DOI: https://doi.org/10.14256/)CE.1529.2015 Gradevinar 6/2019

Primien/Recened: 2122015 \ggassing influence of active and passive

Ispravljen / Corrected: 15.3.2017.
Prihvacen / Accepted:  4.7.2017.

confinement on flexural behaviour of CFST beams

Dostupno online / Available online: 10.7.2019.

Authors:

Original scientific paper
Morteza Naghipour, Marzieh Nemati, Javad Jalali, Mahdi Nematzadeh

Assessing influence of active and passive confinement on flexural behaviour
of CFST beams

The aim of this study is to investigate the effect of active and passive confinement on the
flexural behaviour of concrete-filled steel tubes. Three-point flexural test is carried out on

Prof. Morteza Naghipour, PhD. CE twelve confined specimens. The main variable parameters are: tube diameter to thickness
Babol Noshirvani University of Technology, Iran ratio (20, 30, and 60), compressive strength of concrete core (15 MPa and 45 MPa), and
Faculty of Civil Engineering type of confinement (active or passive). The flexural capacity, energy absarption, flexibility
m-naghi@nit.ac.ir and failure mode of confined specimens, as well as the cracking pattern of concrete core

at failure point, are evaluated in this study. The results show that active confinement
leads to lower ductile behaviour in specimens with higher strength of concrete core.
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Assist.Prof. Marzieh Nemati, PhD. CE Ocjena utjecaja aktivnog i pasivnog ovijanja na karakteristike savijanja betonom
Babol Islamic Azad University, Iran ispunjenih celiénih cijevi

Faculty of Civil Engineering

marziehnemati1362@gmail.com U radu se analizira utjecaj aktivnog i pasivnog ovijanja na ponasanje pri savijanju betonom

ispunjenih celi¢nih cijevi. Dvanaest ovijenih uzoraka podvrgnuto je ispitivanju ¢vrstoce na
savijanje u tri tocke. Osnovni varijabilni parametri bili su: odnos promjera i debljine cijevi (20,
30i60), tlacna Cvrstoca betonske jezgre (15 MPai 45 MPa) i vrsta ovijanja (@ktivno il pasivno).
Ispitana je savojna Cvrstoca, apsorpcija energije, fleksibilnost i nacin popustanja ovijenih
uzoraka, isto kao i nacin pucanja betonske jezgre u tocki sloma. Rezultati pokazuju da aktivno
ovijanje dovodi do manje duktilnosti uzoraka koji se odlikuju vecom Cvrstocom betonske jezgre.
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Bewertung des Einflusses der aktiven und passiven Ummantelung auf die
Biegeeigenschaften von Stahlrohren mit Betonkern

Die Arbeitanalysiert den Einfluss der aktiven und passiven Ummantelung auf die Biegeeigenschaften
von Stahlrohren mit Betonkern. Zwalf ummantelte Proben wurden einer Biegefestigkeitspriifung
an drei Punkten unterzogen. Die grundlegenden variablen Parameter waren: das Verhaltnis von
Durchmesser und Dicke der Rohre (20, 30 und 60), die Druckfestigkeit des Betonkerns (15 MPaund
45MPa) und die Art der Ummantelung (aktiv oder passiv). Die Biegefestigkeit, die Energieabsorption,
die Flexibilitat und die Art und Weise des Nachgebens der ummantelten Proben sowie die Art und
Assoc.Prof. Mahdi Nematzadeh, PhD. CE Weise des Brechens des Betonkerns an der Bruchstelle wurden gepriift. Die Ergebnisse zeigen,
dass die aktive Ummantelung zu einer geringeren Biegsamkeit der Proben fiihrt, die durch die
hohere Festigkeit des Betonkerns gekennzeichnet sind.
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1. Introduction

Concrete filled steel tubes (CFST) have been used widely in the
building and bridge industry [1-10]. Many studies have shown
superior structural behaviour of CFSTs compared to reinforced
concrete or steel sections [11-16]. Integrated performance of
concrete and steel is such that the compressive strength of the
concrete core increases because of confining effect of the tube
on concrete. In addition, buckling of confining tube is delayed
due to presence of the concrete core [17, 18]. Besides the above
mentioned structural advantages, composite sections have other
benefits such as ductile deformation, high seismic resistance, and
good damping characteristics [4, 18].

The behaviour of composite columns and beam-columns has been
widely studied in the past [12, 13,18-42]. The results of research
on the behaviour of columns demonstrate a considerable increase
in the bearing capacity of these sections as compared to ordinary
steel or concrete sections [12, 13, 18-42]. Flexural behaviour of
composite sections has also been studied by many researchers[14,
16-18,22,31, 40,41, 43-53]. Kang et al. proposed a new composite
section of concrete and steel as bridge girders. It is relatively easy
to build, and has lower cost of concrete casting and welding [50].
The results of Kang et al. showed that CFST girders behave in a
ductile manner and retain their strength till the end of loading [50].
Studies conducted by Tomii and Sakino [54], Lu and Kennedy [43],
and Kilpatrick and Rangan [28], on the flexural behaviour of CFST
sections, have shown remarkable flexibility of these sections.
Also, the infill concrete leads to change in failure mode of tube at
compression zone, from inward buckling to outward buckling, at
relatively higher loads [17]. It should be noted that results reported
by Probst et al. [14] and Prion and Boehme [31] showed that
enough confinement for developing the plastic capacity of concrete
is not provided, due to local buckling of the tube wall in very thin
tubes. Based on the results of previous studies [19, 31, 33], the
axial load of the steel tube that provides confinement for the
concrete is unknown. But it has been found that circular sections
are the most effective sections for these members, especially
for columns with a low L/D of the steel tube. Also, Kilpatrick [28]
proposed shear span ratio of 2.7 to observe the complete load
transfer, without any slip between the steel tube and concrete
core. Since there was a significant difference between the values
of D/t of the steel tubes recommended by various codes, such as
AlJ [55], BS 5400 [56], EC4 [57], and LRFD-AISC [58], Elchalakani
et al. [44], investigated flexural behaviour of CFST members with
different D/t of steel tubes. Results presented in [44] show that
the concrete core prevented local buckling of the tube for the D/t of
less than 40, while several plastic ripples were formed in inelastic
range for specimens with D/t between 74 and 110. It was also
found that the plastic limit of D/t was equal to 112.

The concept of post-tensioning of concrete core was for the first
time used in the arch bridge of Aurora [59]. Tuan [21] and Deng
[16] investigated the post-tensioning effect on flexural behaviour
of CFSTs. In their research, a high-strength cable was embedded
inside the steel tube to post-tension the concrete core. Then the
expanded concrete was pumped into the tube. When the concrete

hardened, the cable was pulled, and a compressive force was
created in the concrete core [16, 59]. Results of Tuan and Deng's
research [16, 21] reveal a significant increase in flexural capacity
of the section, due to application of post tensioning force on the
concrete core.

Shawkat et al [ 18] investigated the flexural behaviour of composite
sections of steel and FRP rectangular tubes with various ratios
of shear spans. In their study, they examined cracking pattern,
failure mode and flexural capacity of these sections. Their results,
considering the critical shear span for both materials of tube,
indicate that the crack pattern and its size are very much dependent
on the slip between concrete and tube[18].

In their research, Nematzadeh and Naghipour changed the type
of confinement from passive to active by applying initial pressure
on the fresh concrete core of composite sections [60-62]. The
results indicate an increase in parameters such as the modulus
of elasticity and compressive strength of concrete due to active
confinement [60-62].

The effect of active confinement on flexural behaviour of CFST
sections under 3-point static loading is investigated experimentally
in this study. Moreover, the effects of different parameters such as
the compressive strength of concrete core, D/t of the steel tube,
and type of confinement, are evaluated. Based on test results,
the flexural capacity, absorbed energy, failure mode, and type of
concrete cracking at the moment of failure, are investigated with
regard to the mentioned parameters. Finally, experimental results
regarding flexural capacity of specimens are compared with those
predicted by ACI 318, AISC, and EC4 codes.

2. Experimental investigation
2.1. Pre-stressing apparatus

A device named pre-stressing apparatus was designed and
built in order to achieve an active confinement (see Figure 1).
Steel tubes filled with fresh concrete were placed inside the
apparatus. Then the apparatus applies pressure on the fresh
concrete. The water released from the specimen due to applied
pressure was discharged through intended locations. The initial
pressure applied on the specimen changed the confinement
condition of the specimen from active to passive.

The pre-stressing apparatus is designed in such a way that it
is able to apply pressure on only one specimen at a time. The
pressure is applied on the top of the cylindrical specimen by
means of the hydraulic jack embedded on top of the apparatus.
This pressure is then transferred through the specimen length,
causing discharge of excess water (water that is not used for
hydration) from fresh concrete. According to experiments
performed on extra specimens, around 20 % of water contained
in concrete mixture was expelled during the compression
process. In order to drain the excess water, four valves are
placed along the specimen length. Also, water would be able
to exit through the existing gap between the upper and lower
elements of the apparatus and the specimen. All valves are
equipped with special filters allowing nothing else but water
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Top plate of apparatus

Load cell

The hydraulic jack applies pressure on
the specimen until no more water comes
out of the specimen. Then the specimen
is removed from the pre-stressing
apparatus. The drainage of excess water
may take 15 to 25 minutes. However,
the excess water draining time may vary

Sample

Frame of apparatus

Bottom plate of apparatus

Support of apparatus

Hydraulic jack

for different specimens, depending on
both the level of pressure applied by the
apparatus and the compressive strength
of concrete.

2.2, Specimens

Buckle prevention plates

A total of 12 simply supported CFST
beam specimens were examined
experimentally. All the specimens’ net
length and span were 900 and 660 mm,
respectively. The specimens were divided
into two groups. Active specimens were
categorized in the first group, while
specimens with passive confinement
were placed in the second group, as
shown in Table 1. The initial pressure of
30MPa was applied on active specimens.
Details of all specimens are provided
in Table 1. According to this table, the
name of each specimen is composed

Figure 1. Details of pre-stressing apparatus

to get out. Furthermore, the distance between the upper and
lower elements of the apparatus and specimens is defined in
such a way that no other concrete particles can exit.

The water expelled from valves and accumulated on the baseplate
of the pre-stressing apparatus is shown in Figure 2. As can be seen
in Figure 2, the expelled water is pure. The purity of expelled water
confirms proper performance of the specially designed filters.

a)

Water expelled
from valves

Gathered
on base
plate

Gathered
on middle plate

Figure 2. a) Water expelled from valves; b) Water accumulated on the
baseplate

of three parts, representing the type of

confinement, wall thickness of the steel
tube, and the concrete compressive strength. The first and
second parts of each specimen’s name consist of a letter and a
number. In the first part, the letter “S” stands for the word “static’,
indicating that the specimen is subjected to static loading.

Table 1. Specimens’ details

Type of Specimen f, t D/t D/t proposed
confinement | identifier | [MPa] | [mm] by AISC[63]
S45-T1-A 45 1 60 111.1
S45-T2-A 45 2 30 69.0
. S45-T3-A 45 3 20 79.0
active
S15-T1-A 15 1 60 111.1
S15-T2-A 15 2 30 69.0
S15-T3-A 15 3 20 79.0
S45-T1-P 45 1 60 1111
S45-T2-P 45 2 30 69.0
. S45-T3-P 45 3 20 79.0
passive
S15-T1-P 15 1 60 1111
S15-T2-P 15 2 30 69.0
S15-T3-P 15 3 20 79.0

The number shows the compressive strength of concrete core
in MPa. In the second part, the letter “T" stands for thickness
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and the number shows the wall thickness of the steel tube in
mm. Finally, in the third part of the specimen’s name, letters "A"
and "P" represent active and passive confinement, respectively.
As shown in Table 1, each sub-group contains three different
specimens, each with a different confining steel tube thickness (1,
2 and 3 mm). The variation in wall thickness of steel tubes is made
in order to investigate the effect of D/t of the steel tube on flexural
behaviour of specimens. In addition, each group has two different
values of compressive strength of concrete (15 MPa and 45 MPa) in
order to evaluate the effect of compressive strength of the concrete
core on flexural behaviour of active and passive specimens.

By calculating the area of steel and concrete of each specimen,
the percentage of steel of 1, 2 and 3 mm specimens was
determined as 3.3, 6.6, and 9.8, respectively. It can be seen that
the minimum requirement for steel percentage, recommended
by AISC and equalling to 1 %, has been fulfilled [63]. Also, D/t of
the steel tube for each specimen satisfies the maximum ratio
proposed by AISC [63].

In all specimens, concrete casting was done in upright position.
In the first group, concrete casting was carried out without any
compaction and vibration: specimens were placed in the pre-
stressing apparatus. But, in the second group, concrete casting
was performed in three layers, and each
layer was compacted. Finally, to prevent
evaporation of moisture, both ends of
the tube were wrapped in nylon. Then, to
prepare the specimens for bending test,
they were kept in the standing position
and atambient temperature for 28 days. It
should be noted that five cubic specimens
were also prepared, simultaneously with
concrete casting of the main specimens,
to determine compressive strength of
the concrete core. The cube specimens
were demoulded after two days, and
then cured in saturated condition. The
composite specimen’s flexural test, and
the compression test on cubic specimens,
were conducted on the same day.

a)

2.3. Materials

Concrete mixture design was adopted based
on the American Concrete Institute standard
[15]. According to the Iranian Concrete Code
[64] the maximum aggregate size cannot
exceed 1/5 of the inner side of the concrete
mould. Thus, the diameter of the maximum
aggregate used in the mixture was 9.5

Table 2. Mix proportions per 1 m? concrete

Upper plate of loading point

mm. Sand with the fineness modulus of 2.88 was used as fine
aggregate. The maximum slump of 100 mm is proposed for beams
in the ACI standard [15], and so 8-10 cm slump was used for all the
specimens. No additives were used in concrete mixture in order to
avoid their potential influence on the performance of confinement.
The proportion of each material in the concrete mixture is shown in
Table 2.

Commercially available steel tubes were used in this study. Due to
the universal testing machine (bending test) limitations, the length
and diameter of all specimens amounted to 900 mm and 60 mm,
respectively. According to ASTM A370 [65], three dumbbell-shaped
specimens were taken from each tube to determine the yield and
ultimate strength of the steel tubes. Average results were recorded
and presented in Table 3.

Table 3. Yield and ultimate strength of steel tubes

Tube thickness Ultimate stress Yield stress
[mm] [MPa] [MPa]
1 305 270
2 500 435
3 420 380
Load cell

/ Support

Lower plate of loading point

Figure 3. General view of the specimen and its equipment: a) schematic view; b) different views
of experimental set up

f, wic Slump Water Cement Fine aggregate Coarse aggregate
[MPa] [cm] kel [kl kel kel
17.4 0.8 8-10 225.0 281.3 1117.6 661.2
44.2 0.38 8-10 225.0 592.1 806.7 661.2
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2.4. Test set-up

All specimens were tested in 3-point
bending. The test was done by universal
STM 150 machine in a displacement
control method at a rate of 2 mm/min.
The load and midspan displacement was
recorded at specified intervals. The general
view of the specimen is shown in Figure 3.
As shown in Figure 3, the supports were
designed so as to ensure that specimens
behave as a simply supported beam. In
addition, two steel semi-circular pieces
were built and installed at loading point
to prevent stress concentration at that
point. Active specimens were inserted
into the testing machine taking care that
all embedded valves are horizontal. Test
was continued until a sudden drop in load
was observed.

3. Results and discussion

3.1. Load-deflection relationship
and failure mode

Figure 4 illustrates load-midspan deflection
diagram for all specimens. As shown, all
composite beams failed in a very ductile
manner.

In addition, specimen failure occurred
gradually, and no clear sign or sound was
observed at the moment of failure. The
failure mode of all specimens is illustrated
in Figure 5. As shown, the failure mode of
active specimens corresponds to that of
passive specimens.

In all specimens, local buckling of steel
tube occurred in compression zone (see
Figure 5). Due to local buckling of the tube,
some ripples formed in the upper part of
the steel tube. In addition, failure occurred
because of the tube rupture in tensile zone.
In (515-T3-A) and (515-T2-P) specimens,
failure was due to local buckling of the
tube in compression zone, while in other
specimens failure was induced by the tube
rupture in tensile zone.

In specimens with the same concrete
compressive strength and the same type
of confinement, the decrease of the D/t
of the steel tube reduced the height or
number of ripples induced at the upper
side of the specimens. Reduction in local

a) F.=15MPa b) F,= 45 MPa
— 515-T1-A
— 515-Ti-P
= —s15T2A |
= — s15T2P| =2 SL5-T1-A
= — s15TBA| S 545-T1-P
) —s151-P| B 545-T2-A
9 S S45-T2-P
S45-T3-A
S45-T3-P
0 25 50 75 100 125 150 0 25 50 75 100
Midspan deflection [mm]
o D/t=20
35 : —
30 e 0
25 Z s
=2 90
20 — S45-T3-A = — 545-T3-A
15 — SU5-T3-P S — SU5-T3-P
10 — 515-T3-A 10 —515-T3-A
5 515-T3-P 5 515-T3-P
0 0
0 2 & 6 5 30 55 80 05 130

Midspan deflection [mm]

Figure 4. Load-midspan deflection diagram: a) specimens with f' = 15 MPa; b) specimens with
f'_= 45 MPa; c) specimens with D/t = 20

S15-T1-P

515-T2-P

Top:

Bottom:

S45-T2-P

b)
Top:

Bottom: |

Top:

Bottom:

S45-T2-A

S45-T1-A

S545-T3-A

Figure 5. Failure mode of: a) passive specimens; b) active specimens

GRADEVINAR 71 (2019) 6, 451-463

455




Gradevinar 6/2019 Morteza Naghipour, Marzieh Nemati, Javad Jalali, Mahdi Nematzadeh

buckling of the steel tube at upper part is
independent of the confinement type. In
addition, local buckling of the steel tube Top:
decreased in all specimens with an increase
in the compressive strength of concrete. :
Finally, it can be concluded that the type Bottom: k
of confinement has no effect on the failure u \ ke
mode of specimens. 515-T1-P S15-T2-P S15-T3-p

-y

a)

3.2. Cracking pattern

Top:
To investigate the concrete cracking pattern
at the moment of failure, parts of the steel _
tube in the compression and tensile zone Bottom: (R
were cut after the bending test (see Figure
6). Concrete crushing and crack distribution
at the compression and tensile zones can be b)
seenin Figure 6.
Confinement type is an effective factor Top:
with regard to the area of crushed concrete
in compression zone. Thus, in specimens
with the same D/t of steel tube and
concrete compressive strength, passive Bottom: §
confinement causes a wider crushing area
of concrete compared to active confinement.
Compressive strength of concrete core also
influence the area of crushed concrete, and
so the crushing area of the concrete reduces Top:
with an increase in compressive strength of
concrete. Another effective parameter with
regard to concrete crushing is D/t of the steel
tube. There is a direct relationship between
D/t of the steel tube and the area of concrete
crushing, i.e. the lower D/t of the steel tube,
the lower the crushing area of concrete. Figure 6. Failure mode of: a) passive specimens; b) active specimens
The composite performance of two types of
materials is the cause of layered failure of concrete core, as shown in Table 4. Experimental results for active and passive specimens

Bottom:

S45-T1-A S45-T2-A

Figure 6. For Fhe same C(?ncrete cF)mpre.sswe Strength and D/t of sFeeI Specimen identifier ‘ P__[kN] ‘ E._[kNm] ‘ M_[kNm]
tube, cracks in the specimens with active confinement occurred in a D/t = 60
wider grea Fompargd to passive specimens. However., the depth of SL5T1A 13 10151 5
cracks in active specimens was lower compared to passive specimens.
. ) . S45-T1-P 10.5 952.1 1.7
Moreover, in the same confinement type and D/t of steel tube, higher
compressive strength of concrete core resulted in shallower cracks S15-T1-A 104 4805 17
over wider area of concrete core. D/t of the steel tube is another 515-T1-P 106 668.7 1.7
parameter that affected distribution of cracks in specimens, so that D/t=30
reduction in D/t of the steel tube leads to an increase in depth of S45-T2-A 25.4 2115.7 4.2
induced cracks where area of cracked concrete is almost the same. S45-T2-P 22.8 1251.8 3.8
) S15-T2-A 23.7 2609.2 39
3.3. Flexural capacity and absorbed energy S15-T2-p 23.1 1178.7 38
. . D/t=20
The amount of absorbed energy (E_ ) for each specimen is
. . g . S45-T3-A 34.3 2839.2 5.7
determined by calculating the area under the load-displacement
graph. Experimental results for ultimate load (Pexp), ultimate 545-T3-P 344 19330 57
bending moment (M), and the amount of absorbed energy 515-T3-A 335 3805.0 55
(E_,), are presented for all specimens in Table 4. 515-T3-P 33.6 4079.1 55

456 GRADEVINAR 71 (2019) 6, 451-463



Assessing influence of active and passive confinement on flexural behaviour of CFST beams

As can be seen in Table 4, when I"c =15 MPa and D/t = 30, the
change in the type of confinement from passive to active led to
simultaneous increase in M, and E_,, while such a thing was not
observed in other cases. So active confinement shows the best
performance when D/t =30 and f'_= 15 MPa.

For D/t = 20 with different compressive strength of concrete
core, the change in the type of confinement from passive to
active has a reverse effect on flexural behaviour of specimens,
resulting in reductionin M and E__

3.4. Parametric study
3.4.1. Confinement type

In order to evaluate the effect of confinement type on flexural
behaviour, the composite specimens are divided into three
groups, each group has a constant D/t of steel tube including
passive and active confinement, with two values of concrete
compressive strength (as subgroups). In Figure 7, the results of
active specimens including M and E__are compared with M
and E__of passive specimens (as reference specimens).

In group A, for specimens with f'_= 45 MPa, M  increases by 12
% as the confinement type is changed from passive to active,
whereas the value of E__reduces by 28 %. Nevertheless, for
specimens with f'_= 15 MPa, E__increases by 7 % due to active
confinement while M reduces by 2 %.

In Group B, for f'_ = 45 MPa, however M increase by 11 % as
the confinement type is changed, while E _reduces by 15
%. The change of the type of confinement has a substantial
effect on specimens with . = 15 MPa. The change of the type

1200 11178 110/5
102/6 99/6  99/7
o 100 98/1
=
® g0
£ 60
=
= w
g W fc =45, Active
20 fc =15, Active
0
A(D/t) =60 B(D/t)=30 cl{ost)=20
Group

Figure 7. Percentage of variation - effect of confinement type: a) M ; b) E

120
102/6 L1227 L —— 102/5 102/5
o 100 91/6
(=]
-
= 80
i &0
2 w
it
- = fc= 45, Active
= 20 fc=15, Passive
0
A(D/t) =60 B(D/t)=30 c{D/t)=20
Group

Figure 8. Percentage of variation - effect of compressive strength of concrete core: a) M ; b) E

of confinement not only leads to 3 % increase in M, but also
causes an increase of 69 % inE_ .

In Group C, both M and E__tend to decrease with the change
of confinement type. It was clear that for specimens with ' =
45 MPa, the reduction of E__is greater compared to specimens
with f' = 15 MPa.

It can also be concluded that active confinement exhibits the
best performance in specimens with f'_ = 15 MPa in group B.
Also, the worst performance is shown by specimens from group
C, especially those with f'_ = 45 MPa. In case of specimens with
f'_= 45 MPa, active specimens have a lower midspan deflection
(less ductile behavior) compared to passive specimens (see
Figure 4). Such conclusion cannot be made for specimens with
f' =15 MPa.

3.4.2. Compressive strength of concrete

The effect of compressive strength of concrete core on the
load-deflection relationship, M, and E__ of the specimens is
investigated. All specimens are classified into three groups;
in each group, D/t of the steel tube is constant and active and
passive specimens are in separate subgroups.

By comparing the specimens with different compressive
strengths (see Figure 4), it can be seen that the midspan
deflection of specimens degrades as the compressive strength
increases. The reduction of midspan deflection seems to be
independent of the confinement type and wall thickness of
steel tube.

To determine the variation in M and E__ by increasing the
compressive strength of concrete core, the percentage of

1% 16970
160
W fc= 45, Active
8 140 fe =15, Active
=]
X, 120 106/6
2 84/9 82/4
2 71/8
u® B8O 68/1
= &0
w' 40
20
0
A(D/t) =60 B(D/t) =30 C(D/t)=20
Group
abs
150
123/3 W fc = 45, Active
120 fc =15, Passive
94/2
= 90
i 7017 69/6
i
Ty 60 50/8
o 47/3
=
3 30
|
0
A (D/t) =60 B(D/t) =30 ClD/)=20
Group

abs
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350 325/7

I 221/2

passive

295/8

Group

x 100

218/5

331/0
300
250
200

228/7 225/8
50
1]

150
100
active

passive

(M )/(m)

Figure 9. Percentage of variation - effect of D/t of steel tube: a) M ; b) E

change in M, and E__ for specimens with f' = 45 MPa is
compared with (M ) and (E_ ) for specimens with f'_ = 15 MPa
(as reference specimens), as shown in Figure 8.

It is evident that in all cases, an increase in the compressive
strength of concrete core leads to lower values of E  , except
for active specimens of group B. In groups A and C, the reduction
of E__due to an increase in the concrete compressive strength
in active specimens is more significant compared to passive
specimens.

In group B, It could be concluded that M of active specimens
somewhat increases with an increase in the compressive
strength of concrete core, while M of passive specimen reduces.
In Group C, the loss of E... due to concrete strength increase
is about 50 % for active confined specimens, whereas it is
about 31 % for passive confined specimens. This means that
active confinement leads to a more significant decrease in the

OB BV
HL ‘
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stress stress
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stress

AISC (PSDM)

Strain
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abs

influence on E__ of specimens compared to passive specimens.
Moreover, M increases with an increase in compressive
strength of concrete core in both active and passive confined
specimens.

3.4.3. Diameter to thickness ratio of steel tube

In order to investigate the effect of the steel tube D/t on flexural
behaviour of composite specimens, all specimens are divided
into two groups: active and passive confinement.

As shown in Figure 9, M  increases significantly with a decrease
in the steel tube D/t. In addition, it can be seen that specimens
have a more ductile behaviour for a lower D/t of the steel
tube. Moreover, the active specimen with D/t = 30 and f’E =45
MPa, has the lowest midspan deflection compared to other
specimens. To study the effects of D/t of the steel tube on

N.A
Center line

Strain Concrete Steel
stress stress
Eurocode 4 (PSDM)

N A
-— Center line

Fy

Strain Concrete Steel
stress stress
Eurocode 4 (SCM)

*d,,d, d, and d,: vertical distances relating to specific locations from the neutral axis and yield parts in the zones of compression and tension

[,: ratio of depth of rectangular stress block to the depth of neutral axis [66]
J: factor defining the effective height of the compression zone [67]
n: factor defining the effective strength [67]

Figure 10. Strain and stress distribution of concrete and steel according to assumptions of design codes
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flexural behaviour of specimens, the percentage of change in
M, and E__ of specimens with D/t = 20 and 30 is calculated
and compared with specimens with D/t = 60 (as reference
specimen), as shown in Figure 9.

It can be seen from Figure 9 that the values M and E__increase
as the value D/t of the steel tube decreases. This indicates that
the effect of tube thickness on flexural capacity is significant.
The greatest change in M, occurs in case of active specimens
with D/t = 20 and f'_= 45 MPa, while the greatest change in E
occurs for passive specimens with D/t = 20 and f'_ = 15 MPa.

In addition, the minimum increase of M and E_,_amounts to 120
% and 30 %, respectively, which points to a significant influence
of D/tonM and E_ .

4. Analytical study
4.1. Ultimate flexural capacity

The flexural strength of CFST specimens can be calculated
according to a number of codes. The calculated flexural
capacity of CFST beams varies depending on the design
code applied. The flexural capacity of CFST specimens
is predicted in various design codes according to two
methods: strain compatibility method (SCM), and plastic
stress distribution method (PSDM). The SCM is used by the
ACI [66], and both SCM and PSDM are used by the AISC [63]
and Eurocode4 [57].

Each code has different assumptions with different stress
distributions of concrete and steel and, hence, dissimilar
values of flexural capacity are predicted by design codes.
The strain and stress distribution of concrete and steel
according to each method is shown in Figure 10. A
comparison between calculated and experimental results of
flexural moments is made in order to evaluate the accuracy
of the codes in predicting flexural capacity of CFST beams.

A logical flowchart for calculating the flexural moment
capacity of CFST beams is shown in Figure 11. In the first

step, material properties (f', Fv, e, and E) and section
geometry (D0 and t) are entered. Then the design code is
selected. After that, the sectional analysis is started. The
algorithm is set to find the neutral axis of the section. The
neutral axis is found by equilibrium condition. The algorithm
iterates the process until the equilibrium condition is met.
After finding the neutral axis of section, the flexural strength
is calculated by means of related equations.

4.2, Comparison

Since flexural strength values of active and passive specimens
are quite close to each other, as concluded in Section 3.3, and as
all equations in design codes are related to passive specimens,
the accuracy of equations of individual design codes is
evaluated by experimental results of passive specimens only.
Predicted flexural capacity (M, ) is compared using different
methods with experimental results (M), in Table 5. Also,
mean values of the (M ),/ (M,)_are presented in Table 5 for
different methods. The results clearly show that all these
design methods are conservative.

As can be seen, in most specimens, experimental results
exceed the predicted ultimate moment capacity. However, it
can be found that a good agreement is obtained for PDSM
results in EC4 code with a mean ratio of 1.1. Predictions
using other codes underestimate more the ultimate moment
capacity, which is especially obvious for SCM method used in
ACI and AISC codes. The main reason is that in this method
the reduction factor of 0.85 is used for concrete strength.
Better prediction is obtained for higher concrete compressive
strength, especially for higher D/t (see PDSM results for EC4
and AISC in Table 5).

It can be seen that the SCM analysis according to the AISC and
ACl methods give a moment capacity that is about 20 % lower
than test results. Also, in case of both AISC and EC4 codes,
PDSM method provides a mean value of 1.1. Therefore, these
codes have the best predictions.

Table 5. Comparison between experimental and calculated strength of CFST beams

Gradevinar 6/2019

ACI & AISC-SCM analysis AISC-PSDM analysis EC4-PDSM analysis EC4-SCM analysis
Specimen (M), (M), (M), (M), M),
dentifier m),,,/ (M), M),/ (M), ),/ (M), M),/ (M), [kNm]
[kNm] [kNm] [kNm] [kNm]
S45-T1-P 1.7 1.0 1.7 1.0 1.7 1.0 1.7 1.0 1.7
S45-T2-P 3.5 1.1 3.8 1.0 3.8 1.0 3.6 1.1 3.8
S45-T3-P 4.6 1.2 4.9 1.2 4.9 1.2 4.7 1.2 5.7
S15-T1-P 1.4 1.2 1.5 1.1 1.5 1.1 1.5 1.2 1.7
S15-T2-P 3.1 1.2 3.4 1.1 3.4 1.1 3.2 1.2 3.8
S15-T3-P 4.2 1.3 L4 1.2 4.5 1.2 4.2 1.3 55
Mean 1.18 1.11 1.10 1.16
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Figure 11. Flowchart for calculating the flexural strength of CFST beam
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5.

Conclusion

An experimental investigation of flexural behaviour of concrete
filled steel tubes was conducted in this study for active and
passive confinement conditions. Twelve CFST specimens were
subjected to flexural loading and the effect of three variables,

ie.

the tube's diameter to thickness ratio, concrete compressive

strength, and confinement type, was studied. Based on the
results of this study, the following observations and conclusions
can be made:

1.

All active and passive specimens behaved in a ductile manner
and the ductility of CFST specimens reduced with an increase
in compressive strength of concrete core. For the specimens
with f_ = 45 MPa, passive confinement revealed a more ductile
behaviour compared to active confinement, and the diameter to
thickness ratio of the steel tube did not affect the ductility of the
specimens. However, no certain relation between the type of
confinement could be established for f_= 15 MPa, and ductility
of the specimens and active and passive confinement showed
different behaviour versus D/t of the steel tube.

The Failure of all CFST specimens was accompanied by local
buckling of steel tube in compression zone and its rupture in
tensile zone. In addition, an increase in compressive strength
of concrete core reduced the height or number of ripples
generated in compression zone of the steel tube. Moreover, the
type of confinement had a negligible effect on the failure mode
of the specimens.

The concrete core was crushed in the area where the local
buckling of steel tube occurred. The area of crushed concrete in
the specimens with passive confinement was more pronounced
than that in active specimens. Furthermore, the area of crushed
concrete had an inverse relationship with the compressive
strength of concrete core while there was a direct relationship
between the crushed concrete area and D/t of the steel tube.
The concrete core was cracked in the tensile zone of all
active and passive specimens. The type of confinement and
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