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Abstract

The use of Concrete Filled Steel Tube CFST is increasingly implemented in the design of modern buildings for
their high loading capacity and ductility compared to reinforced concrete or hollow steel columns if worked separately.
Changes to structural usage may result in increasing the loads on building columns. This paper presents the
experimental test results and non-linear finite element modelling of experimental test program carried on Concrete
Filled Steel Tube CFST columns with longitudinal stiffeners as a proposed solution to increase the CFST capacity. The
nonlinear analysis has been performed using ABAQUS and the finite element model is validated and verified against
the test results conducted in this study. The study extends to include different parameters affecting the design of CFST
columns by implementing the validated numerical model. The parameters include the stiffener shape, the number of
stiffeners per specimen and the diameter to the tube thickness (D/t) ratio. Behaviour of experimental and numerical
models is evaluated by monitoring the load-displacement and resulted deformation shapes. Results conclude that there
is a slight increase in the load carrying capacity by adding longitudinal stiffeners that may encourage the use of such
system for increasing the existing CFST columns.

Keywords: CFST, COMPOSITE, STEEL, COLUMNS.

NOMENCLATURE
D External diameter of steel tube
Din Inner diameter of steel tube
L Length of specimen
T Thickness of steel tube
bs Width of the steel stiffener
hs Height of the channel steel stiffener
ts Thickness of the steel stiffener

Ac Cross-sectional area of concrete

Ast Cross-sectional area of steel tube

AsS Cross-sectional area of steel stiffeners

As Sum of cross-sectional areas of steel tube and stiffeners (=Ast + Ass)
fy Yield stress of steel tube

fcu Unconfined compressive cube strength of concrete

fc Unconfined compressive cylinder strength of concrete
fcc Confined compressive strength of concrete

E Young’s modulus

eC Unconfined concrete strain

eCcC Confined concrete strain
PTest Ultimate load obtained from test
PFE  Ultimate load obtained from finite element analysis
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1. Introduction and literature review.

Concrete Filled Steel Tube columns (CFST) are widely used for high and low rise buildings due to their high
strength and ductility. CFST columns are a typical composite structural system, due to the composite interaction
between the steel tube and the included confined concrete, the advantages of the two materials can be utilized and their
disadvantages can be avoided leading to a better performance for both components of the CFST column. In addition to
the above advantages, the steel tubes surrounding the concrete columns help eliminating temporary formwork, which
reduces construction time and workmanship costs. Furthermore, the steel tubes assist in carrying axial load as well as
providing confinement to the concrete which make a great contribution in enhancing the strength of the filled concrete
and the load capacity of these columns. However, the strength and behaviour of the composite columns are influenced
by many parameters such as material strengths, tube shapes, diameter-to-thickness ratios of the tubes and depth-to-
thickness ratios of the tubes. Local buckling is also one of the critical parameters affecting the strength of the concrete-
filled tubular steel columns.

Several researches presented and discussed the behaviour and performance of CFST columns through
experimental and numerical investigations. Experimental and analytical study on the behaviour of short CFST columns
concentrically loaded in compression to failure was presented by Schneider [1]. The effect of the steel tube shape and
wall thickness, tube tensile strength, tube diameter-to-thickness ratio, and concrete strength were experimentally and
numerically investigated to determine their effect ultimate strength of the composite column [2-5]. Other Studies were
presented to evaluate experimentally the load carrying capacity of CFST columns and the results compared with those
obtained by Eurocode 4 (EC 4) and American Codes (AISC) [6-10] and found a good prediction of the axial strength of
concrete filled steel tube columns.  Recent experimental and numerical studies have been presented by many
researchers [11-15] to achieve a numerical model capable of simulating the actual behaviour of CFST columns. The
results from the finite element analysis and experimental results had been compared and showed a good agreement.
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Fig.1. Ring and Tie confinement of CFST columns [16,17 and 18]

To determine the effect of adding external confinement in the form of rings and ties to the CFST to their loading
capacity, a study was introduced by Johnny Ho [16] which concluded that there was no significant increase in the axial
strength of the CFST column. However, using external confinement rings and ties improved enhanced the ductility
before failure up to 20% besides increasing the stiffness of the column, see figure 1. Another study about confinement
using the tie bars concluded that the ultimate load capacity and ductility of the columns was increased by using bar
stiffeners [18]. Zhong Tao et al. [19, 20] studied the experimental behaviour of rectangular and square CFST columns
with internal longitudinal stiffeners, see figure 1. They have concluded that the longitudinal stiffeners can not only
delay the local buckling of the plate panel, but also improves the lateral confinement on the concrete core.
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2. Experimental program and test setup
2.1 Experimental program description

A total of five specimens were prepared using circular mild steel tubes having a thickness of 2mm and 115mm
diameter and cut to the required length of 250mm. All specimens were filled with fresh normal concrete of the same
mix. Stiffeners are added to the section using continuous welding along the stiffener. The specimens were divided into
three groups according the shape of stiffener. The first group had one specimen without stiffener as a reference
specimen. The second group had two specimens with stiffeners of a plate shape. The stiffeners were of 10x2.0mm
dimensions. The first specimen of the second group had six stiffeners while the other had eight stiffeners. The third
group had two specimens with stiffeners which have channel shape, one of them had six stiffeners and the second had
eight stiffeners. The stiffener channels were of thickness of 1 mm, web length 10 mm and flanges of 5 mm. The two
shapes of the stiffeners had the same cross-section area of 20 mmz2. All stiffeners were equally spaced around the
external perimeter of the steel tube. The cross section of specimens and the arrangement of stiffeners on perimeter
column had shown on Figure 2. Photos of specimen were shown on Figure 3.
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O@

—115mm D 115 mm

d) S6C20 e) S8C20
Fig. 2. The cross section of specimens and the arrangement of stiffeners on perimeter column

Table.1 summarizes the properties and details of specimens and stiffeners for each concrete-filled tubular steel
column. The first specimen without any stiffeners labeled as SO. The specimens with longitudinal stiffeners labeled as
S is for stub columns; the second letter labeled as 4, 6 or 8 for number of stiffener in specimen; the third letter labeled P
or C is for the cross-section shape of stiffener (P stand for plate shape and C stand for channel); the Fourth and fifth
letters labeled as 20 or 10 for cross-section area of stiffener in mm2; Sixth and seventh letters labeled as 10 or 5 for the
length of plate stiffener.
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c) S8P2010 d) S6C20 e) S8C20
Fig.3. Photos of specimens Fig.4. Test setup of
specimen

a) SO b) S6P2010

Table 1 Properties and details of specimens and arrangement of stiffeners

Specimen Tube leensmns No_. of s'toi\;:eangrs Area of tube | Area of steel Stiffener
D (mm) (mm) L (mm) [ Stiff. Ass (mm2) Ast (mm2) As (mm2) Shape
S0 115 2 250 | ----- 0 709.64 709.64 None
S6P2010 115 2 250 6 120 709.64 829.64 Plate
S8P2010 115 2 250 8 160 709.64 869.64 Plate
S6C20 115 2 250 6 120 709.64 829.64 Chanel
S8C20 115 2 250 8 160 709.64 869.64 Chanel

2.2 Preparation of physical models

The concrete used in filling the steel tubes had an average compressive strength (fcu) of 30 MPa. The
steel tubes and the stiffeners were made of mild steel with 360 MPa yield strength (fy) and a Poisson’s ratio of
0.3.

2.3 Test setup and instrumentation

The tests in this study were carried out in the laboratory of Menoufia University Faculty of Engineering using a
compressive machine of 2000 KN Capacity. The specimens were prepared in the testing machine as shown in figure 4.
A dial gauge was used to measure the axial displacement of the top head of the testing machine and was fixed parallel
to the CFST axis.

2.4 Test procedures

The load was applied to the specimens in the form of axial uniform compression over the concrete and steel tube.
The load was applied in a slow rate to avoid any high strain rates effects. The dial gauge and load readings were
checked carefully recorded while loading was being applied to the specimens within the elastic limit. The load was
applied at 10 KN intervals in order to have sufficient data points to delineate load-displacement curves. After the
immediate drop of the load due to local duckling, the test continued as the load stabilized until the load started again to
increase slightly when the testing ended. Then the specimen was removed and carefully examined after the test.

3. Experimental results

The axial load against axial displacement curves of concrete-filled tubular steel column specimens was drawn to
discuss their behaviour. Comparisons between load capacities of specimens are presented. Ratios of increase in load
capacity of columns due to using stiffener are compared with shape of stiffener and number of stiffener. The
experimental load capacity of specimens and cross section area of specimens are shown in Table 2. The experimental
load- displacement curves for all specimens are shown in figure 5 and 6
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Table 2 the experimental load capacity of specimens.

Specimen Concrete Steel fy Area of steel PTest Ratio of increase
P fcu (MPa) (MPa) As (mm2) (kN) %

SO 30 360 709.64 580 [ @ -
S6P2010 30 360 829.64 640 10.3
S8P2010 30 360 869.64 670 15.5

S6C20 30 360 829.64 630 8.6
S8C20 30 360 869.64 650 12
800 800
700 700
. AFPOTTN
600 . 600 SRl
e - ] Dt
500 e 500 | —_———
= 400 = :
< 300 —. = 300 —so
S200 S6P2010 S 200 e SBC20
100 -=-58P2010 100 ==-58C20
0 0
0 5 10 15 20 25 0 5 10 15 20 25
Displacement (mm) Displacement (mm)
Fig.5. Experimental load-displacement curves for SO, Fig.6. Experimental load-displacement curves for SO,
S6P2010 and S8P2010. S6C20 and S8C20.

Figure 7 show the failure mode of specimens and deformed shape at failure. It can be seen that both ends of the
steel tube have locally buckled at failure under the loading plates. Also, by examining the specimen, the concrete was
crushed. Therefore, the failure mode was confined concrete crushing and local buckling failure mode.

a) SO b) S6P2010 c) S8P2010 d) S6C20 e) S8C20

Fig.7. Experimental failure modes and deformed shapes at failure
4. Numerical Analysis
4.1 Validation of numerical model

4.1.1 General considerations

The main objective of this study is to develop an accurate finite element model to simulate the behaviour of
CFST circular columns with longitudinal stiffeners. The finite element program ABAQUS [21] was used in current
study. FE model depends on defining of the confined concrete, the steel tube and the interface between the normal
concrete and the steel tube. In addition to these parameters, the choice of the element type, mesh size, boundary
condition and load application.
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4.1.2 Finite Element Type and Mesh

The steel tube and stiffeners were simulated by using the 4-noded doubly curved shell elements with reduced
integration S4R. Fine mesh of three-dimensional 8-Node solid elements (C3D8) is used to model the concrete infilled
and two end plates

4.1.3 Boundary Conditions and Load Application

All degrees of freedom for the top and bottom surfaces of CFST columns were prevented except for the
displacement at the loaded end, which is the top surface, in the direction of the applied load. The STATIC option in
ABAQUS was used to apply the load. The load was applied in increments using the modified RIKS method available in
the ABAQUS library. The load will be defined as uniform load using PRESSURE option which is used to apply
uniform load in the top surface of the upper plate.

4.1.4 Material Modeling of the Normal Confined Concrete

Modeling of concrete core required to define confined concrete as presented by Ellobody and Young [11].
Figure 8 shows the relationship between the equivalent uniaxial stress—strain curves for both unconfined and confined
concrete. The defining of density and the stress-strain curve properties were required to modeling confined concrete.
The stress-strain curve can also be distinguished in two parts (elastic part and plastic part). The linear part in the stress-
strain curve of the normal concrete was defined by The ELASTIC option in ABAQUS. The elastic part properties are
completely defined by giving the Young's modulus and the Poisson's ratio which was taken equal to 0.2. The plastic
part of concrete was modeled using the DRUCKER PRAGER model available in ABAQUS [21]. The two parameters
(*DRUCKER PRAGER and *DRUCKER PRAGER HARDENING) are used to define the yield stage of confined
concrete. The linear Drucker Prager model is used with associated flow and isotropic rule. The material angle of friction
(b) and the ratio of flow stress in triaxial tension to that in compression (K) are taken as 20° and 0.8, respectively, as
recommended by Hu et al. [26].

4.1.5 Modeling of steel tube and longitudinal stiffeners

The modeling of the steel material requires defining the density, which was taken as 0.000078 kN/mm3, the
linear part in the stress-strain curve of steel and nonlinear part of the curve. The elastic properties are completely
defined by giving the Young's modulus, E, and the Poisson's ratio, the values of 210000 MPa and 0.3; respectively. The
nonlinear part of the stress-strain curve of steel material was modeled using the PLASTIC option available in ABAQUS
[21].

Confined concrete

+ Unconfined concrete

e
-
Ep Ee I1g, E

Fig.8. Equivalent uniaxial stress—strain curves for confined and unconfined concrete [11]

4.1.6 Modeling of concrete—steel tube interface

The interaction between the internal surface of the steel tube and the external surface of the concrete core is
modeled by contact elements. The coefficient of friction between the two faces was taken as 0.25 in the analysis. The
interface element allows the surfaces to separate under the influence of tensile force. However, both elements in contact
are not allowed to penetrate each other by hard contact interface.
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4.2 Proposed FE models

Twenty five specimens were modeling for study the behaviour of CFST with longitudinal stiffeners. Table 5
presented the summary of specimens. Specimens had the experimental properties like concrete strength fcu=30 MPa
and yield strength of steel fy =360 MPa.

4.3 Validation process
The experimental and finite element results were compared to verify the finite element model. Comparisons
were performed between the ultimate loads obtained from the tests (PTest) and those obtained from the finite element

analysis (PFE) as presented in Table 3. It can be seen that good agreement was achieved between the experimental and
numerical results.

Table 3 Experimental and numerical ultimate loads comparison

_ Tube dimensions Shape of PTest PFE Pres:

Specimen . -
D(mm) t(mm) L(mm) stiffener (KN) (kN) Prg
SO 115 2 250 None 580 537 1.08
S6P2010 115 2 250 Plate 640 588 1.08
S8P2010 115 2 250 plate 670 603 1.1
S6C20 155 2 250 Channel 630 585 1.07
S8C20 155 2 250 Channel 650 593 1.09
Mean 1.08

The experimental and numerical load-displacement relationships for specimens SO, S6P2010, S8P2010, S6C20
and S8C20 were obtained as shown in Figures 9 to 13 respectively .1t can be seen from both figures that generally good
agreement was achieved. Comparisons between the deformed shapes from the tests and the finite element analysis for
specimens S0, S6P2010, S8P2010, S6C20 and S8C20 were shown in figures 14. It was found that good agreement
exists between the experimental and numerical deformed shapes of the columns .The failure mode observed
experimentally confirmed the numerical prediction, which was mainly local buckling of the steel tube as well as
crushing of the normal concrete.
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600 600 ,‘_//_‘.:7:\
500 ’ A h-‘,*‘i\ 500 I' \~~ — N —
R —400 !
= 2.0 ||
300 £300
s 3.1
200 - Test o 200 —Test
- 'I ---FE
100 ----FE 100 |
0 0
0 5 10 15 20 25 0 5 10 15 20 25
Displacment (mm) Displacment (mm)

Fig.9. Experimental and numerical load-displacement Fig.10. Experimental and numerical load-displacement
for specimen SO for specimen S6P2010
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Fig.11. Experimental and numerical load-displacement  Fig.12. Experimental and numerical load- displacement
for specimen S8P2010 for specimen S6C20
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Fig.13. Experimental and numerical load-displacement for specimen S8C20
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(d) S6C20

e) S8C20

Fig.14. Experimental and numerical failure mode of the columns

4.4 Parameters of numerical study

!
i3

Parametric study was performed using finite element to investigate the effects of different parameters affecting
the behaviour of CFST circular columns with longitudinal stiffeners. The parameters include the cross-section area of
steel and shape of stiffeners and their number. Stiffeners were regularly distributed on the perimeter of the column and
the number of stiffeners was 4 or 6 or 8 per specimen. Six shape of stiffener were prepared with different cross area
dimensions as presented in table 4. The study consists of 18 CFST columns with longitudinal stiffeners and 7 CFST
columns without any stiffeners. Specimens were divided into six groups according to the cross-section area of steel. The
cross-section area of steel was the sum of area of steel tube and area of stiffeners. Each group had 4 specimens the first
specimen without stiffeners with bigger thickness; the other three specimens had the same area of stiffeners (20 or 10
mm2) number of stiffeners (4 or 6 or 8 per specimen). Tables 4&5 presents the specimen dimensions, number of
stiffeners and cross-section area of steel, tube and stiffeners for each specimen. All specimens were filled with concrete
of strength fcu=30 MPa and yield strength for all steel elements was fy =360 MPa.

Table 4 Cross-section shape and dimensions of plate stiffeners

. . Cross-section area Dimension
Stiffener Label Stiffener Shape (mm2) bs (mm) & (mm)
P2010 Plate 20 10 2

P205 Plate 20 5 4

P1010 Plate 10 10 1
P105 Plate 10 5 2

Table 4 Cross-section shape and dimensions of channel shape stiffeners
: . Cross-section area Dimension
Stiffener Label Stiffener Shape (mm2) hs (mm) | bs (mm) | & (mm)

C20 Channel 20 10 5 1
C10 Channel 10 10 5 0.5
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5. Analysis of Results and Discussion

The load capacity of columns which investigated in the first study is shown in table 5. The table presents the
load capacity of columns which have the same cross-section area of steel as a group. The increasing ratios are presented
in the Table 5 to compare between all shapes of stiffeners. Load —displacement curves are plotted for all specimens
investigated in the study as shown in the figures 15 to 21. Load capacities of the CFST columns are increased due to the
increase in numbers of stiffeners. The behaviour of the linear stage remained approximately constant for all specimens.

Comparisons between the load capacity of column and number of stiffeners are drawn for each stiffener shape
as presented in Figures 22 and 23. The stiffener shapes consist of two groups. The first group has three shapes P2010,
P205 and C20.The three shapes have the same cross-section area of one stiffener (20 mm2). The second group has
stiffener P1010, P105 and C10. The three shapes have the same cross-section area of one stiffener (10 mmz2).

Table 5 Specimen dimensions, number of stiffeners per specimen and load capacities of specimens

Specimen dimension

specimen Din n 0 No-. of Ass Ast As Ac PFE | Ratio of increase
mm) | (mm) | (mm) Stiff. mm?2 mm2 mm2 mm2 | (kN) %

D111t2.22 111 2.22 250 789.64 | 789.64 | 9672 | 564

S4P2010 111 2 250 80 709.64 | 789.64 | 9672 | 573 1.59 %
S4P205 111 2 250 80 709.64 | 789.64 | 9672 | 576 213 %
S4C20 111 2 250 80 709.64 | 789.64 | 9672 | 565 0.18 %

D111t2.32 111 2.32 250 826.64 | 826.64 | 9672 | 578

S6P2010 111 2 250 120 | 709.64 | 826.64 | 9672 | 588 1.73 %
S6P205 111 2 250 120 | 709.64 | 826.64 | 9672 | 593 2.6 %
S6C20 111 2 250 120 | 709.64 | 826.64 | 9672 | 585 1.21%

D111t2.44 111 2.44 250 869.64 | 869.64 | 9672 | 589

S8P2010 111 2 250 160 | 709.64 | 869.64 | 9672 | 603 2.37%
S8P205 111 2 250 160 | 709.64 | 869.64 | 9672 | 607 3.05%
S8C20 111 2 250 160 | 709.64 | 869.64 | 9672 | 593 .68 %

D111t2.11 111 211 250 --- - 749.64 | 749.64 | 9672 551

S4P1010 111 2 250 40 709.64 | 749.64 | 9672 | 554 0.55 %
S4P105 111 2 250 40 709.64 | 749.64 | 9672 | 555 0.73 %
S4C10 111 2 250 40 709.64 | 749.64 | 9672 | 550 -0.18 %

D111t2.17 111 2.17 250 --- - 769.64 | 769.64 | 9672 558

S6P1010 111 2 250 6 60 709.64 | 769.64 | 9672 | 562 0.72 %
S6P105 111 2 250 60 709.64 | 769.64 | 9672 | 563 0.9%
S6C10 111 2 250 6 60 709.64 | 769.64 | 9672 | 556 -0.36 %

D111t2.22 111 2.22 250 789.64 | 789.64 | 9672 | 564

S8P1010 111 2 250 80 709.64 | 789.64 | 9672 | 571 1.24 %
S8P105 111 2 250 80 709.64 | 789.64 | 9672 | 573 1.6 %
S8C10 111 2 250 80 709.64 | 789.64 | 9672 | 561 -0.53 %
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From figures 22 and 23, it can be noted that there is a slight increase in load capacity of column due to adding

longitudinal stiffeners to CFST columns. This increase ranged between 0.18 % up to 3.05 %.

6. Conclusions

The current study presented the experimental test results of a group of tests conducted on CFST columns with

added external longitudinal direction to monitor the changes in their behaviour and load capacity of such columns. The
study also included an extensive parametric study using finite element for large number of parameters using ABAQUS.
The parameters included the number of stiffeners, the type of stiffeners and the diameter to thickness ratio (d/t).

The following conclusions can be summarized from the current study:

1)

208

Adding longitudinal stiffeners to concrete-filled tubular steel column led to an increase in the load carrying
capacity of CFST columns by a ratio that ranged from 0.18% to 3.05%.

The load carrying capacity of CFST columns increased by increasing the number of stiffeners.

The existence of longitudinal stiffeners led to more ductile behaviour of CFST compared to convention
concrete-filled tubular steel columns (CFST without stiffeners).

In general, using plates as stiffeners was better than using stiffeners of channel cross section.

The largest increase was achieved by using stiffeners of plate cross section shape with shortest length and large
thickness.
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