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Abstract. Concrete-filled steel tubular (CFST) beam-columns are widely used owing to their good performance. They have
high strength, ductility, large energy absorption capacity and low costs. Externally stiffened CFST beam-columns are not used
widely due to insufficient design equations that consider all parameters affecting their behavior. Therefore, effect of various
parameters (global, local slenderness ratio and adding hoop stiffeners) on the behavior of CFST columns is studied. An
experimental study that includes twenty seven specimens is conducted to determine the effect of those parameters. Load
capacities, vertical deflections, vertical strains and horizontal strains are all recorded for every specimen. Ratio between outer
diameter (D) of pipes and thickness (t) is chosen to avoid local buckling according to different limits set by codes for the
maximum D/t ratio. The study includes two loading methods on composite sections: steel only and steel with concrete. The case
of loading on steel only, occurs in the connection zone, while the other load case occurs in steel beam connecting externally with
the steel column wall. Two failure mechanisms of CFST columns are observed: yielding and global buckling. At early loading
stages, steel wall in composite specimens dilated more than concrete so no full bond was achieved which weakened strength and
stiffness of specimens. Adding stiffeners to the specimens increases the ultimate load by up to 25% due to redistribution of
stresses between stiffener and steel column wall. Finally, design equations previously prepared are verified and found to be only
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applicable for medium and long columns.
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1. Introduction

Recent years have witnessed increasing interest in the
use of CFST columns. They are widely used in high rise
composite buildings and bridges. They are constructed by
filling either normal or high strength concrete into a normal
or high strength hollow steel tube. They have many
advantages such as high resistance to lateral torsional
buckling and torsion.

Extensive research aims to maximize application of
CFST columns. Their behavior under axial and flexural
loads was investigated by Gupta et al. (2007). These studies
included various factors for instance: diameter to thickness
(D/t) ratio, grade of concrete, tube shape, tube tensile
strength, compressive load ratio and column length to
diameter (H/D) ratio. Generally previous research of Sakino
et al. (2004) has proved that the maximum axial load of
circular CFST columns is higher than nominal squash load
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of concrete and steel separately. The variation in poisson’s
ratio of concrete and steel governs the behavior of axially
loaded circular CFST columns. When lateral deformations
increase, tensile hoop stresses appear in steel tube. As a
result, confining effects and triaxial compressive stresses
occurs in the concrete core causing increased axial load
capacity of circular CFT columns.

Method of loading of CFST columns carried out by
Hajar (2000) where applying load on concrete only, showed
confinement effects at low loading levels. On the other
hand, loading the steel section only causes friction at the
connection vicinity while confinement effects are not
noticeable until loading is transferred to the concrete core.
Fam et al. (2004) applied axial load on concrete core only
and on composite section of steel and concrete beam
columns under lateral loads. The bond and end loading
conditions had no effect on flexural strength of members.

Properties of materials affect the behavior of CFST
elements under axial or flexural loading. The effect of using
high strength steel and/or concrete has been investigated.
Sixty five specimens under eccentric loads are tested.
Nishiyama and Morino (2004) reported that moment
curvature relationships for circular columns are stable with
large ductility. The moment curvature relationship of a
circular CFT column is highly affected by the stress strain
relationship of concrete better than the stress strain relation
of steel tube. On the other hand, using high strength
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concrete with low strength steel tubes is not recommended.
The effect of confinement is not influential in that case,
while the local buckling becomes clear.

The failure mode of CFST columns sections is affected
by H/D ratio and width to thickness (w/t) ratios. According
to Hajjar et al. (1998) CFST columns with H/D ratio below
approximately 10-15 and under monotonic loading will fail
near their cross section strength. Slender CFST columns
have flexural instability which prevents the section from
reaching its maximum capacity. Their failure occurs by a
combination of yielding of steel, local buckling of steel,
crushing of concrete and flexural buckling of the member.
Failure of thin walled steel tubes occurs by local buckling
of steel and shear failure of concrete. Hu et al. (2003)
reported that the circular steel tube can provide a confining
behavior to concrete when D/t is less than 40. Failure of the
thin CFST columns with D/t ratio more than 60 usually fails
by local buckling of the steel tube combined with shear
failure of concrete.

Ajel and Abbas (2015) studied the behavior of stiffened
CFST columns using experimental tests and analytical
study. The effect of concrete compressive strength,
thickness of steel tube, internal stiffeners and longitudinal
reinforcement were considered. Specimens that were
studied consisted of sixteen square samples. The tested
samples were also studied analytically using three
dimensional finite element representation by ANSYS (ver.
12.1) computer program. Parametric studies regarding
number of transversely stiffened I-section plate girders. The
ratio of width-thickness and diameter/thickness were
inversely proportional to the ultimate strength of columns.
The increase in ultimate load of columns varied from 4% to
13 % for square samples, while varied from 8% to 12% for
circular samples depending on the type of stiffeners,
compressive strength of concrete and ratios of width-
thickness and diameter/thickness. Patel (2013) prepared
numerical models for nonlinear inelastic analysis of thin-
walled rectangular and circular slender steel concrete filled
beam-columns.  Parameters discussed are concrete
confinement, geometric imperfections, preloads, high
strength materials, second order and cyclic behavior. The
most important conclusions were that cyclic local buckling
considerably reduces the ultimate cyclic lateral loads and
ductility of specimens. The use of high strength concrete
did not show a significant increase in the ultimate cyclic
lateral loads of concrete filled steel tube slender beam-
columns. Petrus et al. (2010) conducted an experimental
investigation on the structural behavior of concrete filled
thin walled steel tubular stub column with tab stiffeners.
The stiffening was achieved by welding together four pieces
of lipped angle with two parts of the lips were notched and
folded vertically in order to form internal tab stiffeners. The
effects of the tab stiffeners on the bond and compressive
strengths were concluded using 18 and 10 specimens
respectively. It was observed that the tab stiffener improved
both the bond strength and the axial load capacity of the
CFST short column tested. Krishan et al. (2016) offered an
algorithm and computer program using theoretical failure
loads for concrete filled steel tube elements to calculate
their capacity. Hua et al. (2014) conducted experimental

study on thirty nine specimens. Discussed parameters are
ratio between width of steel tube and thickness, concrete
strength, presence of ribs, and arrangement of concrete
reinforcing bars. As a result, strength, durability and rigidity
are improved. AL-Eliwi et al. (2017) compared lightweight
Aggregate Concrete Filled Steel Tube columns with Self-
Compacted Concrete Filled Steel Tube (SCCFST) columns
under axial loading. Four different L/D ratios and three D/t
ratios were used in the experimental program to delve into
the compression behaviours. While with the SCCFST
specimens the global buckling governed the failure mode of
long specimens without any loss in capacity. Considering a
wide range of column geometries (short, medium and long
columns), this paper extends the current knowledge in
composite construction by examining the potential of two
promising and innovative structural concrete types in CFST
applications.

Most of previous researches, conducted on circular
CFST columns did not take into consideration effect of H/D
ratios in the design equations. Thus, CFST columns use in
practice is rare because design provisions among codes vary
significantly. Moreover, available design equations for
sections with ring stiffeners need to be verified for all H/D
ratios. Accordingly, the current research aims to study
experimentally the behavior and design of stiffened CFST
columns. The test specimens were chosen to widen the
experimental investigation through including D/t effect in
addition to method of load application i.e. steel only,
concrete only or composite. Other studied parameters are
global slenderness ratio i.e., H/D and presence of external
stiffeners. Thus, twenty seven specimens are tested to
determine the impact of those parameters. Load capacities,
vertical deflections, vertical strains and horizontal strains
are all recorded for every specimen.

2. General

In order to analyze the behavior of CFST columns
subjected to concentric load, specimens were tested
experimentally. All specimens consisted of a circular steel
section fabricated from cold formed galvanized steel plates
longitudinally welded with electric resistance welding. The
outer diameter of pipes was 127 mm. Various test specimens

Fig. 1 Various specimens
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Table 1 Limits of maximum D/t ratio for composite sections

Local slenderness ratio
Code D/t (Eq. code) Max

ACI-318 Specifications
ECP 205-2001(ASD)

(8E* s/ fy )05 67.42
ECP 205-2007(LRFD)
ECP 203-2007
EC4 90*(235/ f ,)"05 73.54
Al 1.5x23500/ f y 100.14

*Where: Es (Modulus of elasticity of steel) = 2.1x105 MPa and
fy (Yield strength of steel) = 352 MP

Table 2 Specimen symbols definition

o S Steel load
Load application .
C Composite load

40 400 mm
Specimens height 100 1000 mm
200 2000 mm

. . 2 mm

Steel pipe thickness
4 mm

Hollow Steel Section
St (add stiffener)

No. (number of stiffener
on specimens)

Additional parameter
and distribution
Steel pipe thickness StNo

are shown in Fig. 1 where D/t ratios are equal to 63.5 i.e.,
class 4 and 31.75 i.e., class 1 according to EC4 for steel
hollow sections. Different codes set a limit for the
maximum D/t ratio for composite sections to avoid local
buckling, as shown in Table 1.

2.1 Studied parameters

The specimen’s names defined with symbols were
divided to letters and numbers according to load
application, specimen height, steel pipe thickness,
additional parameter and additional parameter distribution
along the specimen length respectively as shown in Table 2.

In order to study the effect of using ring stiffeners on the
results, two main groups of specimens were prepared; each
group consisted of several specimens. Control specimens
had different H/D ratio as shown in Table 3. Specimens’
lengths were 400 mm, 1000 mm and 2000 mm which
corresponded to H/D ratios 3.14 (short columns), 7.874
(medium columns) and 15.748 (long columns) respectively
according to classification of AlJ. Six specimens of steel
mens with pipe without any concrete filling were used as
control speciD/T equals to 63.5 and 31.75, respectively.
Specimens with D/T equal to 63.5 and 31.75 respectively
consisted of six specimens, which were filled with concrete
and loaded on both the concrete core and the steel pipe.
Specimens with D/T ratio equal to 63.5 consisted of
sections filled with concrete and loaded through the steel

A A
L ‘ ‘ STIFFENER
SEC A-A
Fig. 2 Cross sections of stiffened specimens
Fig. 3 Steel tubes after filling with concrete
shell.

All stiffeners used in stiffened specimens were square
cross sections 10.5 mm x 10.5 mm as shown in Fig. 2.
Specimens with D/T ratios equal to 63.5 and 31.75,
respectively consisted of six specimens, the sections were
filled with concrete and loaded through the concrete core
and the steel pipe. Stiffeners distribution along the length of
the specimen is shown in Table 3. Specimens with D/T ratio
of 63.5 consisted of three specimens who were filled with
concrete and loaded through the concrete core and the steel
pipe. Specimens with D/T ratio equal to 63.5 consisted of
sections filled with concrete and loaded through the steel
shell.

2.2 Specimens construction methodology

Fabrication of the steel parts at the workshop included
using electric saw to cut of the steel pipe to the required
sizes, then executing all fillet weld lines for stiffeners.
Finally, the steel specimens were painted with rust inhibitor.
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Table 3 Details of specimens

Specimen t Dit H H/D anqrete L_oad_ Stiffener dis_,tribution along  Ultimate koad Failure mode
code (mm) (mm) infill application the specimen length (kN)
S40-2-only 400 3.14 - 255 Local
S100-2-only 2 63.5 1000 7.87 None Steel - 230 Local
S200-2-only 2000 15.75 - 220 Global
S40-4-only 400 3.14 - 608 Local
S100-4-only 4 31.8 1000 7.87 None Steel - 580 Global
S200-4-only 2000 15.75 - 520 Global
C40-2 400 3.14 - 860 Yield
C100-2 2 63.5 1000 7.87 Filled Composite - 743 Global
C200-2 2000 15.75 - 724 Global
S40-2 400 3.14 - 830 Yield
$100-2 2 63.5 1000 7.87 Filled Steel - 716 Local
S200-2 2000 15.75 - 713 Local
C40-4 400 3.14 - 1260 Yield
C100-4 4 31.8 1000 7.87 Filled Composite - 1098 Global
C200-4 2000 15.75 - 1078 Global
C40-2-Stl 400 3.14 05H 958 Yield
C100-2-St3 2 63.5 1000  7.87 Filled  Composite 0.25H 816 Global
C200-2-St3 2000 15.75 0.25H 802 Global
C40-2-St2 400 3.14 0.33H 1075 Yield
C100-2-St5 2 63.5 1000  7.87 Filled  Composite 0.167 H 830 Global
C200-2-St7 2000 15.75 0.125H 802 Combined
S40-2-St2 400 3.14 0.33H 999 Yield
$100-2-St5 2 63.5 1000 7.87 Filled Steel 0.167 H 882 Global
$200-2-St7 2000 15.75 0.125H 780 Global
C40-4-Stl 400 3.14 05H 1295 Yield
C100-4-St3 4 31.8 1000 7.87 Filled Composite 0.25H 1179 Global
C200-4-St3 2000 15.75 0.25H 1052 Global
After that, the fabricated parts were transported to Ready-
Mix concrete mixing plant where mixing of 1.5 m? of
concrete took place. Then, pouring of concrete mixture in T T

the steel tube from the top as illustrated in Fig. 3 at the same
time using concrete vibrator to ensure homogeneity of the
mix. Followed by, flattening of the concrete surface at ends
of the test specimens after concrete hardening. Testing was
carried out at the laboratory of the faculty of engineering in
Mattaria- Helwan University. To facilitate load application,
pipes are filled with concrete except 10 mm from both ends.

2.3 Test set-up

The frame consisted mainly of horizontal 1-beam fixed
to two vertical column I-beams by bolts. The I-beam
column was rested on the floor. The load was applied using
load cell of capacity of 2x103 kN. Electrical pump was
used, and 5 LVDT were used to measure the vertical
deformation and the horizontal deflection at mid height.
The columns were vertically positioned and the upper and
lower ends were hinged at a strong frame. The upper end of
column was laterally supported by elastic anchors just to

Upper Frame Flange

VL & HZ Strain |

Column Head —|

Hydraulic Jack
Load Cell

™ Vertical LVDTs

B HZ LVDTs

=
1= Lower Frame Flange

Fig. 4 Test setup for specimens



Behavior of stiffened and unstiffened CFT under concentric loading, An experimental study 797

prevent the drop of specimens during test as shown in Fig.
4,

The load was applied using load cell of capacity of
2x103 kN. Electrical pump was used, and 5 LVDT were
used to measure the vertical deformation and the horizontal
deflection at mid height. The columns were vertically
positioned and the upper and lower ends were hinged at a
strong frame. The upper end of column was laterally
supported by elastic anchors just to prevent the drop of
specimens during test.

2.4 Instrumentation

One of those instruments was the load cell which was
used as an indicator of the applied load. It was placed
between the top end of the specimen and the top end
bearing of the testing machine. The strains in the vertical
and the circumferential directions for outer steel tubes were
measured electrically using strain gauges. Two electrical
strain gauges were used for steel. The strain gauges were
installed in perpendicular directions at the middle part of
the outer steel tube with special care.

Five Linear Variation Displacement Transducers
(LVDT) of length 100 mm each was placed at two different
locations on the outer surface of the steel tube in order to
measure the vertical and horizontal overall deformation of
the column at various load levels up to failure. (LVDT 1)
and (LVDT 2) were used to monitor the vertical movement
of column. (LVDT 3) and (LVDT 4) were used to monitor
horizontal movement of the column wall at mid height and
(LVDT 5) was used only for specimens with height equal
2000 mm to measure the horizontal deformation at quarter
height from the top. All test data was controlled by a data
acquisition system as shown in Fig. 5.

2.5 Materials properties

This section described the properties of various
materials used in the experimental program, steel and
concrete. In order to determine the mechanical properties of
the steel tube, tensile coupon tests were conducted to
determine the stress-strain characteristics as tensile yield
strength and elastic modulus.

Test coupons prepared in accordance with DIN 50125
(2016) were conducted to establish the constitutive
properties of the welded steel pipes used in this test
program. It was identical to the known stress-strain curve of
steel material. The results of the tests showed that the steel
yield strength, Fy, was 352 MPa and Fu was 418 MPa. The
modulus of elasticity of all steel, Es, was 2x105 MPa.

The properties of concrete were determined by standard
concrete cubes from each batch by the mean compressive
strength and elasticity modulus of the used concrete.
Dimensions of the standard cubes were 150x150x150 mm
and those of standard cylinders were 150 mm diameter and
300 mm height. Six concrete test cubes were cast at the
same time with the specimens. Three of them were tested
under compression after 7 days and three were tested after
28 days. The average cube strength after 7 and 28 days were
35.5 MPa and 42 MPa, respectively. Three cylinders were
tested under compression after 7 days and three were tested

Fig. 6 Local Failure for specimen with steel
only (short and medium columns)

after 28 days. The average cylinder strength after 7 and 28
days were 28.3 MPa and 32.1 MPa, respectively.
3. Results and discussions

3.1 Failure mechanism

First, specimens that were not filled with concrete, local

buckling failure were observed in the steel short and
medium tubes as shown in Fig. 6. Meanwhile, global
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Fig. 7 Global Failure for specimen with steel
only (long columns)

Fig. 9 Global Failure for specimen C100-2-St5

Fig. 10 Combined Failure for specimen C200-2-St7

buckling occurred due to increase in the specimen height
and/or D/t ratio as shown in Fig. 7. Second, specimens
filled with concrete and loaded on concrete, yielding or
global buckling modes of failure occurred based on the
specimen height as shown in Figs. 8 and 9 respectively.
Meanwhile, Fig. 10 showed combination between yielding
at early stages of loading followed by global buckling. It is
worth to mention that increasing the ratio of D/t did not
affect the failure mode because dimensions were chosen
according to limits set by codes to prevent local buckling.
Finally, it can be noticed that both the presence and
distribution of stiffeners had no effect on the mode of
failure.

3.2 Behavior of concrete filled tubes

The effect of various parameters on the behavior of
CFST columns is discussed accompanied with load versus
vertical deformation, longitudinal strain and hoop strain of
different specimens.

3.2.1 Effect of height to diameter (H/D) ratio
First, behavior of short columns is discussed, which
included: ultimate load versus vertical displacement,
longitudinal strain, hoop strains for both cases unstiffened
and stiffened specimens. All specimen results showed that
vertical displacement increased as the ratio H/D increased.
This is attributed to the decreases in the specimen stiffness
according Hook’s law. Therefore, the vertical deformation is
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directly proportional with the specimen height. Specimens
in Fig. 11 behaved as empty steel column at the initial
loading due to the absence of concrete at the top and bottom
parts. This explains the decrease of load resistance for the
first time due to pipe local buckling. After 18 mm of
vertical deformation, the loading plates of the testing
machine come in contact with the concrete which start to
contribute directly to the load carrying capacity. This
increase in load carrying capacity continued until the
ultimate strength of the concrete was reached where the
maximum vertical displacement was equal to 29.9 mm.
Stiffened specimens had elastic high slope line before
yielding. Then, the slope decreased due to stiffness
reduction. The increase in vertical deformation at the same
load for increasing H/D ratio resulted from the decreases of
the specimen stiffness due with increase in height controlled
by Hook’s law. The vertical deformation was directly
proportional with the specimen height. The vertical
deformations recorded maximum value of 9.925 mm.

By increasing load value, the longitudinal strain in steel
wall increased. Firstly, the relationship for all specimens
had a linear behavior up to yield strain value (gy = 0.0018),
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Fig. 11 Load-Vertical deformation curves of specimens with
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Fig. 12 Load-Longitudinal strains curves of specimens with
H/D=3.14
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then it became non-linear until the ultimate load was
reached. The longitudinal tensile strain of short column
(S40-2) recorded 0.003883 at Py of steel and it increased
without any increase in the load until the loading plates of
the testing machine come in contact with the concrete. After
that point, the increase in load value caused an increase in
the longitudinal strain until strain value of 0.0109 at load
670 KN. Then, the strain decreased until the ultimate load.
That may be due to the failure stage which leads to break up
the strain gauge and loss its function as shown in Fig. 12.
Hoop tensile strain values measured in short column
(S40-2) were the highest compared to other specimens as
shown in Fig. 13. The hoop tensile strain value measured in
that column recorded 0.00347 at Py of steel without any
increase in the load until the loading plates of the testing
machine come in contact with the concrete. Since, the steel
tube expands and exceeds the yield strain in the radial
direction due to compressive loads in its longitudinal
direction. For the other specimens, additional tensile strains
resulted from circumferential steel hoop tensile developed
to provide lateral confining pressure to the concrete without
reaching yield strain. The load strain relations for the tested
specimens are almost similar in shape until the load reached
0.8Pu. A linear behavior in the early stages of loading is
observed with small strain values. Then, the strain values
increase non-linearly with loading until failure. Otherwise,
increasing the load value caused an increase in the
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Fig. 13 Load-Hoop strains curves of specimens

with H/D = 3.14
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Fig. 14 Ultimate loads for specimens with H/D=3.14
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longitudinal strain until strain value of 0.004562 at load 670
kN. Then, the strain decreased until the ultimate load, which
may be due to the failure stage which led to break up the
strain gauge and losing its function. Ultimate load values of
specimens are shown in Fig. 14 for specimens with H/D
equal to 3.14. It is obvious that stiffened specimens showed
slightly higher compressive strength than unstiffened. In
addition to the role of steel wall thickness which enhances
clearly the ultimate load values.

Second, specimens with medium length, load versus
vertical deformations is plotted in Fig. 15. Maximum value
was recorded in specimen C100-2 and is equal to 32.7 mm.
Firstly, elastic high slope line appears prior to yielding.
Then, the slope is reduced due to stiffness reduction. The
vertical deformation is directly proportional with the
specimen height. The highest value of all specimens is for
specimen S100-2. As shown in Fig. 16, longitudinal strain
versus load relationship for all specimens had a linear
behavior up to yield strain value followed by nonlinear
behavior until reaching the ultimate load. The observed
longitudinal strains at peak load are 0.001804 for specimen
C100-2-St3. The observed hoop strains values at peak load
were 0.001151 which is less than short column specimen
(S40-2) as shown in Fig. 17. Lateral confining pressure to
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specimens with H/D = 15.75

the concrete decreases when compared to wall height. The
load strain relations for the tested specimens were almost
similar in shape until the load reached 0.8Pu. Regarding
ultimate load in Fig. 18, the highest value was specimen
C100-4-St3, which is achieved for thicker steel column
walls and stiffened specimens.

Finally, long specimens with maximum vertical
displacement equal to 34 mm for specimen S200-2, is
shown in Fig. 19, specimen length is directly proportional
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Fig. 22 Ultimate loads for specimens with H/D = 15.75

to vertical displacement. The observed longitudinal strains
at mid height of specimens at peak load are 0.001984 for
specimen (S200-2), as shown in Fig. 20. Highest hoop
strain is observed for specimen S200-2-St7, meanwhile,
highest ultimate load is recorded by specimen C200-4
according to Figs. 21 and 22. Presence of stiffener in
specimen C200-4 raises its capacity more than other
specimens especially stiffened ones. On the other hand,
stiffened specimens showed lower hoop strain because of

the redistribution of stresses between specimen steel wall
and stiffener.

3.2.2 Effect of diameter to thickness (D/t) ratio

The effect of (D/t) ratio on ultimate load of CFST
columns is discussed in this section. By increasing the tube
thickness, the ultimate load increased. It is seen that, the
vertical deformation increased along with increase in load
values. Elastic high slope line appears before yielding and
buckling. Then, the slope decreases due to reduction in
stiffness. For constant H/D ratio at the same load, it’s found
that increasing D/t ratio leads to increase in vertical
deformation. That increase is due to the increase in steel
cross section, along with the column confinement and
stiffness (Hook’s law) as shown in Figs. 14, 18 and 22.
Decreasing D/t ratio from 63.50 to 31.75, increased the
ultimate load values by 48% for different H/D ratios. Also,
the ultimate vertical deformations were almost the same
with decreasing D/t ratios for different H/D ratios. In case
of specimens with ratios H/D equal to 3.14 and D/t of
63.50, the presence of stiffeners only increased the ultimate
load by 11.4% and 25% for 0.5 H and 0.25 H spacing,
respectively.

From Figs. 12, 16 and 20 it was observed that, by
increasing load values, the longitudinal strain in steel wall
increased. First, the relationship for all specimens had a
linear behavior up to yield strain value (ey = 0.0018), then it
became non-linear until the ultimate load. For constant H/D
at the same load, it was found that, increasing D/t ratio
leads to an increase in the longitudinal strains.

Figs. 13, 17 and 21 showed the variation in the axial
load versus the hoop strains which was measured at the mid
height of steel tubes for the tested specimens. The load
strain relations for the tested specimens were almost similar
in shape until the load reached 350 kN. The ultimate hoop
strains were almost the same with decreasing D/t ratios for
different H/D ratios. A linear behavior in the early stages of
loading was observed with small strain values, and then the
strain values increased non-linearly with the loading till
failure.

3.2.3 Effect of ring stiffeners

A comparison is conducted between control and
stiffened specimens to study the effect of adding and
distributing stiffeners to CFST columns. First, as for
specimens with H/D ratio equal to 3.14, when D/t ratio was
equal to 63.50 and load application was on composite
section, it was found that, adding stiffeners increased the
ultimate loads values by 11.4% and 25% for stiffener
distribution 0.5 H and 0.25 H, respectively. Also, significant
enhancement in load capacity equal to 20% was observed in
specimens with load application on steel only and with 0.25
H stiffeners distribution. It was noticed that at early loading
stages, steel wall in composite specimens dilated more than
concrete so no full bond was achieved which weakened
strength and stiffness of specimens. Whereas, adding
stiffeners had a slight increase i.e., 3% in ultimate loads of
specimens with 0.5 H stiffeners distribution, D/t ratio equal
to 31.75 and load application on composite section. Axial
load versus vertical deformations indicated that, the
behavior of all specimens was similar up to the certain
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values of Pconc. + Pu-st. for both D/t ratios and load
applications. It was observed that the presence of stiffeners
increased the vertical deformation that was corresponding
to the increase in the ultimate loads values.

When D/t ratio was equal to 63.5 and compaosite section
was loaded, it was found that the presence of stiffeners
caused hoop yield strain to occur at 0.85 of the ultimate
load. Stiffeners also, delayed longitudinal vyield strain
corresponding to the ultimate load. The recorded delay was
from 55% to 90% of the ultimate load values for 0.5 H
stiffeners distribution. Otherwise, the strain didn’t reach
yielding of the tested specimens. Also, the yield strain
occurred at 80% of the ultimate load when load application
was on steel. Thus, presence of stiffeners delayed the yield
strain value corresponding to the ultimate load.

Second, when H/D ratio is equal to 7.87, the values of
ultimate loads of specimens in group A and B showed that
increased ultimate load percentages were 5.4% and 12% for
05 H and 0.25 H, respectively. Also, acceptable
enhancement in load capacity was observed in specimens
with load application on steel only with improvement of
20% for 0.25 H. As well as adding stiffeners increased the
ultimate load value by 7% for 0.5 H at D/t of 31.75 with
load application on composite section. Overall, vertical
deformations for all other specimens increased at ultimate
load. Hoop strain reached yield strain at 0.9 of the ultimate
load value. Regarding, longitudinal strain of all specimens,
it was found that the presence of stiffeners delayed yield
strain corresponding to the ultimate load. Meanwhile, in
case of D/t ratio equal to 31.75 the strain of the tested
specimen reached yield strain at ultimate load.

Third, when H/D ratio is equal to 15.75, adding
stiffeners  increased the ultimate loads and the
corresponding vertical deformations by 11% for both 0.5 H
and 0.25 H in specimens with D/t ratio equal to 63.50 and
load application on composite section. On the other hand,
ring stiffeners had a slight effect on both ultimate loads and
vertical deformation for the other cases. Presence of
stiffeners caused hoop strain to reach yield at 0.9 of the
ultimate load value and it delayed longitudinal yield strain
corresponding to the ultimate load.

4. Design equations

An analytical model was proposed by Lai and Ho (2014)
to predict axial capacity of confined and unconfined
columns. This model calculates total capacity of columns
by summation of individual components of steel and
concrete.

\Von mises yield criterion of steel tube

09 + 059057 + 0% = 0, (1)
N = 05745 + fecAc 2

w _ wD f,,

Ay = Ag+—d? —=2
a= a2 @

fee=fi+Kf 4

Table 4 Verification of analytical model results (Neq) with
test results (Ntest)

Specimen Niest (KN) Neg (KN) Neg/ Niest
C40-2 860 701.74 0.82
C40-2-St1 958 763.43 0.80
C40-2-St2 1075 824.70 0.77
C40-4 1260.00 1073.81 0.85
C40-4-St1 1295.00 1133.54 0.88
C100-2 743.00 701.74 0.94
C100-2-St3 783.00 775.40 0.99
C100-2-St5 830.00 82451 0.99
C100-4 1098.00 1073.81 0.98
C100-4-St3 1179.00 1145.06 0.97
C200-2 724 701.74 0.97
C200-2-St3 809 753.66 0.93
C200-2-St7 802 800.41 1.00
C200-4 1087 1073.81 0.99
C200-4-St3 1052 1123.32 1.07
Where

gz 1S axial stress in steel tube

ase 1S hoop stress in steel tube under biaxial state
sy is uniaxial yield strength in steel tube

Ag; s total area of steel including area of rings
A, s concrete cross section area = D-2t

sy Is uniaxial yield strength of steel tube

fyr isyield strength of steel rings

fcc is confined concrete

f¢  is unconfined concrete cylindrical strength
fr is confining pressure

K=41

Verification of this design model (Ne¢) as shown in
Table 4 was conducted on specimens studied in this
research (Nest) and good agreement of results was observed
for medium and long columns. On the other hand, short
columns showed variation in their test results when
compared to analytical model by up 23%. Thus, it can be
seen that analytical model underestimates ultimate loads of
short columns. The role of stiffeners is not effective in short
columns especially class 1 since failure occurs by yielding.
Therefore, when yield load of short columns was compared
with test results, results were acceptable with maximum
variation of results by up to 11%.

5. Conclusions

This paper discusses concrete filled tubes. The main
purpose of this discussion is to determine the factors which
affect their behavior. Studied parameters are H/D ratio, D/t
ratio and using stiffeners. Experimental work including
twenty seven specimens is carried out and here are the main
conclusions:
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e Two failure modes are observed: yielding or global.
For short columns, the thin-wall of steel fails under
yielding stress. Meanwhile, for long columns failure
is due to global buckling.

e D/t ratio is inversely proportional to ultimate load
values, by increasing the tube thickness ultimate
load increases. For example, by decreasing D/t ratios
from 63.50 to 31.75, ultimate load increases by 48%
at the same values of H/D ratios.

e In case of short columns with class 4 sections,
presence of stiffeners increases ultimate load by
11.4% and 25% for large and small stiffener
distribution along specimen length, respectively. On
the other hand, short columns with class 1 sections,
presence of stiffeners slightly increases ultimate load
by (2-4) %.

e Long columns with H/D equals to 15.75 with class 4
sections, presence of stiffeners increases the ultimate
load by 6.0% and 12% for large and small stiffener
distribution along specimen length, respectively.

e Adding stiffeners to medium columns with H/D
equals to 7.87 and with class 1 sections, increases
the ultimate load by 7%. Meanwhile, columns with
class 4 sections show an increase equal to 12% for
both large and small stiffeners distribution.

e As for long columns with H/D equals to 15.75 and
with class 1 sections, no change in the ultimate load
is noticed in presence of stiffeners.

e All concrete filled tubes develop tensile hoop due to
the development of circumferential steel hoop
tension to provide lateral confining pressure for the
concrete.
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