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1. Introduction 

 
Concrete filled steel tube columns (CFSTCs) possess 

numerous advantages over the conventional reinforced 
concrete and steel columns in both terms of structural 
performance and construction sequence, such as high 
compressive strength and fire resistance, large stiffness and 
ductility (Johansson and Gylltoft 2002). Moreover, the use 
of steel tube as a permanent formwork and thus reduces the 
construction cost and the amount of labor (Han et al. 2014). 
Consequently, in recent decades, the pace of CFSTCs has 
been increasing rapidly and their applications are more 
popular in multi-storey buildings, bridge piers and other 
supporting structures (Liew and Xiong 2012). 

In practice, depending on type and function of CFSTCs 
in construction, load can be imposed on the concrete core or 
on the entire section. It is well known that when concentric 
load is applied only to the concrete core, the confinement 
induced by the steel tube is more efficient in comparison 
with the case where the steel tube and the concrete core are 
loaded simultaneously. According to Han et al. (2005) and 
Yu et al. (2010), for CFSTCs, it is recommended that only 
the concrete core is to be loaded in order to obtain better 
strength and ductility, which are amongst the most 
important design factors. This loading pattern refers to the 
form of the steel tube confined concrete (STCC) columns as 
shown in Fig. 1. 

Within the last two decades, the use of ultra high 
performance concrete (UHPC) has been gaining increasing 
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popularity in the civil engineering community owing to the 
superior performance and continued advancement of 
material technology (Schmidt and Fehling 2005). UHPC 
with compressive strength up to 200 MPa exhibits 
enormous compressive brittleness and steel fiber plays little 
act in improving compressive ductility, so it is necessary to 
utilize steel tubes to alleviate the brittleness of UHPC (Yan 
and Feng 2008, Fehling et al. 2014). With regard to the 
concrete compressive strength classification, ultra high 
strength concrete (UHSC) is usually defined as concrete 
with cylinder compressive strength exceeding 120 MPa 
(Liew and Xiong 2015), while UHPC refers to the 
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Fig. 1 A schematic view of the STCC columns 
(following Yu et al. 2010) 
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cylindrical concrete specimens with the compressive 
strengths greater than 150 MPa (Fehling et al. 2014). Both 
UHSC and UHPC exhibit very high strength and secant 
modulus compared to normal strength concrete (NSC) and 
high strength concrete (HSC), however it should be noted 
that UHSC and UHPC are not synonymous (Liew and 
Xiong 2015). In addition to the higher packing density of 
fines and compressive strength, which is defined for UHSC, 
the term “Ultra High Performance” refers to the outstanding 
durability and low ratio water/cement (Fehling et al. 2014). 

UHPC or UHSC filled steel tube columns (UHPC-
FSTCs or UHSC-FSTCs) can exploit the best attributes of 
both steel tube and concrete core, thus allowing engineers to 
reduce the cross section, to economize on concrete and to 
achieve small dead load owing to very high compressive 
strength while still obtaining increased stiffness, strength, 
energy absorption and ductility. As a consequence, UHPC is 
an attractive alternative to NSC and HSC for CFSTCs 
(Liew and Xiong 2012). It has been found that although 
there have been many studies on NSC filled in steel tube 
columns (NSC-FSTCs) or HSC filled steel tube columns 
(HSC-FSTCs), there is relatively little research on UHPC-
FSTCs or UHSC-FSTCs. On the other hand, current design 
codes for composite columns may be only applicable for 
NSC. For instance, Eurocode 4 (EC4 2004) limits the 
concrete strength class only up to C50/60, while American 
Institute of Steel Construction (AISC 2010) only applies to 
CFSTCs with normal weight concrete of compressive 
strengths between 21 MPa to 70 MPa, and the maximum 
concrete strength adopted in Architectural Institute of Japan 
(AIJ 2001) is 90 MPa. Hence, so as to accelerate the 
application of UHPC in CFSTCs and in order to extend the 
current design guidelines, further researches on UHPC-
FSTCs are necessary. 

It is well established that due to the smaller lateral 
deformation when using concrete with higher compressive 
strength, the confinement in CFSTCs employing HSC, 
UHSC and UHPC is less effective compared to that in 
NSC-FSTCs (Tue et al. 2004a, Yan and Feng 2008, Xiong 
2012). More recently, several experimental studies have 
been conducted to examine the performance of circular 
UHPC-FSTCs or UHSC-FSTCs, such as Tue et al. (2004a, 
b), Schneider (2006), Yan and Feng (2008), Liew and Xiong 
(2010, 2012), Xiong (2012), Liew et al. (2014), Guler et al. 
(2013), Chu (2014), but more attentions have been paid to 
these columns subjected to the concentric loading on the 
entire section rather than on the concrete core. Based on the 
experimental findings, it is concluded that although UHPC-
FSTCs can achieve very high load bearing capacities 
compared to NSC-FSTCs and HSC-FSTCs, the post-peak 
behavior is still brittle with the sudden failure after reaching 
the peak load which is induced by the natural brittleness of 
UHPC (Liew and Xiong 2010). Furthermore, it is also 
recommended that the confinement effect should be 
neglected in short circular UHPC-FSTCs under loading on 
the entire section (Yan and Feng 2008, Guler et al. 2013, 
Liew et al. 2014). It should be noted that, for CFSTCs, a 
short column is defined as length to diameter ratio smaller 
than 5 (L/D  5) and this ratio usually varies from 2 to 5 
(Tao et al. 2013). However, the columns loaded only on the 

concrete core possess sufficient performance on ductility 
and higher ultimate strength compared to those loaded on 
the entire section (Tue et al. 2004b, Liew and Xiong 2012, 
Xiong 2012). This may imply that research attention should 
be given to circular STCC columns using UHPC. 

From the issues highlighted above, this study is 
conducted in the following steps: the previous experimental 
tests on circular STCC columns using various concrete 
strength are shortly summarized and overviewed; based on 
the test results of circular STCC stub columns using UHPC 
with cylinder compressive strengths higher than 150 MPa 
reported by Schneider (2006) and Xiong (2012), the 
influence of some key parameters such as the confinement 
factor, the ratio of diameter-to-steel thickness on the 
strength and the ductility are analysed and discussed in 
detail; the applicability of the current design codes (EC4, 
AISC and AIJ) and seven analytical models for confined 
concrete in circular CFSTCs are evaluated by the 
comparison of ultimate loads between predictions and test 
results. Finally, a simplified model is proposed to determine 
the stress-strain curves for confined UHPC in circular 
STCC stub columns and also verified by the comparison 
with the experimental stress-strain curves. 

 
 

2. Overview of past experimental studies 
on STCC columns 
 
After the early investigation presented by the research 

group led by Tomii (Tomii et al. 1985), several other 
experiments have been carried out in order to gain clear 
insights into the behavior of STCC columns, such as Sakino 
et al. (1985), Orito et al. (1987), O’Shea and Bridge (1997a, 
b), Johansson (2002), Johansson and Gylltoft (2002), Fam 
et al. (2004), Han et al. (2005), De Oliveira et al. (2010), 
Yu et al. (2010). Nevertheless, most of these studies have 
mainly concerned with circular cross section columns due 
to the significant increase in both strength and ductility as 
compared to rectangular and square ones (Schneider 1998). 
Studies have also shown that the axial strengths of the 
unbonded stub columns were slightly higher than those of 
the bonded ones, while the stiffness of the unbonded 
specimens was slightly reduced (Fam et al. 2004). The 
bonded columns are found to be more practical than the 
unbonded one, this is due to some complicated techniques 
are needed to create the unbonded interface between 
concrete and steel tube. Published research related to the 
performance of STCC columns included short columns 
(defined as length-to-diameter ratio L/D  5) and slender 
columns (L/D > 5) (Tao et al. 2013). 

An experimental program to examine the behavior of 
short circular thin-walled steel tubes (L/D of 3.5) filled with 
medium, high and very high strength concrete of 50, 80 and 
120 MPa, respectively, and the diameter to steel thickness 
ratios varied between 60 and 220 was reported by O’Shea 
and Bridge (1997a, b, 2000). Some specimens were tested 
under loading on the concrete core in order to compare with 
the case of concentric and eccentric loading on the entire 
section. The authors mentioned that in all cases of loading 
patterns, the increase in steel tube thickness or eccentricity 
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of loading leads to the improvement of the ductility. For the 
columns with high and very high strength concrete, the 
thicker tubes under concentric axial loading and at small 
applied eccentricities result in improved strength and 
ductility. 

Johansson and Gylltoft (2002) presented the tests on 
short circular CFSTCs using the concrete core with the 
cylinder compressive strength of 64.5 MPa, the column 
length of 650 mm and the outer diameter of 159 mm under 
three types of load application as described in Fig. 2: load 
applied to (a) the concrete section, (b) the steel section and 
(c) the entire section. They stated that when the load is 
applied to the concrete core, a restraining effect of the steel 
tube on the concrete core appears as soon as the lateral 
deformation of the concrete core develops and thus the steel 
tube carries the longitudinal compression due to the 
activation of the bond at the steel-concrete interface. For 
this loading pattern, the bond strength and the confinement 
effect are closely related to each other. Furthermore, the 
confinement effect is found to be most pronounced in 
STCC stub columns compared to that in short CFSTCs 
loaded on the entire section or only on the steel tube. A 
similar observation was drawn in numerous studies such as 
Tomii et al. (1985), Orito et al. (1987), O’Shea and Bridge 
(1997a, b, 2000), Schneider (1998). 

The behavior of slender circular STCC columns (L/D of 
15.7) was also studied by Johansson and Gylltoft (2001). 
These authors pointed out that there is almost no difference 
in the axial load-deflection relationship when the load is 
applied to the entire section or only to the concrete core. For 
slender circular STCC columns, the changed bond strength 
has a significant influence on structural behavior as well as 
the force transferring from the concrete core to the steel 
tube. These authors also reached a conclusion that the 
beneficial effects of the composite behaviors on the 
confinement effect is not much for slender columns with the 
slenderness ratio of approximately 0.86 in their tests. This is 
in agreement with design code EC4 when the confinement 
effect is considered with the slenderness ratio less than 0.5. 

The efficiency of passive confinement in short circular 
CFSTCs was investigated by Johansson (2002). The test 
variables in this study consisted of 12 columns using two 
concrete grades of C30 and C85, three different thicknesses 
of 5.0, 6.8 and 10 mm and two means of loading 
application: on the entire section and on the concrete core. 

 
 
The test results showed that only the values of the yielding 
load, the maximum load and the vertical deformation in the 
case of circular STCC stub columns were higher than those 
of CFSTCs loaded on the entire section, while the shapes of 
the axial load-deformation curves were not changed. 
Moreover, a suggestion was given that a thicker steel tube is 
necessary for the use of HSC in CFSTCs compared with 
NSC-FSTCs to obtain good ductility at the same level. 

To evaluate the passive confinement provided by the 
steel tube in circular CFSTCs, De Oliveira et al. (2009, 
2010) conducted a series of tests on circular STCC columns 
with various concrete strengths of 30, 60, 80 and 100 MPa. 
The other variables included four types of L/D ratios of 3, 5, 
7 and 10 and two types of steel tube thicknesses of 3.35 mm 
and 6.0 mm. It was observed that all STCC columns with 
NSC core (30 MPa and 60 MPa) exhibited good ductility 
without loss of capacity after reaching the peak load. 
Nevertheless, for the STCC columns employing HSC (80 
MPa and 100 MPa), the thicker tube resulted in better 
confinement effect of the concrete core. 

An extensive experimental study on short and slender 
circular STCC columns under both monotonic and cyclic 
loading was reported by Han et al. (2005). It was pointed 
out that the sectional capacity of STCC stub columns is 
slightly higher than those of short CFSTCs loaded on the 
entire section, but the member capacity of STCC slender 
columns is slightly lower compared to that of slender 
CFSTCs loaded on the entire section. Furthermore, STCC 
columns are characterized by very high levels of energy 
dissipations and ductility. The authors noted that the 
prediction of ultimate strength for circular STCC columns 
from both design codes AIJ and AISC was conservative, 
while EC4 gave a slightly higher prediction. 

As stated above, the published studies on circular STCC 
columns have focused mainly on NSC or HSC with the 
cylinder compressive strengths less than 120 MPa. More 
recently, research effort has been directed toward the 
application of UHPC and UHSC in STCC columns, where 
the cylinder compressive strengths of concrete are greater 
than 150 MPa. In the comprehensive research on CFSTCs 
using high strength materials conducted by Liew and Xiong 
(2010, 2012), Xiong (2012) and Liew et al. (2014), UHSC 
with compressive strengths varied between 150 MPa and 
200 MPa and high strength steel tube with yield strength up 
to 700 MPa were employed. The behavior of short circular 

 
 (a) (b) (c)  

Fig. 2 Three types of loading application (following Johansson and Gylltoft 2002) 
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UHSC-FSTCs was also examined under axial loading on 
the entire section and on the concrete core. It should be 
mentioned that UHSC mixture in this study was a 
commercial pre-blended mix mortar material. Steel fibers 
were added into the UHSC mixture in some specimens to 
investigate their influence on improving the ductility and 
the strength of composite columns. These authors 
recommended that the ductility and the strength of circular 
UHSC-FSTCs can be further improved by imposing the 
load only on the concrete core where the confinement effect 
becomes to be maximum. This recommendation implies 
that instead of circular CFSTCs loaded on the entire section, 
circular STCC columns should be considered if UHSC or 
UHPC is used. 

A significant research effort to understand the behavior 
of UHPC-FSTCs was undertaken as a part of study on 
UHPC Hybrid Structures and reported by Tue et al. (2004a) 
and Schneider (2006). The extensive tests on short circular 
UHPC-FSTCs were conducted with various steel tube 
thicknesses ranged from 2.5 mm to 8.0 mm and the 
compressive strengths of UHPC cylinder greater than 150 
MPa under loading on the concrete core and the entire 
section. In their study, UHPC mixture with coarse aggregate 
(Basalt split) and without steel fibers was used. Further tests 
on circular STCC stub columns using NSC and HSC with 
cylinder compressive strength of 36 MPa and 96 MPa, 
respectively, were also carried out to provide a deeper 
insight into the difference among short circular STCC 
columns using various concrete strengths (as shown in Fig. 
3). The tests illustrated that circular STCC columns using 
NSC exhibited a remarkable ductile deformation capacity, 
while a small plastic deformation was found for the 
specimens using UHPC. The load versus strain relationship 
of short circular STCC columns using UHPC was observed 
to be quite similar to that of the specimens using HSC, 
however, the failure process was found to be more brittle 
with a steeper drop of load after attaining the peak load. The 
authors recommended that UHPC could be applicable for 
filling in STCC columns due to its higher stiffness and the 
reduction of required areas for steel and concrete, while the 
ultimate load and the deformation behavior remain the same 
compared to the use of HSC. However, these authors 
pointed out that UHPC has a strong autogenous shrinkage 
of approximately 0.5‰ which is much higher than NSC and 
HSC, thus leading to possible existence of a gap between 

 
 

UHPC core and steel tube and a decrease in bond strength 
in steel-concrete interface. This phenomenon was 
confirmed by the fact that the values of strain gauges 
attached to the outer surface of steel tube in all the tests of 
STCC columns using UHPC were nearly zero until reaching 
about 50% of uniaxial cylinder strength (Tue et al. 2004a). 
On the other hand, for STCC columns, as stated by 
numerous studies (e.g., Johansson 2002, Fam et al. 2004), 
the confinement effect on the concrete core is greatly 
affected by the bond strength, this implies that the 
confinement effect might be less effective when UHPC is 
confined by steel tube. 

With the current trend towards the use of UHPC-FSTCs 
in buildings and bridges, Tue et al. (2004b) proposed some 
application possibilities through an experimental investiga-
tion of UHPC-FSTCs for the joints in tall building and truss 
bridges with the use of concrete compressive strengths 
ranged between 150 and 180 MPa. It was highlighted that 
the abrupt load drop due to the inherent brittleness of UHPC 
core can be overcome by the sufficient confinement of the 
steel tube under predominant compression load such as 
loading on only the concrete core. This point of view was 
also generally supported by the advantages of circular 
STCC columns compared to conventional CFSTCs loaded 
on the entire section as described in previous research. 

In summary, published studies on STCC columns, in 
general, and on UHPC-FSTCs, in particular, remain very 
limited with only a handful of experimental studies as 
mentioned above. Hence, this overview was aimed at 
contributing to a better understanding of the compressive 
behavior of circular STCC columns with the utilization of 
various concrete strengths. For practical application of 
UHPC in composite columns, further research on circular 
STCC columns using UHPC should be carried out. To date, 
apart from the tests presented by Tue et al. (2004a, b), 
Schneider (2006), Liew and Xiong (2010, 2012, 2014), 
Xiong (2012), no available research has been published on 
STCC columns using concrete with cylinder compressive 
strengths higher than 150 MPa. In addition to the limitation 
of experimental and theoretical works, the standard codes 
do not give any recommendations when UHPC or UHSC is 
used in STCC columns. This lack was the main motivation 
for this study. 

 
 

3. Analysis of circular STCC stub columns 
using UHPC and discussion 
 
A confinement factor ξ defined by many researchers 

such as Johansson (2002) and Yu et al. (2010) is used for 
circular STCC columns in this paper, i.e. 

 

.

.
s y

c c

A f

A f
   (1)

 

where As is the cross-sectional area of steel tube, Ac is the 
cross-sectional area of concrete core, fy is the yield strength 
of steel tube, and fc is the compressive strength of concrete 
cylinder. 

For the convenience of comparisons between the 
ultimate loads of STCC columns and those of CFSTCs 

Fig. 3 Load versus vertical strain relationship for short 
circular STCC columns using NSC, HSC and 
UHPC (following Schneider 2006) 
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loaded on the entire section, a strength index SI was also 
defined by Han et al. (2005) as follows 

 

ueSTCC ueCFSTLES

ueCFSTLES

N N
SI

N


  (2)

 

where NueSTCC and NueCFSTLES are the ultimate loads of STCC 
columns and CFSTCs loaded on the entire section, 
respectively. 

For the analysis in this section, the main geometric and 
material characteristics of circular STCC stub columns 
using UHPC obtained from Schneider (2006) and (Xiong 
2012) were given in Table 1. It is well understood that there 
are many variables that affect to the strength as well as the 
ductility in circular STCC stub columns, such as the 
concrete compressive strength (fc), length-to-diameter ratio 
(L/D), diameter-to-thickness ratio (D/t), the confinement 
factor ξ and the yield stress of steel tube (fy). Nevertheless, 
there is very limited analytical work on the influence of 
these variables to the performance of circular STCC 
columns using UHPC. Thus, in this paper, the influence of 
D/t ratio and the confinement factor ξ on the ultimate 
strength and the ductility were discussed. 

 
3.1 Comparison between circular STCC columns 

using UHPC and circular UHPC-FSTCs 
loaded on entire section 

 
In the test program conducted by Schneider (2006) and 

Xiong (2012), circular UHPCFST stub columns with steel 
tube thicknesses of 2.5, 3.0, 3.9, 4.8, 5.7 mm and 6.3 mm, 
respectively, were loaded in both cases: on the concrete core 
and the entire section. Based on these test results, the 
strength index SI was calculated and listed in Table 1. 
Overall, with the same geometric and material parameters, 
the ultimate compressive strengths of circular STCC 
columns using UHPC are higher than circular UHPC-
FSTCs loaded on the entire section. For the specimens in 
Schneider (2006), the values of SI ranged from 0.32 to 
10.95 when the steel tube thicknesses changed from 2.5 mm 
to 5.7 mm. It is also found in Table 1 that SI increased up to 
24.12 for the specimen of Xiong (2012). 

Han et al. (2005) asserted that there are some discre-
pancies between the features of STCC columns and 
CFSTCs loaded on the entire section. To clarify this point of 

 
 

 
 
view, load versus strain curves of circular STCC columns 
and CFSTCs loaded on entire section using UHPC with 
cylinder compressive strength of 174.2 MPa, steel tube 
thickness of 4.0 mm, outer diameter of 168.6 mm were 
plotted in Fig. 4. For both loading patterns, the increase of 
load path is mostly linear before the first peak load, 
followed by an abrupt load drop and then a horizontal 
plateau occurs after the second peak load. More 
importantly, the ultimate strength and the ultimate strain of 
STCC column are larger than those of CFSTCs loaded on 
the entire section. This is due to the fact that the 
confinement effect in circular STCC columns is more 
efficient in comparison with circular CFSTCs loaded on 
entire section where the confinement effect is small and 
both the steel tube and the concrete core act separately until 
failure (Tue et al. 2004a). 

It has been suggested that the confinement effect in 
short circular UHPC-FSTCs under loading on the entire 
section should be neglected in the calculation of ultimate 
strength (Guler et al. 2013, Liew et al. 2014). However, 
from the observations as mentioned above, the circular 
STCC stub columns using UHPC are found to exhibit a 
better confinement effect by which both the strength and the 
ductility are well improved. Hence, in contradistinction to 
circular UHPC-FSTCs under loading on the entire section, 
the confinement effect exerted by the steel tube must be 
considered for determining the strength and the ductility in 
circular STCC stub columns using UHPC. 

Table 1 The main geometric and material characteristics of circular STCC stub columns using UHPC 
in the tests reported by Schneider (2006) and Xiong (2012) 

Author Specimen D × t (mm) L (mm) fc (MPa) fy (MPa) NusSTCC (kN) NusCFSTLES (kN) SI (%) 

Schneider 
(2006) 

NB2.5 164.2×2.5 652 166.8 377 3501 3490 0.32 

NB3.0 189.0×3.0 756 166.8 398 4837 4750 1.83 

NB4.0 168.6×3.9 648 174.2 363 4216 3920 7.55 

NB4.8 169.0×4.8 645 176.7 399 4330 4020 7.71 

NB5.0 168.7×5.2 645 170.5 405 4751 -- -- 

NB5.6 168.8×5.7 650 173.4 452 4930 4450 10.79 

NB8.0 168.1×8.1 645 174.9 409 5254 -- -- 

Xiong (2012) S1-2-1(a)* 114.3×6.3 210 173.5 428 2866 2309 24.12 
 

Fig. 4 Load versus strain curve of circular STCC columns 
and UHPC-FSTCs under loading on the entire 
section (following Schneider 2006) 

673



 
An Le Hoang and Ekkehard Fehling 

 
 
3.2 The influence of the confinement factor ξ 
 
For convenience of comparison and analysis in this 

study, the confined peak strength fcc and the residual 
strength fr was used. The values of fcc and fr are calculated 
using the ratio of ultimate load (NueSTCC) and the second 
peak load (Nr) to concrete cross-sectional area (Ac), 
respectively 

c

ueSTCC
cc A

N
f   (3)

 

c

r
r A

N
f   (4)

 
It should be mentioned that Nr is the second peak load 

where the axial load – strain curve is supposed to be 
approximately horizontal (see Fig. 4). 

It is also important to find that the strain of UHPC core 
in Schneider’s tests was directly measured over a length of 
300 mm using three Linear Varying Displacement 
Transducers (LVDTs) which monitored the displacement of 
steel bars positioned in the concrete core through an 
arrangement of drillings in the steel tube (see Tue et al. 
2004a, Schneider 2006). Therefore, the confined strain εcc 
corresponding to the confined peak strength fcc can be taken 
from the results of measurement in Schneider (2006). 

Figs. 5(a)-(b) show the relations between the ratio fcc/fc, 
εcc/εc and the confinement factor ξ. The ratios fcc/fc and εcc/εc 
are found to be increased with increasing the confinement 
factor ξ. This is attributed to the fact that higher confinement 

 
 

 
 

Fig. 6 The ratio fcc/fc versus the confinement factor ξ 
 
 

factor ξ can trigger better constraining effect between the 
steel tube and the concrete core by which the strength and 
the strain are better enhanced. When the confinement factor 
ξ increases to more than 0.5, the ratios fcc/fc and εcc/εc are 
larger than 1.5. The relation between the ratio fr/fcc and the 
confinement factor ξ is plotted in Fig. 6. It can be seen that 
the increase in the confinement factor ξ results in higher 
value of the ratio fr/fcc. When the confinement factor ξ is 
higher than 0.3, the ratio fr/fcc is larger than 0.7. It is 
suggested by Liew et al. (2014) that to ensure a safe design 
for CFSTCs, the residual resistance should be at least equal 
to 70% of the designed ultimate resistance, which means 
that the ratio fr/fcc should not be lower than 0.7. Therefore, it 
can be recommended that, for circular STCC stub columns 
using UHPC, the confinement factor ξ should be greater 
than 0.3 to satisfy this suggestion. 

 
 

 

 
(a) (b) 

Fig. 5 (a) The ratio fcc/fc versus the confinement factor ξ; and (b) the ratio εcc/εc versus the confinement factor ξ 

 
(a) (b) 

Fig. 7 (a) The ratio fcc/fc versus the ratio D/t; and (b) the ratio of εcc/εc versus the ratio D/t 
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3.3 The influence of diameter-to-thickness ratio (D/t) 
 

It is evident from the relation between the ratio fcc/fc and 
the ratio D/t, as well as the relation between the ratio εcc/εc 

and the ratio D/t plotted in Figs. 7(a)-(b) that smaller ratio 
of D/t leads to higher ratio of fcc/fc and εcc/εc. The ratios fcc/fc 
and εcc/εc are significantly increased by between 1.5 and 2.0 
when the ratio D/t is lower than 30, whereas for D/t ratio 
greater than 60, the ratio fcc/fc and εcc/εc are approximately 
equal to 1.0. Therefore, it is indicated that for circular 
STCC stub columns using UHPC, the value of D/t ratio 
should be lower than 30 to obtain more pronounced 
confinement effect provided by the steel tube, this may 
effectively enhance the ultimate compressive strength and 
strain of the columns. 

 
 

In terms of the ratio fr/fcc, it can be found from the Fig. 8 
that there is also an increase of fr/fcc ratio when using 
smaller D/t ratio. When D/t ratio is lower than 30, the ratio 
of fr/fcc is greater than 0.7. Therefore, the value of D/t ratio 
should be smaller than 30 to achieve a reasonable ductility 
following the suggestion made by Liew et al. (2014). 

 

3.4 Comparison of test results with 
EC4, AISC and AIJ 

 

Provisions from three different building codes (EC4, 
AISC and AIJ) were used to calculate the ultimate loads of 
8 specimens in Table 1 and then compared with the test 
results. It is noted that the material partial safety factors in 
the codes were set to unity in this study. 

Table 3 presents the comparison of ultimate loads 
between code predictions (Npre) and experimental results 
(Nue). It is worth noting that circular STCC stub columns 
using UHPC were out of the range of application of the 
code formulations as shown in Table 2 because the 
compressive strengths of UHPC cylinder exceed 150 MPa. 

The results of comparison presented in Table 3 indicated 
that both AISC and AIJ are conservative for predicting the 
ultimate loads of circular STCC columns using UHPC. 
More precisely, AISC gave a ultimate load about 14.2% 
lower than the test results, while AIJ gave a ultimate load 
approximately 7.5% lower than those of the measured 
results. Thus, the predictions of ultimate loads from both 
AISC and AIJ were on the safe side. However, on average, 
EC4 overestimated the ultimate load by about 4.5% higher 
than those from experimental results, and gave an unsafe 
prediction. Furthermore, EC4 gave better predicted ultimate 
loads for the columns with thicker steel tube walls than 
those with thinner walls, but for the specimens with thinner 
steel tube walls, AISC and AIJ can be used since they 
provide reliable predictions compared to the test results. 

Overall, both AIJ code and EC4 code were able to 
estimate the ultimate loads with small difference compared 
to the test results. Among three codes, it can be concluded 
that AIJ with a mean value of 0.925 and a COV of 0.055 is 
the best and the safest predictor to calculate the ultimate 
loads of circular STCC short columns employing UHPC. 

 

 

Fig. 8 The ratio fr/fc versus the ratio D/t 

Table 2 Range of applicability of design codes 

Code fc (MPa) fy (MPa) Steel thickness t (mm)

EC4 
(2004) 20  fc  60 235  fy  460 

)(23590

.

MPa

fD
t

y




AISC 
(2010) 21  fc  70 fy  525 

s

y

E

fD
t






15.0
 

AIJ 
(2001) 18  fc  90 235  fy  440 

35250
yfD

t


  

 

Table 3 Comparisons of ultimate loads between design codes and test results in Table 1 

Author Specimen 
Nue 

(kN) 

EC4 (2004) AISC (2010) AIJ (2001) 

Npre 
(kN)

ue

pre

N

N Npre 
(kN)

ue

pre

N

N Npre 
(kN) 

ue

pre

N

N
 

Schneider 
2006 

NB2.5 3501 3987.07 1.139 3136.58 0.896 3428.54 0.979 

NB3.0 4837 5343.97 1.105 4204.00 0.869 4612.86 0.954 

NB4.0 4216 4514.35 1.071 3695.79 0.877 3935.26 0.933 

NB4.8 4330 4792.18 1.107 3980.00 0.919 4249.79 0.981 

NB5.0 4751 4721.49 1.001 3944.65 0.837 4223.98 0.896 

NB5.6 4930 4977.72 1.010 4183.75 0.849 4542.19 0.921 

NB8.0 5254 5139.95 0.978 4414.52 0.840 4806.53 0.915 

Xiong 2012 S1-2-1(a)* 2866 2717.38 0.948 2226.55 0.777 2358.67 0.823 

Mean value 1.045 0.858 0.925 

COV (Coefficient of Variation) 0.067 0.050 0.055 
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3.5 Comparison between test results 

and analytical models 
 
It is commonly accepted that the confinement action 

 
 
exerted by the steel tube on the concrete core is of passive 
type and it increases the ultimate strength of the concrete 
core significantly. The confinement effect has been studied 
for many years, and the confinement level mainly depends 

Table 4 Expressions for calculating the predicted ultimate loads by using seven analytical models 

Model Expressions Explanations 

Susantha et 
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on the lateral confining stress. It has been found that, to be 
realistic, the value of lateral confining stress must be 
correctly determined in order to calculate the ultimate 
strength of column under any given type of loading. 
However, the experimental measurement of lateral 
confining stress at any section of columns requires 
sophisticated equipment. As a consequence, to reduce the 
cost and the time for testing, various analytical models were 
proposed by different researchers for evaluating the ultimate 
strengths of CFSTCs with taking into account the passive 
confinement effect. Furthermore, in most of existing 
confining stress models, the formulae were built up by 
using the confining theory and experiments, but mainly 
related to CFSTCs using NSC or HSC. There are also 
discrepancies in both the lateral confining stress and the 
ultimate strength predicted by these models due to different 
approaches in the processes of establishing the formulae. 

In the extensive study on the behavior of circular STCC 
columns with wide range of length to diameter ratios (L/D = 
3, 5, 7 and 10) and various concrete compressive strengths 
(32.7, 58.7, 88.8 and 105.5 MPa) presented by De Oliveira 
et al. (2010), the passive confinement was evaluated using 
the comparison of the axial load capacities between the test 
results and three analytical models proposed by Johansson 
(2002), Susantha et al. (2001) and Hatzigeorgiou (2008). 
The authors pointed out that the three analytical models 
provided good prediction for the axial load capacity, but for 
slender columns with the ratio L/D higher than 3, a new 
factor was introduced to correct the values of predictions. 

 
 
Currently, apart from the study in De Oliveira et al. (2010), 
the research on the verification of the previous confining 
stress models for circular STCC columns using HSC, in 
general, and using UHPC, in particular, remain very 
limited. The suitability of existing confinement models for 
UHPC in circular STCC columns should be further 
considered. Therefore, in this paper, seven analytical 
models proposed by Susantha (Susantha et al. 2001), 
Hatzigeorgiou (2008), Johansson (2002), Sakino et al. 
(2004), Liang and Fragomeni (2009), Zhong and Miao 
(1988), O’Shea and Bridge (2000) were selected for 
calculating the ultimate loads of 8 specimens in Table 1 and 
then the suitability of these models was judged by the 
comparison with test results. 

Table 4 shows the sequence of expressions in the seven 
analytical models to predict the ultimate loads of circular 
STCC stub columns. The comparison of the ultimate loads 
between the seven analytical models (Npre) and the test 
results (Nue) was illustrated in Table 5. 

As seen from the mean values of the predicted ultimate 
load to experimental ultimate load ratios (Npre/Nue) in the 
Table 5, all models provided an estimation of the ultimate 
loads with excellent accuracy compared to those measured 
in the tests by Schneider (2006) and Xiong (2012). On 
average, the highest ratio Npre/Nue is 1.056 in Johansson’s 
model, while the model of Zhong and Miao (1988) gave the 
smallest ratio Npre/Nue of 0.971. 

Analyzing these mean values, the predicted ultimate 
loads in the models proposed by Susantha (Susantha et al. 

Table 4 Continued 

Model Expressions Explanations 
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2001), Hatzigeorgiou (2008), Johansson (2002) and O’Shea 
and Bridge (2000) were slightly higher than those in the 
experimental tests with the average differences ranged from 
2.8% to 5.6%, giving the unsafe side. It is also evident from 
the comparison in Table 5 that the predictions of the models 
of Sakino et al. (2004), Zhong and Miao (1988) and Liang 
and Fragomeni (2009) presented the average differences of 
0.2%, 2.9% and 1.7% with corresponding COV of 0.058, 
0.097 and 0.066, respectively as compared to the test 
results, being on the safe side. However, the values of COV 
in the models assumed by Hatzigeoriou (2008) and Zhong 
and Miao (1988) were higher than those of the other models 
with the values of 0.091 and 0.097, respectively, showing a 
large scatter in predictions 

In general, seven models were able to accurately predict 
the ultimate loads of the columns tested by Schneider 
(2006) and Xiong (2012). Among these models, the models 
of Sakino et al. (2004) is the best predictor to calculate the 
ultimate load of circular STCC stub columns using UHPC 

 
 

due to the smallest difference (Npre/Nue = 0.998) and the safe 
predictions compared to the test results, as described above. 
Nevertheless, additional tests on circular STCC columns 
using UHPC are much needed to further verify the 
effectiveness of these models, and then the sequence of 
procedures to predict the lateral confining stress as well as 
the ultimate load in each model may be modified. 

 
 

4. Simplified model for stress-strain curve 
of UHPC confined by steel tube columns 
 
It is a well-known fact that, UHPC core in circular 

STCC short columns experiences an enhanced compressive 
strength and an apparent ductility because of the 
confinement effect from steel tube. However, it has been 
also shown that confined UHPC does not exhibit the same 
increase in concrete compressive strength and ductility as 
confined NSC and confined HSC (Tue et al. 2004a, Yan and 

Table 5 Comparisons of ultimate loads between analytical models and test results 

Author ID 
Nue 

(kN) 

Susantha (2001) Hatzigeorgiou (2008) Johansson (2002) 

Npre 
(kN) 

ue

pre

N

N
 Npre 

(kN) 
ue

pre

N

N
 Npre 

(kN) 
ue

pre

N

N
 

Schneider 
2006 

NB2.5 3501 3875.87 1.107 4085.34 1.167 4041.75 1.155 

NB.,0 4837 5122.18 1.059 5506.58 1.138 5371.83 1.111 

NB4.0 4216 4582.32 1.087 4555.70 1.081 4629.44 1.098 

NB4.8 4330 4738.34 1.094 4858.95 1.122 4886.77 1.129 

NB5.0 4751 4562.54 0.968 4790.70 1.016 4809.88 1.020 

NB5.6 4930 4791.14 0.972 5131.37 1.041 4950.19 1.004 

NB8.0 5254 5800.44 1.104 5183.38 0.987 5380.22 1.024 

Xiong 
2012 

S1-2-1(a)* 2866 2791.86 0.974 2498.09 0.872 2612.50 0.912 

Mean value 1.046 1.053 1.056 

COV (Coefficient of Variation) 0.061 0.091 0.076 

 

Author ID 
Nue 

(kN) 

Sakino et al. 
(2004) 

Liang and 
Fragomeni (2009)

Zhong and 
Miao (1988) 

O’Shea and 
Bridge (2000) 

Npre 
(kN) 

ue

pre

N

N Npre 
(kN) 

ue

pre

N

N Npre 
(kN) 

ue

pre

N

N Npre 
(kN) 

ue

pre

N

N
 

Schneider 
2006 

NB2.5 3501 3750.29 1.071 3657.38 1.050 3795.10 1.084 3770.00 1.077 

NB3.0 4837 4973.79 1.028 4858.31 1.004 5078.82 1.050 5181.12 1.071 

NB4.0 4216 4272.76 1.013 4248.05 1.008 4262.11 1.011 4119.99 0.977 

NB4.8 4330 4587.39 1.059 4458.87 1.030 4498.73 1.039 4620.90 1.067 

NB5.0 4751 4546.37 0.964 4411.00 0.936 4417.15 0.937 4729.44 1.003 

NB5.6 4930 4866.09 0.987 4601.25 0.933 1662.10 0.946 5378.91 1.091 

NB8.0 5254 5110.88 0.973 5452.54 1.038 4774.76 0.909 5727.89 1.004 

Xiong 
2012 

S1-2-1(a)* 2866 2551.07 0.89 2473.80 0.863 2281.01 0.796 2679.26 0.935 

Mean value 0.998 0.983 0.971 1.028 

COV (Coefficient of Variation) 0.058 0.066 0.097 0.055 
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Feng 2008). For circular CFSTCs, although there are many 
stress-strain models of confined concrete assumed by 
various authors, these models may not be suitable for all 
concrete strength, particularly for UHPC because that 
UHPC as a new innovative cementitious material exhibits 
very different characteristics compared to NSC and HSC. 
Therefore, it is necessary to develop a model to propose a 
stress-strain curve for UHPC confined by steel tube stub 
columns with considering the confinement effect. This 
study presents a simplified model based on the test results 
by Schneider (2006) and Xiong (2012) and some 
modifications of the models proposed by Binici (2005), Tao 
et al. (2013) and Samani and Attard (2012). 

To reflect the experimental evidence, a general stress-
strain curve depicted in Fig. 9 is used to describe the 
compressive behavior of confined UHPC in circular STCC 
stub columns. 

The ascending stress-strain (-) curve (OA) is 
represented using the equations suggested by Samani and 
Attard (2012) as follows 
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It is found that the confined concrete strength fcc and its 

corresponding straincc can be expressed as functions of 
confinement factor ξ. Hence, fcc and cc are computed by the 
following equations proposed by the regression analysis in 
Figs. 5(a)-(b) 
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where the strain c at the peak stress of unconfined UHPC 
cylinder and the elastic modulus Ec

 are calculated according 
to the Eqs. (13)-(14). These equations were proposed by 
Schneider (2006) based on the regression analysis of test 
results for UHPC cylinders under uniaxial compression3 
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For the descending branch of the confined concrete 
model (ABC), an exponential function proposed by Binici 
(2005) is used and given by 
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In which fr is the residual stress as shown in Fig. 9. The 
expression for fr can be proposed by the result of regression 
analysis in Fig. 6(a) as follows 
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where α and  are parameters determining the shape of the 
softening branch. The value of α is determined by the 
expression proposed by Tao et al. (2013) as follows 

 

49.308.61

036.0
04.0


 

e
 (16)

 

To ensure the predicted softening branch of stress-strain 
(-) curves match with measured values closely, different 
trial values of  were adopted to obtain the best-fit values. It 
was found that when  was equal to 15, the predicted curves 
were acceptable compared with the experimental curves. 
Thus, in this study,  is taken as 15. 

The actual stress-strain of confined UHPC of seven 
circular STCC stub columns with various steel tube 
thicknesses measured in the tests reported by Schneider 
(2006) were used to verify the proposed model. Figs. 10-13 
performed the comparison of complete stress-strain curve of 
confined UHPC between the proposed model and the test 
results to verify the prediction accuracy. As evident from 
the comparisons, the predictions of the proposed model are 
in good agreement with the experimental results, which 
consist of a wide range of steel tube thickness ranging from 
2.5 mm to 8.1 mm and cylinder concrete compressive 
strengths between 166.8 to 176.7 MPa. The proposed model 
gives reasonable ascending parts of the curves compared to 
experimental tests. Furthermore, the sudden load drop in the 
softening branch of stress-strain curve right after the first 

 

Fig. 9 Stress-strain model proposed for UHPC confined 
by circular steel tube stub columns 

679



 
An Le Hoang and Ekkehard Fehling 

 
 

 
 

 
 

Fig. 13 Comparison of stress-strain curves between 
proposed model and test results with steel 
thickness t = 8.1 mm 

 
 

 
 

 
 
 
 
 
peak stress and the horizontal plateau after the second peak 
stress are very well described by the proposed model. The 
descending parts in predicted curves are found to be steeper 
with thinner steel tube thicknesses, this observation matches 
the test results very well. Hence, the descending part of - 
curves can be accurately predicted using the proposed 
model. 

It is expected that engineers can easily use this 
simplified model to predict the stress-strain curves of 
circular STCC stub columns using UHPC for engineering 
design. 

(a) (b) 

Fig. 10 Comparison of stress-strain curves between proposed model and test results for columns with steel thicknesses 
(a) t = 2.5 mm; and (b) t = 3.0 mm 

(a) (b) 

Fig. 11 Comparison of stress-strain curves between proposed model and test results for columns with steel thicknesses 
(a) t = 3.9 mm; and (b) t = 4.8 mm 

(a) (b) 

Fig. 12 Comparison of stress-strain curves between proposed model and test results for columns with steel thicknesses 
(a) t = 5.2 mm; and (b) t = 5.7 mm 
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5. Conclusions 
 
The main objective of this study was an assessment of 

the performance of circular STCC short columns using 
UHPC with the cylinder compressive strengths higher than 
150 MPa. The following conclusions were drawn within the 
limitations of the research work in this paper: 

 

 Overall, circular STCC stub columns using UHPC 
enable better confinement effect which results in 
higher compressive strength and better ductility 
compared to ordinary circular UHPC-FSTCs loaded 
on the entire section. 

 To ensure sufficient ductility following the 
recommendation in Liew et al. (2014) and to obtain 
the significant strength enhancement for circular 
STCC stub columns using UHPC, the limitation on 
minimum value of confinement factor ξ should be 
larger than 0.3 and the D/t ratio should be lower than 
30. 

 With regard to standard codes, AISC and AIJ 
underestimates the ultimate loads of circular STCC 
columns using UHPC by 14.2% and 7.5% on 
average, respectively; while EC4 overestimates with 
smaller difference by approximately 4.5% compared 
to test results. The AIJ code may be preferable to 
AISC and EC4 because the predictions from AIJ are 
safer and quite close to measured values. 

 EC4 gives better predictions for circular STCC stub 
columns using UHPC with thicker steel tube walls 
than those with thinner ones, while for specimens 
with thinner ones, AISC or AIJ can be used since 
they provide more accurate predictions compared to 
test results. 

 The predictions of ultimate loads from the seven 
analytical models are very close to the test results. 
Thus these models can reliably be used for 
computing the ultimate loads of circular STCC stub 
columns using UHPC. Among these models, the 
model proposed by Sakino et al. (2004) is the best 
predictor. 

 A simplified model for stress-strain curve of 
confined UHPC in circular STCC stub columns was 
proposed. Comparisons are made between the 
predicted stress-strain curves and the test results. It 
was shown that the prediction of both ascending 
branch and descending branch of stress-strain curves 
are in good agreement with test results. 

 The findings in this study shall establish the basis for 
the practical application of UHPC in CFSTCs. To 
gain clearer insights into the behavior of STCC 
columns using UHPC and to justify or to extend both 
design codes and previous analytical models of 
confined concrete in CFSTCs, additional experi-
mental tests should be conducted. 
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