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ABSTRACT

This paper investigates the effect of different structural steel configurations on the load carrying capacity of
circular composite columns using steel plate through testing nine specimens. The specimens were divided into
three groups of three specimens. The specimens of the first group, normal reinforced concrete columns, served
as references. While the specimens of the two remaining groups were designed in two different configurations of
steel plates, namely lateral reinforcement combined with steel plates (Group 1) and open bolt-connected steel
plates (Group 2), respectively. Three specimens in each group were tested as columns with eccentricities of 0O
(concentric), 25 mm and 50 mm. The columns’ failure mechanisms were investigated in order to determine the
strength, ductility and buckling of structural steel in columns. The study showed that Group 1 presented the
greatest strength and ductility due to the effect of confinement by the helix and structural steel plates. Meanwhile,
the strength and ductility of columns in Group 2 were not as high as expected due to the local buckling of
structural steel and premature separation between the cover concrete and steel core.

Key words: circular encased composite columns; structural steel configuration; steel plate; columns’
failure mechanisms; strength and ductility

TOM TAT

Bai bao nay nghién cru anh hudng bdi viéc phan bb ciu tao khac nhau clia cbt cirng dén kha ning chiu tai
clia codt composite hinh tron dung thép tAm théng qua thtr nghiém 9 mau cot, dwoc chia lam ba nhém méi nhém cé
3 m&u. Cac mau trong nhém thir nhat [a cot bé-tdng cét thép thuwdng, dung lam tham chiéu. Cac mau clia hai nhém
con lai dwoc thiét ké theo 2 kidu cAu tao cbt thép tdm khac nhau, cu thé 1a cbt thép tAm két hop voi cbt dai va ct
thép tAm lién két h& béng bu-ldng. Cac mau trong mdi nhém dwoc thir véi tai léch tam 0, 25 mm va 50 mm. Nghién
ctu cho thdy nhém cot LCP cé cwdng d6 va do déo cao nhat do cAu tao cbt thép hop ly trong tiét dién va anh
hwéng giam gilr bé tdng nhd cbt dai xoan va thép tAm. Cuwong do va dé déo clia nhém cot OBP khong cao so véi
tinh toan la do hién twong mat 6n dinh cuc bd cda 18i thép va sw tach sém gitra vo bé-tdng va 16i thép.

Tir khoa: cot tron bé-tdng cbt cirng; cAu tao thép két cAu; thép tAm; cor ché pha hoai cot; cwong do va do
déo

1. Introduction found that using Carbon FRP is more effective

The load-carrying capacity of composite than Glass FRP in increasing the strength and
columns had been investigated by many  ductility of columns. Another study [4]
researchers. Razvi and Saatcioglu [1] studied the  investigated the benefits of using different types
behavior of circular high-strength concrete ~ Of mesh to reduce cover spalling of high-strength
columns and reported that using helix in  concrete columns. More other studies focused on

reinforced  concrete  columns  significantly ~ the analysis of the load capacity of composite
increases both their strength and ductility. In columns. The concrete filled steel columns have
addition, Hadi [2, 3] used Fiber Reinforced ~ advantages of full usage of materials and

subjected to eccentric compression loading and ~ concrete encased steel columns have a better
performance in corrosion and fire resistance than
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that of concrete filled steel ones [5]. Most
columns used in building structures are made of
rectangular or square sections. For rectangular
encased composite  columns,  researchers
undertook both experimental and theoretical
studies for short and slender columns [6-10].
These studies focused on analytical modeling and
simulation to predict the axial capacity, flexural
stiffness, strength, ductility and stability of
concrete encased composite columns subjected to
different loading conditions.

The strength and ductility are two
substantial properties of concrete encased
composite columns. The current standards [11-
13] provide guidelines to analyze and design
composite columns. However, there were
discrepancies [6, 8] in calculation approaches
and analysis results between those standards. El-
Tawil and Deierlein [6] reported that ductility of
composite columns depends on the concrete
strength, the confined reinforcement, structural
steel ratio and loading conditions. Mirza and
Tikka [7] proposed new EIl equations for slender
concrete encased composite columns. Mirza and
Lacroix [8] investigated the discrepancies of
strength analysis of rectangular concrete encased
steel composite columns using different
standards and showed that Eurocode-4 [11]
computes the column strengths more accurately
than other computational procedures. Chen and
Lin [9] conducted a study predicting the axial
load-carrying capacity of concrete encased steel
composite columns and reported that partial
confinement factor is highly dependent on the
lateral tie spacing, while the shape of structural
steel section affects the high confinement factor
of concrete.

There exists an extensive literature on
circular concrete filled steel columns, meanwhile
few studies on circular encased composite
columns have been carried out [14]. Hence, this
study investigates loading capacities of the latter
columns  with  different  structural steel
configurations mainly based on an experimental
program. The idea of combination of steel plates
on the composite column sections is presented
herein, including lateral reinforcement combined

with steel plates (LCP) and open bolt-connected
steel plates (OBP) groups compared to the
reference group (NR). The strength, ductility and
steel buckling issues of all specimens in the
three groups are considered in detail. The
columns’ load-carrying capacities derived from
the experimental program are determined to
evaluate influences of  structural steel
configuration on the column behaviors.

2. Experimental Program

2.1. Design of Specimens

In this study, nine circular columns with
different steel configurations were cast for
testing. All columns were 900 mm in height and
209 mm in diameter. The columns were made of
normal strength concrete with a nominal
compressive strength of 32 MPa. Concrete cover
was maintained at 24 mm thickness on the
surrounding surface and 20 mm at the top and
bottom of the columns. For Group NR, the
reinforcement of specimens was designed
according to AS 3600-09 [15], which included 6
N12 longitudinal deformed bars and a helix of
R8@60 plain bar with nominal tensile strengths
of 500 MPa and 250 MPa, respectively. For
Group LCP, the structural steel of three
specimens was made of steel plates (90x6) x6m
long, and a helix of R8@60 was used as lateral
reinforcement. The specimens of Group OBP
were reinforced in a similar way as the
specimens of Group LCP, but their lateral
reinforcement was changed to bolt-connection
with three D10 bolts at 330 mm spacing along
each corner. The structural steel designed in
LCP and OBP specimens with a steel
ratio according to ACI 318-02 [13], has a
nominal tensile strength of 320 MPa. Details
of dimensions and steel configuration in the
cross sections of all specimens are shown in
Figure 1.

RE @60

Figurel. Cross-section details of the specimens

13



THE UNIVERSITY OF DANANG, JOURNAL OF SCIENCE AND TECHNOLOGY, NO. 12(73).2013, VOL. |

2.2. Test Configuration

The specimens were divided into three
groups: NR, LCP and OBP as mentioned above.
From each group, the first specimen was tested
under a concentric compression loading, while
the second and the third specimens were tested
under eccentric compression loading with an
eccentricity of 25 mm and 50 mm, respectively.
A detailed test matrix of the experimental
program is given in Table 1. All specimens were
labeled with the respective group name and
the loading condition in which the specimen
is tested, where the number stands for the
load eccentricity. The two label parts are
connected with a hyphen, for instance, NR-25
represents the specimen in Group NR, which
was tested under 25 mm eccentric loading,
or LCP-50 stands for the specimen in Group
LCP that was tested under 50 mm eccentric
loading.

Table 1. Test matrix of the experimental program

. Steel Bars Steel .
Specimen Lateral Longitudinal Plates Eccentricity
NR -0 R8@60 6N12 None 0
NR-25 R8@60 6N12 None 25 mm
NR-50 R8@60 6N12 None 50 mm
LCP-0 R8@60 None 4 P90x6 0
LCP-25 R8@60 None 4 P90x6 25 mm
LCP-50 R8@60 None 4 P90x6 50 mm
OBP -0 None None 4 P90x6 + 0
Bolts
OBP - 25 None None 4 P90x6 + 25 mm
Bolts
OBP - 50 None None 4 P90X6 + 50 mm
Bolts

2.3. Preparation of Specimens and Preliminary
Tests

The details of steel cage setup for three
groups are shown in Figure 2. All specimens
were cast using ready-mixed concrete supplied
by a local company and then cured in room
temperature condition for 28 days before they
were tested.

The preliminary tests for steel and
concrete samples were conducted at the High
Bay Laboratory in order to determine the tensile
strengths of the deformed bars, plain bars and
steel plates, and the compressive strength of
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concrete. The N12 deformed bars had average
yield strength of 553.7 MPa, while the average
yield strength of R8 plain bars was 636.3 MPa
and it was 337.9 MPa for the steel plates (90x6).
Concrete compression tests were carried out on
each group of three cylinders in accordance to
AS 1012.8 [16]. The average cylindrical
compressive strengths of concrete at 7 days, 28
days and testing date were 22,33 and 34.5 MPa,
respectively.

(a) Group NR (b) Group LCP (c) Group OBP

Figure 2. The configuration and position of steel
cages in formworks

2.4. Testing of Specimens

All specimens were tested using the
Denison 5000 kN compression testing machine
in the High Bay Laboratory. For concentric
loading, it was simple to set up the column into
two steel loading heads. A specific loading
system was used in order to conduct the
eccentric compressive tests. The loading system
consists of two steel loading heads with a gauge
on top and two top steel plates. The gauges are
25 mm and 50 mm off center and the top
overhang edge is placed in the gauges in order to
create 25 mm and 50 mm eccentricity,
respectively. Figure 3 depicts the details of the
concentric and eccentric loading systems.

Figure 3. The concentric loading system (a) and
eccentric loading system (b)

Before mounting the specimens on the
testing machine, all columns were capped at
both ends using high strength plaster to ensure
even distribution of forces. A curing time of 30
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minutes was given before the specimen was
capped by the top loading head. Calibration was
carried out to ensure leveling of the specimen by
checking the centerline of the testing machine
against the centerline of the load heads.

A linear variable differential transformer
(LVDT) located on the bottom loading platform of
the testing machine was used to measure the axial
displacement of the specimens. For eccentric
loading tests, a laser triangulation sensor was
placed at mid-height of the specimen to measure
the lateral displacement. The tests were deflection-
controlled with a loading rate of 0.5 mm/min and
the result data were recorded by a computer.

3. Experimental Results and Discussion

3.1. Summary of Test Results

Table 2 summaries the test results of all
tested specimens. Comparing to the reference
columns (Group NR), all LCP and OBP
specimens showed an increase in ultimate load
under compressive loading conditions; in
particular, Group LCP outperformed the other
groups in terms of ultimate load carrying
capacity. Specimens subjected to eccentric
loading showed lower ultimate load compared to
specimens under concentric loading. Notably, in
eccentric loading conditions, the lateral
displacement of the specimens in Group LCP at
the ultimate load was significantly larger than
that of the other specimens, which indicates that
the ductility of Group LCP was considerably
bigger than the other groups.

Table 2. Summary of Test Results

. Ulti-
. Yield Ultimate AXIaI. Latera! mate
Speci- Deflection  Deflection
Load Load . . -
men at Ultimate at Ultimate
(kN) (kN) Load (mm) Load (mm) ment
(kNm)
NR-0 1020 1146 2.27
LCP-0 1356 1445 3.58
OBP-0 1062 1189 3.76 -
NR-25 680 729 3.48 2.92 20.354
LCP-25 772 859 4.50 3.76 24.705
OBP-25 700 757 3.04 2.89 21.113
NR-50 410 465 3.09 3.44 24.850
LCP-50 521 587 3.78 5.67 32.678
OBP-50 477 539 3.07 3.97 29.090

3.2. Failure Mechanism of Tested Columns

For columns under concentric loading,
Specimens NR-0 and LCP-O experienced a
similar fracture mechanism. After the columns
reached their peak load, cover concrete spalled
leading to a decline of axial load. Next, the
hardening period occurred as the concrete was
confined by the helix. Then, the fracture of a
helical ring occurred at the middle of the column
for Specimen NR-0 and near the bottom of the
column for Specimen LCP-0. The local buckling
of the longitudinal reinforcing bars and steel
plates in these positions occurred. The crushing
of concrete core then happened, and finally the
columns failed. Specimen OBP-0 witnessed a
different fracture mechanism from the above two
specimens, except the elastic behavior stage.
This specimen failed early due to the buckling of
the steel plates on the upper half of the column
and the premature separation between the steel
plates and the concrete. There was no hardening
period during the testing process of Specimen
OBP-0. The failure modes of Specimens NR-0,
LCP-0 and OBP-0 are shown in Figure 4.
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Figure 4. Failure modes of specimens under
concentric loading

For 25 mm eccentric loading, the cover
concrete of Specimen NR-25 spalled along the
column on the compressive side, after reaching its
ultimate load. The deformation of the column
caused axial and lateral deflections, which led to
an axial load decrease during this stage. After a
short hardening, the column began failing due to
larger lateral deflection. Specimen LCP-25 had a
failure mechanism nearly similar to the reference
one. However, the concrete spalling occurred at
the upper half of the column. Specimen OBP-25
experienced an elastic behavior period and gained
the peak column resistance. Shortly after that, the
cover concrete spalled due to the deformation of
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the steel plate on the side for 25 m off center
loading. Next, the lateral deflection of the column
increased significantly, which led to the full cover
concrete spalling, and the buckling of steel plates
at the lower half of the column. Both Specimens
LCP-25 and OBP-25 failed after reaching the
peak load without a hardening stage.

For 50 mm eccentric loading, there was a
difference of the failure mode between the
specimens. The reference specimen (NR-50)
presented a special failure mode, in which the
lower two third length of the column had a small
lateral deflection and the failure happened only
near the top of the column. At this position, the
cover concrete spalled and wider lateral cracking
increased on the compressive and tensile sides of
the column, respectively. This failure mode may
have resulted from the relative movement of the
top loading point compared to the bottom
loading point or from the local weakness of the
top column section. Specimen LCP-50
experienced a fracture mechanism roughly
similar to Specimen LCP-25 but with larger
deflections on both the horizontal and vertical
directions. The spalling and lateral cracks
developed from the top to the middle of the
column, and tiny lateral cracks occurred on the
lower half of the column. Specimen OBP-50
witnessed some lateral cracks at the top and the
middle on tensile side of the column. Then, the
buckling of a steel plate incidentally happened
on the upper half of the column, after reaching
its ultimate load. Next, the width of lateral
cracks at top and middle of the column
dramatically  increased leading to the
development of other vertical cracks around the
column. The steel plates continued buckling at
other positions and the separation between the
cover concrete and the steel widely spread.
Finally, the column failed after much more
deflection and concrete fracture occurred. Figure
5 shows the failure modes of the specimens
under eccentric loads of 25 mm and 50 mm,
respectively.

16

bl i S N2 DT

Figure 5. Failure modes of specimens under 25 mm
and 50 mm eccentric loading

3.3. Load-deflection Diagrams

Figure 6 shows the load-deflection
diagrams of all specimens of the three groups
with different loading conditions. It can be seen
that all the specimens showed a similar behavior
during the first stage of loading before yield.
Four specimens, namely NR-0, LCP-0, NR-25
and NR-F, had their hardening branch after yield
and ultimate points of loading. The other
specimens showed only a descending branch
after achieving their peak load capacities. For
compression loading, specimens in Group LCP
had the highest strength. The ultimate load of
Specimens LCP-0, LCP-25 and LCP-50
increased  26.1%, 17.8% and 26.2%,
respectively, compared to the reference
specimens. However, the results indicated that
both Specimens LCP-F and OBP-F had lower
strengths compared to the reference specimen for
the flexural loading condition. It maybe depends
on the concrete bonding and slips between
concrete and steel plates occurring due to the
increase of loading.

3.4. Ductility of Columns

Ductility is considered as one of the most
significant parameters for structural members. In
this study, it was determined as the ratio of
deflection at 85% of ultimate load after peak and
deflection at yield load [17]. Table 3 summaries
the ductility of the axially loaded columns
devised from the experimental results. It is clear
that the two LCP specimens in concentric and 25
mm eccentric loading conditions showed a
considerable increase in ductility with 138% and
23%, respectively, compared to the NR
specimens. The normalized ductility of
Specimen LCP-50 was 0.95, so the ductility of
only this specimen was little less than that of the
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reference column. Specimens OBP-0 and OBP-
50 were the most brittle columns compared to
the other ones in the concentric and 50 mm
eccentric loading conditions, with normalized
ductility of 0.62 and 0.81, respectively.
However, the remaining specimen in Group
OBP indicated higher ductility performance in
comparison with the reference specimen, an
increase of 10% for Specimen OBP-25.

Table 3. Ductility of axially loaded columns

. - Normalized
Specimen Ductility Ductility
NR-0 2.35 1
LCP-0 5.59 2.38
OBP-0 1.45 0.62
NR-25 1.37 1
LCP-25 1.68 1.23
OBP-25 151 1.10
NR-50 2.01 1
LCP-50 1.90 0.95
OBP-50 1.62 0.81
1600
1400 A\_‘________f ——_NRO
1200 Ked = LCP-0

1000
800
600
400 -+

Axial Load (kN)

200

0 5 10 15 20 25 30
Axial Displacement (mm)

(a) Concentrically loaded columns
= = NR-25

— m—| CP-25
— -0OBP-25

Axial Load (kN)

-60 -40 -20 0 20
Lateral Disp. (mm) Axial Disp. (mm)

(b) Eccentrically loaded columns, e =25 mm

- - NR-50

LCP-50

700
600

= = -0BP-50 s |

= M

s I~ 3

b3 / e n \

] -~ b Y

= - A 300 LK

] — B

5% — - 200 oy

<t - V N
100

-40 -30 -20 -10 10 20

o
Lateral Disp. (mm) Axial Disp. (mm)
(c) Eccentrically loaded columns, e =50 mm

Figure 6. Load-deflection diagrams of specimens

4. Conclusions

Based on the experimental program, the
following conclusions can be drawn:

e LCP columns demonstrate to be a better
design solution than OBP ones with their greater
strength and ductility. The good performance of
LCP is due to the important role of helical
reinforcement, which confines the concrete core and
keeps the steel plates stable under loading
conditions, especially concentric compression loads.

e The strength and ductility of OBP
columns were not as high as expected due to the
local buckling of structural steel and premature
separation between the cover concrete and the
steel core. Buckling of steel plates depends on
the distance between the bolts used to connect
the steel plates and the presence of lateral
reinforcement in the column. Hence, reducing
the distance between connection bolts or using
lateral steel reinforcement will increase the
strength and ductility of the column.

e  The applied loading eccentricity visually
affects the column load-carrying capacity.
Increasing the eccentricity leads to the reduction of
ultimate loads of all tested columns, but they must
be subjected to more bending moments. It also
decreases the normalised ductility of the columns
in Group LCP, but increases the normalised
ductility for column OBP-25 compared to the
remaining columns in this group.

e  For utilising these composite columns in
building and bridge design, a further study to
investigate the scope of using the steel plate and
the interaction between steel and concrete needs
to be undertaken in detail. In particular, the
buckling of steel plate and steel-concrete
separation issues, especially Group OBP, are
necessary to study as these factors have a
significant effect on the strength and ductility of
these composite columns.
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