the same behavior. In Fig.
12, for the convenience of quantifying the increased
strength due to the confinement effect, the ultimate load is
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Fig. 14 Distribution of load in the midsection of specimen
SF2-18.8-L600 for four friction coefficients ¢ = 0.0, 0.2,
0.4, 0.6. (Results obtained from FEM)

normalized in relation to the sum of individual resistance of
the concrete section and the steel section (Asfy+Acfc). It can
be clearly seen that the ultimate load drastically decreases
when the friction coefficient changes from 0 to 0.3, but it
tends to slightly decreases when the friction coefficient
changes from 0.3 to 0.6.

As also insisted above, the friction coefficient greatly
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Fig. 15 Distribution of load in the midsection of specimen
SF2-t8.8-L1000 for four friction coefficients x = 0.0, 0.2,
0.4, 0.6 (Results obtained from FEM)

affects not only the ultimate load but also the L-S curve.
This is due to the load distribution on the concrete core and
the steel tube. For instance, with increasing the friction
coefficient, the vertical stress in steel tube increases, while
the hoop stress in steel tube decreases. Accordingly, the
decrease in the hoop stress of steel tube leads to the
decrease in the ultimate load. When the friction coefficient
for each tested column was determined using the prediction
by the FEM as described above, the load contribution of the

Table 2 Comparison of the ultimate loads between FEM
and tests

Series Specimens ’E‘;"\T; ’\é'l‘(;f)"" co:;fiicctiingt . Nurem/ Nuest
SF0-18.8-L600 4200.84 4220 0.6 1.005
SF1-18.8-L600 4288.54 4600 0.6 1.073
SF2-18.8-L600 4354.06 4320 0.6 0.992

1 SF0-t8.8-L1000 3919.86 4020 0.5 1.026
SF1-t8.8-L1000 4178.66 4470 0.5 1.070
SF2-t8.8-L1000 4099.79 4080 05 0.995

SF0-16.3-L600 3692.81 4200 0.6 1.137
SF1-16.3-L600 3807.97 4380 0.6 1.150
SF2-16.3-L600 4033.01 4050 0.6 1.004

2 SF0-t6.3-L1000 3861.14 4110 0.6 1.064
SF1-t6.3-L1000 3535.31 4280 0.3 1.211
SF2-t6.3-L1000 3584.70 4020 0.5 1.121

SF0-t5.0-L600 3645.94 4000 0.3 1.097
SF1-t5.0-L600 3997.48 4020 0.3 1.006

3 SF2-t5.0-L600 4224.02 3990 0.3 0.945
SF0-t5.0-L1000 3383.35 3860 0.3 1.141
SF1-t5.0-L1000 3724.06 4030 0.4 1.082
SF2-t5.0-L1000 3995.71 3910 0.3 0.979

Mean 1.061
Cov 0.068

concrete core and the steel tube to the total load was also
illustrated in Fig. 13 for some selected columns. These
figures show how the axial load obtained from FEM in the
midsection of the columns is distributed between the
concrete core and the steel tube. Furthermore, the effect of
the change in the friction coefficients p = 0, 0.2, 0.4, 0.6 on
the load contribution of the concrete core and the steel tube
to the total load was performed in Figs. 14-15 for the
column SF2-t8.8-L600 and SF2-t8.8-L1000, respectively. It
can be seen that the contribution of the concrete core and
the steel tube to the total load significantly depends on the
friction coefficient. For instance, at the ultimate load, the
steel tube contributes approximately 30% to the total load
with x = 0.6, while this contribution is about 10-15% of the
total load with x = 0.3. This finding can be supported by the
previous study of Johansson (2002).

Fig. 16 displays the deformation of the modelled
column SF2-t8.8-L600 (« =0.6) with the steps before and
after the peak load (scale 1:20). The dominant failure mode
in FEM is global outward bulge in the middle of the
columns. Additionally, the deformation and the Von-Mises
stress of only steel tube of the modelled column SF2-t8.8-
L600 (u =0.6) were also demonstrated in Fig. 17 (scale
1:20). The deformation observed in the FEM is not
comparable with those obtained from the test results. This is
obviously due to the fact that the crack localization cannot
be capture with one fourth symmetry of the column in the
FEM. Therefore, the FEM was impossible to model the
shear failure as observed in the tests.

From the above comparison, it can be concluded that
generally good agreement was obtained between FEM
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Fig. 16 The deformation and the stress in Z direction at
different steps of loading

results and experimental results. As a consequence, the
established FEM can be reliably adopted to predict the
behavior of CSTCC columns employing UHPC or
UHPFRC and to conduct further analysis.

4. Analytical assessment
4.1 Existing analytical models

It is found that up to date, there have been a large
number of analytical models to predict the confined
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1,800E+02
2, 100E+02
2,900E+02
2, 7O0E+02
3,000E+02
3,300E+02
3,500E+02
3,915E+02

5,233E+01
7,000E+01
1,050E+02
1,400E+02
1,7S0E+02
2,100E+02
2,450E+02
2,800E+02
3,150E+02
3,500E+02
3,850E+02
4,200E+02
4,369E+02

Abs.min,
Abs.max.

(d) After the peak load (step 100)

Fig. 17 The deformation and the Von-Mises stress of the
steel tube at different steps of loading

compressive strength of concrete (fcc) under lateral
confinement provided by steel tube, steel reinforcement,
metal strips or other types of confining methods such as
using fiber reinforced polyme (FRP), carbon fiber
reinforced polyme (CFRP) and aramid fiber reinforced
polyme (AFRP). The majority of the existing confined
models were developed by deriving from the theoretical
models proposed Richart et al. (1928) and Mander et al.
(1988), in which the confined compressive strength (fcc) was
a function of the unconfined compressive strength (f;) and
the lateral confining pressure (fi). The general approach of
the existing confined models is the assumption of constant
confinement, where the external jacket produces a constant
lateral confining pressure on the concrete core. However,
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Table 3 Details of the specific models for circular CFST columns
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Explanations

Authors

Expressions

v¢ and v : Poisson ratio of

Susantha et al. (2001)

3 2
v'c=°'881~(2j _2.58(2} +1.953[3}0_4011
100 Lt) 10t Lt) 102 (t

Ve =0.2312+0.3528 v, —0.1524- [f—

y y

y

2-t
ool

fec = fc+4‘frpand Ny=Ac: fec +As- Ty

2
fe }f 4.843~v;[:—CJ—9.169‘ {ff_c] B =V —Vg and

a steel tube
filled with concrete and a
steel in yield condition

frp - Lateral pressure at the
peak load
foe: Confined compressive

strength of the concrete
Ny, : Axial capacity of CFST

column

Hatzigeorgiou
(2008)

o = fy -ex;{ln(TD}rln(fy)—ll}

A
" p-2-t

2 2
fyc =0'5'[O-h_ 4.fy _S'O-hj’ Ny =Ac- foec +As - Tyc

op and foo = fo +4.3- frp

op, - Hoop stress of the steel
frp - Mean confining stress

fyc : Compressive yield
stress of steel tube

Vg, Ve, &y - Initial

Johansson
(2002)

vy =03,v; =0.2, 5, =0.002
év (Va —Vc)
2:t-E,

and gan =—Vg - &y +Eahr
(D—Z-t)-EJ

€ahr =
{1+

E

Ea2 ‘(gv +Va ‘Sah)
1-v3

a2 ‘(gah +Va ‘Sallffal =

Oah =

and k :1.25.(1+ 0.062- —"f'at ] £ 021

-t
O} =0. .
lat ah D_2.t o

k
fee = fe '(Uflit +1] and Ny =Ac- foe + A - oal
c

considered values
£ahr - Restrained steel
strain
£ah * Final lateral strain of
steel
Oan' Steel’s lateral stress
og| - Steel’s longitudinal
stress
Oat - COmpressive
confining pressure
k : Parameter that reflects the
effectiveness of confinement
ft : Tensile strength of
concrete
oecp - Strength of confined

Sakino et al. (2004)

-0.112
oeB =2y - fe +41-0p . Yy =1.67-D¢

2t
D-2-t
and o, = fuc o5y oy =—0.19 fiyc =0.89

Ny =Ac -0 +As -0

Oy 'Osf» Osg =ay ~Osy

concrete
¥y - Strength reduction
factor for concrete and oy :

Lateral pressure
o - Hoop stress of steel

tube in yield condition and
Oy " Tensile yield stress of

steel
o5 - Axial yield stress of

steel tube

Liang and
Fragomeni
(2009)

fec =7c - fo+ki- frp
2-t D
0.7-(Ve —Vg ) ———— fqy(— <4
(ve —vs) Do =40

frp = D D
0.006241 0.0000357T Aoy (47< - <150)

2
Ve =0.2312+0.3528 v, —0.1524 [:—C} +4.843v; [:—C} 9.169-[:—0}
sy sy sy

t

3 2
70.881_(DJ 2.58 (?j +1.9§3[%)+0.4011

Vg =—7™ - =
108 104 10

-0.1
7e =185-D; 130,855 <1), 75 =1458 [TJ (09<y5<11)

Nu :(J’c' fo+4.1- frp)‘pb +rs- fsy As

foc : Strength of confined
concrete
frp : Lateral pressure
¥ - Strength reduction

factor for concrete
s - Strength factor for the

steel tube
fSy : Tensile yield strength of
steel
Ve : Empirical factor
Ve : Poisson ratio of a steel

tube
filled with concrete

core. The effective confining pressure at the ultimate state
of the confined columns is quantified in most of the

the substantial discrepancy among the existing confined
confined models directly through the empirical formula or

models is the lateral confining pressure that the authors
assume to calculate the increased strength of the concrete
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Table 4 Details of the conventional models for confined
concrete

Authors Expressions

Richart et al. (1928) foo = fe[l+4.1 ]

Mander et al. (1988) fec = f{2254 1+ 7.94% - 2% —1.254i1
c c

foo = fo +6.7£083

§ 0.7
foo = fe|1+ 2.1{-‘]
f(I

feo = fo|1+4.25561L | [ L 068
fo] (fe

Saatcioglu and Razvi (1992)

Cusson and Paultre (1995)

Ahmad and Shah (1982)

C C

k
foo = fo| 1+ |k =1.251+0.062-1 | 1702L
fi fe

foe = f{l.7757+ 3.1171%} (% > 0.68]

Attard and Setunge (1996)

ft is the tensile strength of the concrete core

foo = fc|1.413 141140 oM 0413
fC fC

r f 0.63
foo = f¢ 1+13.o7f—'}

Bing et al. (2001)

t
(20MPa < f, <50MPa)

Setunge et al. (1993)

r f 0.45
foo = fe 1+18.67—'}
L ft

(9oMPa < f, <132MPa)

§ 0.7
foo = fe| 1+ 2.4[—']
f(I
. 0.83
foo = fe| 1+ 4.08[—']
fC

0.86
Newman and Newman _ l
(1971) foc = f{““[ fc] ]

. 0.8
foo = f¢ 1+3.24[—']
fC

feo = f{u 5%} (f; <0.05f;)
C

Legeron and Paultre (2003)

Girgin et al. (2007)

Xiao et al. (2010)

EC2 (2004)

foo = f{l.125+ 2.5%} (f, >0.05f;)
C

applying the yield of external jacket material (e.g., Mander
et al. 1988, Saatcioglu and Razvi 1992). In constrast, in
some other models, the variation of hoop stress in the
elastic stage is taken into account by using the iterative
procedure at each level of axial strain of the concrete core
and the compatibility between the concrete core and the
external jacket material is considered (e.g., Ahmad and
Shah 1982, Cusson and Paultre 1995).

There are some confined models directly developed for
the concrete confined by the steel tube. Liang and
Fragomeni (2010), and Susantha et al. (2007) used the

Poisson’s ratio of the steel tube and the concrete core at the
ultimate state in the calculation of the lateral confining
pressure. Hatzigeogiou (2008) and Sakino et al. (2004)
empirically suggested formulae for prediction of the peak
confined strength of the concrete core in CFST columns
with considering the hoop and longitudinal stress of the
steel tube at the ultimate condition. In a different manner,
Johansson (2002) proposed a volumetric strain model
deriving from the dilatation of the concrete core and the
steel tube in each step of loading and the strain
compatibility of two these materials, thereby establishing a
full stress-strain model for confined concrete in circular
CFST columns with some modifications to the ealier model
of Sargin (1971).

It is revealed from the review of the available
confinement models that the majority of these models are
applicable for NSC or HSC, while their suitability for
UHPC and UHPFRC is still questionable. Therefore, the
evaluation of existing confined models is needed for
circular STCC columns with the employment of UHPC and
UHPFRC. This work shall provide a meaningful
supplement to the previous studies by De Oliveira et al.
(2010) and Liu et al. (2018) as mentioned in the
introduction section. In this study, the collected confined
models were divided into two group: (1) five specific
models developed for only confined concrete in CFST
columns include Susantha et al. (2001), Johansson (2002),
Hatzigeorgiou (2008), Liang and Fragomeni (2009), Sakino
et al. (2004), (2) thirteen conventional models developed
for confined concrete include Mander et al. (1988), Richart
et al. (1928), Saatcioglu and Razvi (1992), Cusson and
Paultre (1995), Newman and Newman (1971), Attard and
Setunge (1996), Setunge et al. (1993), Legeron and Paultre
(2003), Girgin et al. (2007), Amad and Shah (1982), Xiao et
al. (2010), Bing et al. (2001), Eurocode 2-EC2 (2004). The
formulae for prediction of confined peak strength (fc) of the
selected models in group 1 and group 2 are given in Table 3
and Table 4, respectively. It is worth noting that there were
some limitations on the concrete strength in the previous
confined models. Ealier models by Richart et al. (1928),
Mander et al. (1988), Saatcioglu and Razvi (1992),
Newman and Newman (1971) were proposed for NSC with
cylinder compressive strenth up to 50 MPa, while the
remaining conventional models and the five specific models
for CFST columns allowed the use of HSC up to 90 MPa.
Likewise, as an international code, EC2 (2004) covered the
concrete strength up to 90 MPa. In particular, some models
can be adopted for UHSC higher than 90 MPa, for instance,
the models by Girgin et al. (2007) and Setunge et al. (1993)
extended the concrete strength up to 132 MPa, while the
model by Legeron and Pautre (2003) was applicable to
concrete strength of 120 MPa.

Based on the critical review on the selected models as
mentioned above, an attempt were made in this study to
evaluate the suitability of these models with respect to the
prediction of the peak confined strength (f.c) for eighteen
CSTCC short and intermediate columns using UHPC and
UHPFRC having cylinder compressive strength ranging
from 178.9 MPa to 198 MPa. It is regconized that the
prediction obtained from selected models might be
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Table 5 Comparison of the peak confined strength between
the conventional models and the test results

Table 6 Comparison of the peak confined strength between
the conventional models and the test results (continued)

fecpre (MPa)

foc test . Attard  Cusson . Legeron .. .
(MPa) Mander Bing et and and Setunge Richart and Girgin et

etal al Setunge Paultre etal etal Paultre al.
(1988)  (2001) (1995) (1995) (1992)  (1928) (2003) (2007)

29450 299.40 272.71 297.23 263.66 306.57 27045 276.58 308.89

Specimens

SFO-8.8-
L600
SF1-t8.8-
L600
SF2-18.8-
L600
SFO-6.3-
L600
SF1-t6.3-
L600 248.20 282.65 264.93 28341 260.02 290.35 255.26 270.15 289.14

SFLZG-E)%S- 262.87 27480 257.03 27531 251.80 282.24 247.98 26191 281.20

SFLOE;B%O' 22004 27341 256.64 27428 25214 280.89 247.07 261.82 279.64

SFLlég%o_ 251.13 279.17 26241 280.20 258.06 286.82 25243 267.83 285.48

SFLZE;B%O' 265.36 27658 250.76 277.51 25529 284.15 249.99 26505 282.86

st?_ggbo_ 21255 24586 230.78 246.64 226.73 25258 222.17 235.44 251.46

SE:(;S&)O- 233.95 250.63 235.58 25156 231.67 257.50 226.62 240.45 256.30

Stiggbo_ 251.02 247.69 232.62 24852 228.62 254.47 223.88 237.36 253.31
SFO-6.3-
L1000
SF1-t6.3-
L1000
SF2-16.3-
L1000
SF0-18.8-
L1000
SF1-18.8-
L1000
SF2-18.8-
L1000 287.42 27845 25449 276.60 246.36 28524 251.21 258.15 286.82
Mean value of fec pre/
foo test
Deviation of fecpre/

fecest

300.65 316.97 290.43 315.05 281.44 32481 285.78 294.67 326.17

305.24 309.96 283.30 307.91 27424 31752 279.65 287.36 319.29

240.70 285.41 267.70 286.25 262.86 293.20 257.83 273.03 291.94

251.67 257.09 241.14 257.85 236.78 264.10 232.24 24594 262.97

23043 254.29 238.35 254.96 23393 26121 229.65 243.04 260.12

233.65 247.46 231.46 247.92 226.83 254.16 22331 23585 253.22

27480 269.19 24519 267.24 237.06 275.64 243.16 248.67 277.72

292,95 285.64 261.72 283.90 253.61 29270 257.52 26554 293.93

1063 0989 1.063 0.967 1091 0960 1.007 1.089

0.067 0.076 0.070 0.081 0.068 0.068 0.078 0.065

inadequate for the columns using higher concrete strength
with an overestimation, especially for UHPC or UHPFRC.
Moreover, the previous models were built up for only short
columns and their approriateness for intermediate columns
should be further clarified. The lateral confining pressure in
most of the conventional confined models was etablished
for the confined concrete with internal tranverse
reinforcement, while the specific confined models was
calibrated for CFST column under loading on entire section.
In both CFST columns and STCC column with bonding
between two materials due to the natural roughness
surfaces, the steel tube carries the axial load. In STCC
columns, although only the concrete core is loaded, the
axial load is transmitted to the steel tube through the
interfacial bond beween two materials, thus inducing the
longitudinal stress in the steel tube. The hoop stress in the
steel tube provides the lateral confining pressure on the
concrete core, thereby leading to an increased strength for
the concrete core. It should be mentioned that, only in the
case of STCC column without bonding between the steel
tube and the concrete core, the steel tube does not carry the
longitudinal load and only the hoop stress is induced to
confine the concrete core. In this case, the confinement
effect becomes to be maximal. The basic difference
between the models of CFST columns and STCC columns
is the proportion of the longitudinal and hoop stresses of the
steel tube. In general, the mechanism of two columns types
is similar. From this finding, the specific confined models

fecpre (MPa)

fec est

(MPa) Newman and Ahmad Saatcioglu
Newman and Shah and Razvi
(1971) (1982) (1992)

SF0-t8.8-L600  294.50 289.13 274.14 265.47 287.58 195.23 295.84

Specimens Xiao et al. FEM in

(2010) EC22004) ypic shudy

SF1-t8.8-L600  300.65 305.85 289.46 280.81 304.91 212.73 322.48
SF2-18.8-L600  305.24 299.17 283.34 274.67 297.96 205.49 302.85
SFO0-16.3-L600  240.70 276.09 260.34 258.68 277.43 215.83 262.02
SF1-16.3-L600  248.20 273.37 257.77 256.11 274.64 212.99 291.36
SF2-16.3-L600  262.87 265.63 250.49 248.83 266.68 204.75 265.94
SFO0-t5.0-L600  229.04 264.55 249.45 248.46 265.89 207.59 263.85
SF1-t5.0-L600 251.13 270.24 254.81 253.82 271.72 213.53 275.16
SF2-t5.0-L600 265.36 267.66 252.38 251.39 269.06 210.60 254.43
SF0-t5.0-L1000 212.55 237.89 224.32 223.43 239.10 186.68 258.20
SF1-t5.0-L1000 233.95 242.61 228.76 227.87 243.94 191.70 268.88
SF2-t5.0-L1000 251.02 239.70 226.02 225.13 240.95 188.60 252.54
SF0-t6.3-L1000 251.67 248.70 234,51 233.01 249.90 194.41 260.72
SF1-t6.3-L1000 230.43 245.94 231.90 230.41 247.08 191.61 262.02
SF2-t6.3-L1000 233.65 239.20 225.57 224.08 240.15 184.38 260.07
SF0-t8.8-L1000 274.80 259.96 246.48 238.69 258.57 175.53 270.61
SF1-t8.8-L1000 292.95 275.62 260.84 253.05 274,77 191.70 282.52
SF2-t8.8-L1000 287.42 268.75 254.53 246.74 267.67 184.59 274.11
Mean value of fec pre/ foc test 1.027 0.970 0.957 1.029 0.773 1.062

Deviation of fecpre/ fec test 0.068 0.067 0.075 0.071 0.117 0.077

for CFST columns can be adopted for STCC columns. This
work was also investigated by De Oliveira et al. (2010).

To avoid the large overestimation of the peak confined
strength for the conventional models as compared to the test
results, the lateral confining pressure f; of all models in
Table 4 was calculated using the study of Liu et al. (2016)

f o 1.08fy

=5 (12)

The correction factor Aoiveira for the columns having
L/D > 3 (Eq. (14)), which was suggested by De Oliveira et
al. (2010), was adopted in the formula for prediction of fe.

fcc, pre = fcc, prel” %Iiveira (13)

L
Zoliveira=—0-18|n(5j+l.2 (14)

in which fecpre1 is the peak confined strength predicted using
the original formulae of the selected models in Table 4,
feepre 1S the peak confined strength after using the correction
factor /IOIiveira-

4.2 Comparison of model predictions with test results

The calculated peak confined strength (fecpre) Obtained
from previous models and corresponding experimental
results (fcc) were given in Tables 5-7. To clarify the
variability between the predictions and the measured
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Table 7 Comparison of the peak confined strength between
the specific models and the test results

fecpre (MPa)

fec test

Specimens Liang and

(MPa) Susanthaetal. Johansson Hatzigeorgiou Fragomeni Sakino et al.

(2001) (2002) (2008) (3009) (2004)

SFO0-t8.8-L600 294.50 291.50 309.60 296.84 347.86 299.84
SF1-t8.8-L600 300.65 312.38 326.94 312.09 328.20 314.52
SF2-t8.8-L600 305.24 303.77 320.02 306.05 338.13 308.74
SFO-t6.3-L600 240.70 273.98 288.90 275.26 275.06 270.04
SF1-t6.3-L600 248.20 270.64 286.08 272.68 276.52 267.56
SF2-t6.3-L600 262.87 261.11 278.10 265.41 281.20 260.58
SFO-t5.0-L600 229.04 248.49 257.78 268.45 249.15 256.15
SF1-t5.0-L600 251.13 254.47 263.53 273.84 258.62 261.31
SF2-15.0-L600 265.36 251.65 260.89 271.46 253.64 259.03
SFO0-t5.0-L1000 212.55 223.45 231.81 241.40 224.05 230.34
SF1-t5.0-L1000 233.95 228.46 236.59 245.84 232.18 234.60
SF2-15.0-L1000 251.02 225.36 233.64 243.10 227.15 231.97
SF0-16.3-L.1000 251.67 246.80 260.23 247.94 247.76 243.24
SF1-16.3-L.1000 230.43 243.48 257.37 245.32 248.77 240.71
SF2-16.3-L.1000 233.65 235.13 250.43 239.00 253.23 234.66
SF0-t8.8-.1000 274.80 262.09 278.36 266.88 312.76 269.59
SF1-t8.8-L.1000 292.95 281.49 294.62 281.24 295.75 283.43
SF2-18.8-L.1000 287.42 272.88 287.48 274.93 303.75 277.35
Meanvalue offecord 4 g7 1.057 1.039 1.060 1.019

oo test
Deviation of fec pre/ fec test 0.060 0.062 0.064 0.066 0.054

results, the mean value and the deviation of the ratios
fee preffec Were computed and also shown in Tables 5-7. Figs.
18-19 graphically shows the relation between the ratios
feepreffec @and the confinement index & As can be observed in
these tables, except for EC2 (2004), all selected models
exhibited a good prediction on the peak confined strength
with small mean values of the ratios fecpre/fcc ranging from
0.7% to 9.1% and small deviations of the ratios fe pre/fcc
varying between 5.4% and 8.1%. Among selected models,
on average, the peak confined strength was highly
underestimated by 27% in EC2 (2004) and overestimated
by 9.1% in the model of Setunge et al. (1992). In terms of
the conventional models, the predictions by the models of
Bing et al. (2001), Cusson and Paultre (1995), Richart et al.
(1928), Girgin et al. (2007), Ahmad and Shah (1982),
Saatcioglu and Razvi (1992) were conservative, whereas the
remaining models gave slight overestimations. With regard
to the specific models, the predictions by all models were
unconservative. Deriving from this comparison, except for
EC2 (2004), all selected models can be applicable to
accurately predict the peak confined strength of CSTCC
columns using UHPC and UHPFRC. Meanwhile, the FEM
gave a slight overestimation with the mean value of 6.2%
and the deviation of 7.7%, thus indicating that the
established FEM can be suitably adopted. It is worth noting
that the model by Bing et al. (2001) performed the best
prediction as compared to other models with the mean value
of 1.1% and the deviation of 7.6%. Furthermore, the model
of Bing et al. (2001) provided an conservative

14 & Mander et al. (1988) = Bing et al. (2001)
4 Attard and Setunge (1996) 1 Cusson and Paultre (1995)
x Setunge et al. (1993) o Richart et al. (1928)
+ Legeron and Paultre (2003)
_ 12 0% Py
H 8
o X
Y By x
5 et
O 5 &
gég
j=]
o
1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Confinement index &
(@)
1.4
Newman and Newman (1971) ¢ Ahmad and Shah (1982)
O Saatcioglu and Razvi (1992) Xiao et al. (2010)
« EC2 (2004) » FEM in this study
_ L2 F +10% -
<
s % x
1.0 2 o
= DI
A og
. pad
| -10% . met
0.8 1 L 1 L
0.0 0.2 0.4 0.6 0.8 1.0
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(b)
Fig. 18 The relation between fecpreffecrest and the
confinement index & for conventional models
1.4
< Susantha et al. (2001) o Johansson (2002)
2 Hatzigeorgiou (2008) x Liang and Fragomeni (2009)
x Sakino et al. (2004)
212 00 A x
o \ x
‘."‘E % ]
2 x¥o
1.0 5 xgX
~ %9 !§§
X
P
-10%
0.8 L L 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Confinement index &

Flg 19 The I’e|at|0n betWeen fcc,pre/ fcc,test and the
confinement index ¢& for specific models

approximation of the peak confined strength, being on the
safe side. As a consequence, the model of Bing et al. (2001)
can be chosen as the best predictor.

It can be briefly concluded that with the assisstance of
Egs. (12)-(14), the predictions by all selected models except
for EC2 (2004) gave a very good agreement with the test
results. From this finding, all these models, particularly the
model of Bing et al. (2001) can be reasonably used by
engineers in practice to predict the peak confined strength
of CSTCC stub and intermediate columns with UHPC and
UHPFRC infilled.

5. Conclusions

This paper developed a FEM with the assistance of
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ATENA-3D software to investigate the axially compressive
behavior of CSTCC columns using UHPC and UHPFRC.
Besides, eighteen confined concrete models were modified
and used to predict the peak confined strength to assess
their applicability for UHPC and UHPFRC. On the basis of
the reported findings and within the investigated
configuration, the following conclusions can be drawn:

» The results of established FEM in ATENA-3D with
the choice of the best suitable friction coefficient were in a
good agreement with the test results. Therefore, the FEM
can be reliably used to predict the behavior of CSTCC stub
and intermediate columns using UHPC and UHPFRC under
axial loading.

e The axial compressive behavior and the load
distribution between the concrete core and the steel tube are
significantly affected by the change of friction coefficient.
The result of parametric study on six values of friction
coefficients indicated the suitable friction coefficient for
each tested columns.

» The increase in the friction coefficient results in a
greater contribution from the steel tube, i.e., the load
portion in steel tube and the initial stiffness of the columns
are increased.

» The ultimate load of the columns decreases with
decreasing the friction coefficient. In the FEM, the ultimate
load drastically decreases when the friction coefficient
varies from 0 to 0.3, but it tends to slightly decreases when
the friction coefficient changes from 0.3 to 0.6.

» The magnitude of the loss of load capacity right after
the ultimate load in the FEM increases with increasing the
friction coefficient.

 The appropriate friction coefficient between the steel
tube and the concrete core was defined as 0.3 to 0.6.

* The equation for predicting the lateral confining stress
(Eg. (12)) and the equation for considering the column
slenderness (Eq. (14)) were proposed and adopted in the
selected models (Eg. (13)) to cope with the CSTCC short
and intermediate columns.

» Except for EC2 (2004), all selected models including
the conventional models and specific models with the
modification (Eq. (13)) can be reasonably used to predict
the confined peak strength of CSTCC columns infilled with
UHPC and UHPFRC.

» Among the selected models, the model of Bing et al.
(2001) was the best predictor.
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