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- AN EXPERIMENTAL STUDY ON ULTIMATE STRENGTH OF
COMPOSITE COLUMNS FOR COMPRESSION OR BENDING

By Hiroshi NAKAF, Osamu YOSHIKAWA** and Hiromasa TERADA***

This paper reports the test results of composite columns subjected to compression or
bending in order to investigate the properties of ultimate strength of concrete filled
rectangular steel columns with thin-walled steel plates,

In the compression tests of composite columns, the effects of headed studs and
longitudinal stiffeners on the behaviors in elasto-plastic regions are examined ex-
perimentally in comparisons with the concrete filled columns without headed studs and
longitudinal stiffeners, Their ultimate strengths are, then, -discussed on the basis of
theoretical analysis. On the other hand, the influences of end diaphragms and studs,
which restrain the slips between encased concrete and steel tubular plates, upon the
composite effects and the corresponding ultimate strength for flexural behaviors are
also examined by means of the bending tests.

Keyword © composite siructures, bridge piers, tests, ultimate strength.

1. INTRODUCTION

The reinforced concrete structures have mainly been adopted to the piers of highway bridges because of
their economical points of view. However, the cross-sectional dimensions of such type of structures
become generally larger and much more reinforcements are required for resisting the strong seismic load.
Therefore, it seems that the ordinary reinforced concrete piers are not always suitable ones. .

In the case of steel pier composed of comparatively small cross-sectional dimensions, thick steel plates
and many longitudinal stiffeners will be needed to ensure the safety against the overall and local bucklings
under seismic loading. Thus, these types of piers are not economical ones,

In order to eliminate these demerits, a concrete filled steel pier (thereafter referred to as composite
column), which utilizes the high tensile strength of steel tublar plates and the enough compressive strength
of encased concrete, is considered to be of an appropriate type. Then, various researches on the composite
columns have been executed in not only Japan but also foreign countries. ;

Among them, there have already been codified the design specifications for applying to the bridge
structures such as BS 5 400" and DIN 18 806”. These kinds of researches are currently starting in Japan .
to applying the composite columns to the bridge piers of highways and mono-railway, i.e. . one finds a
series of experimental studies on the concrete-filled steel pipes by Public Work Research Institute of
Japan Ministry of Construction® and on the composite columns with the rectangular cross-sections by
Hanshin Expressway Public Corporation?. In applying these composite columns to the bridge piers, it is an
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important problem how to design the steel tubular plates against the local buckling for the case of
rectangular cross-section, since the ultimate strength of such composite columns will be somewhat
different from the composite columns with circular cross-section. With regard to these researches, one
can find a theoretical study reported by Reference 5). The validity of this theory is, however, not yet
checked by the experimental researches. Accordingly, a series of tests were performed on the composite
columns with rectangular cross-section under the conditions of compression or bending to inquire the
validities of analysis in Reference 5) and especially the variations of ultimate strength due to the following
uncertain factors which will not be able to analyze theoretically.

These factors are summarized follows;

i) Effects of restrictions of encased concrete on the ultimate strength of steel tublar plates,

i) Influences of headed studs and longitudinal stiffeners on the behaviors in elasto-plastic region of
composite columns and on the ultimate strength,

i) Effects of restrictions against the slips between encased concrete and steel tubular plates by means
of end diaphragms and shear connectors on the composite behaviors in bending, as well as,

iv) the occurrence of local buckling in compression flange of composite columns which undergo the
bending.

This paper predicates such uncertain points in details,

2. TEST SPECIMENS

Table 1 shows the objects of experimental studies explained in the above together with loading
conditions, length, symbols and numbers of test specimens, Their cross-sectional dimensions, buckling
parameter, cross-sectional area and material properties are listed in Table 2.

The thickness of steel plates is limited within 4. 2 mm to simulate the initial imperfections of ordinary
structures by using mild steel made of Grade SS4].

The length of specimens, g=800 mm, for compression tests is decided so as to prevent the overall
buckling of columns and to cause the local bucking of steel tubular plates.

The cross-sectional dimensions of specimens for bending tests are identical to those of column specimens
of no stiffener. The corresponding spans, [==2 (000 mm, are decided to be within the length of the space of
our testing machine and the local buckling in the compression side of steel sections predominates rather
than the overall lateral buckling as a beam.

The residual stresses in the test specimens are measured by the modeled test specimens, which have the
same dimensions as Specimens, SC-]1, SCL-1 and SCL-2, through the mechanical cutting method

prior to the failure tests. These results can be modified as shown in Fig, 1.

3. COMPRESSION TESTS

"(1) Aims of tests

Table1 Outline of Tests.
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Table 2 Cross-Sectional Dimensions and Material Properties,
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7 tsves * required relative stiffeness according to JSHRS”

In the case of concrete filled column without headed studs, their steel tubular plates have the tendency to
separate from the encased concrete for a case where the axial compressive force falls within the elastic
ranges, since the Poisson’s ratio of concrete, 4,=1/6, is smaller than that of steel, y=0.3. As the
applied axial compressive force increases, the encased concrete will result in the plastic state. For this
state, the Poisson’s ratio of encased concrete increases up to z4.=0.5 and is greater than that of steel,
Thus, the steel tubular plates undergo the internal pressure due to the transverse expansion of encased
concrete, )

This internal pressure will generally be resisted by the hooping force of the steel tubular plate in a case
of circular cross-section, It is, then, clarified that the encased concrete reduces to the tri-axial
compressive situations and their plastic flow is prevented by the hooping force of steel tubular plates.

Accordingly, the encased concrete cooperates with the steel tube as a composite column. This will,
moreover, be able to strengthen the composite column with circular cross-section against the local buckling
of steel tubular plates and the squashing of encased concrete.

In the case of composite column with rectangular cross-section,
there remains an uncertain point concerning the hooping actions
as compared with a composite column with circular cross-section
and the behaviors of steel tubular plates under the internal
pressure of encased concrete in the plastic state, In connection
with this behavior, the effects of headed studs and longitudinal
stiffeners on the ultimate strength of composite column have not
also been clarified experimentally,

In order to investigate these problems, the compression tests
were carried out.

(2) Test method ;

The uniform and uniaxial compressive force was applied to the
test specimens by avoiding the eccentricity through the thick
loading pads at both the ends of columns, The applied loads were
returned two- or three-times to 49 KN at a point where the

gradient of load-axial shortening curve of test specimens had
some change, and the residual deformations of test specimens Photo1 View of Compression Test,
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were measured and checked. Thereafter, the applied load was gradually increased up to the failure of test
specimens. The test view using a hydraulic jack with capacity of 5. 88 MN, which is installed as the Bridge
and Structural Laboratory of Osaka City University, is shown in Photo1.

The measurements of strain at the typical points and shortening throughout the composite column were
conducted by the strain gages and a displacement transducer in each loading stage, respectively.

(3) Test results and their discussions ‘ ‘ ~

a) Effects of encased concrete on ultimate strength of column and buckling modes of steel tubular
plates

Fig. 2 shows the load-strain curves at the sides of column @, @ © and @ of Specimens SC-1 and
CC-1. Observing this figure, the local buckling is propagated in the steel column SC-1 at the applied load
P=490~588 kN and this column collapses with the slight increse of load after local buckling of steel
tubular plates. ;

Whereas, the axial compressive strains gradually increase in the composite column Specimen CC-1 and
the local buckling of steel tubular plates is not observed as in a case of steel column Specimen SC-1. The
gradient of load-strain curve is altered at the load P=930 kN. This might be caused by the change to the
plastic state of encased concrete. The Poisson’s ratio of concrete, then, becomes large in accordance with
the increase of load, and the steel tubular plates undergo not only compressive force but also lateral force
due to the expansion of concrete. Thus, the local buckling of steel tubular plates towards the inside of
encased concrete is completely prevented and the considerable increase of strength can be obtained by the
superposed strength behaviors of steel tubular plates and encased concrete,

The local buckling modes of steel tubular plates after the collapse of each test specimen are plotted in
Fig. 3.

It seems from the local buckling modes of steel columns, shown in Fig.3 (a), (d) and (f), that the steel
plates are bowed alternatively in the forms of convex and concave surfaces with the nodes at the corners of
columns and longitudinal stiffeners and these steel tubular plates can, therefore, be treated as a
compressive plate with the simply supported at the corners of column and longitudinal stiffeners.

On the other hand, the buckling modes of composite columns are in a pattern where all the steel plates
bow out-sides of composite columns as shown in Fig.3 (b), (c), (e) and (g) together with Photo2.

This means that the steel tubular plates in composite columns can be dealt with one having all the edges
clamped at the corners of columns and longitudinal stiffeners.

b) Effects of headed studs on restrictions of buckling of steel tubular plates

The headed studs in Specimens CCS-1-~3 do not contribute to resisting the shearing force between
steel plates and encased concrete but have a contribution to prevent the local buckling of steel plates
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Fig.2 Relationship between Load and Strain for Column,
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(e) CCL-1  (f) ScL-2 (g) CCL-2
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Fig.3 Buckling Modes of Column Test
Specimens.

() CC-3 (b CCL-2
Photo2 Buckling Modes of Composite Column,

towards the out-side of composite columns,

Fig. 4 shows the relationships between applied load and induced axial strain and force of headed studs
in Specimens CC 1~3.

It is clear from this figure that the headed studs of the three Specimens CCS-1~3 undergo the tensile
forces even in the lower loading stages and two Specimens CCS-2, 3 have a tendency to increase the
tensile force of headed studs suddenly when the applied load exceeds approximately 1 200 kN in CCS-2 and
1700 kN in CCS-3. These large tensile forces of headed studs may be caused by the restrictions against
the local buckling of steel tubular plates,

Then, the local buckling of steel tubular plates is more or less prevented by the pull-out resistant forces
due to the anchoring effect and frictions between headed studs and encased concrete, which is greater than
ordinary bond forces, because the encased concrete is in high compressive stress situation. However, the
remarkable effects of the headed studs on prevention of local buckling of steel tubular plates due to headed
studs can not be expected, because the encased concrete is considered to be in the plastic state and is not
effective for preventing the local buckling of steel tubular plates in these loading stages.

c) Effects of friction between longitudinal stiffener and encased concrete on restriction of local
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Fig.4 Relationship between Load and Strain of Tensile Fig.5 Relationship between Load and Strain for Column

Force of Headed Stud. with Longitudinal Stiffeners.
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buckling of steel tubular plates

For the longitudinal stiffeners in composite columns, the restrictions against the local buckling of steel
tubular plates due to the bond and/or frictional forces of encased concrete will be expected together with
the ordinary stiffening effects. Furthermore, the cross-sectional dimensions and the flexural rigidities of
longitudinal stiffeners can be decreased because the local buckling of longitudinal stiffeners is preveted by
the encased concrete. ‘

Fig.S shows a load-axial strain curves at the center of plate panels and a measuring point 1) mm apart
from the edge of longitudinal stiffeners in mid-section of Specimens SCL-1, 2 and CCL-1, 2.

It can be seen from Figs. 5 and 3 (d) that the buckling of stiffened plate takes place in the case of steel
column SCL-1. While, Fig.5 and Photo2 (b) indicate that all the steel tubular plates of CCL-1 and
CCL-2 bow with the buckling modes towards the out-side of composite columns,

This may be caused by the increase of flexural and torsional rigidities of longitudinal stiffeners encased
with concrete and the prevention of buckling towards the inside of composite columns, thereby the steel
tubular plates.buckle locally under the boundary conditions with all the edges clamped.

The post-buckling strength is, of course, larger than that of steel column. It was observed by stripping
the steel tubular plates from the composite columns after failure tests that the encased concrete was
squashed and granulated at the point where the longitudinal stiffeners were deformed due to the local
buckling of steel tubular plates, thus a considerable amount of restrain could not be expected by the en-
cased concrete.

d) Ultimate load for compression

The ultimate load, P* (average P.) of each test column is listed in Table 3, where the calculated values
are obtained by a superposed method of ultimate load of steel tubular plates and encased concrete as

follows ;
buckling load N Pb: Op* As+l90'ck’ AC ............................................................................ (1 . a)
Squash load . PS:: oy° As+ Ock® Ac ............................................................................... (1 b)

in which, ¢, can be approximated by the local buckling strength of steel tubular plates wihtout or with
longitudinal stiffeners according to 'Literature 5) and Table?2, i.e.,
i) For steel column;

o/ 0y=1.0 i (Rs§0.5) .......................................... (z.a)
=0.390(Rs—0.5)’—0.911(Rs—0.5)+1.0 (0.5<CRGE1.0) orveeerrreeremmresreenineeeeens (2-b)
=—0.146 Rs+0.015/(R—0.8)+0.713 (Rg>1.0) -errererrmeeemrmemrmmmaiiiies (Z'C)

ii) For composite column;

05/ 0y=1.0 (Rf§0.5) .......................................... (3.3)
=0.433(Rf‘-0.5)2’—0.831(Rf~*0.5)+1.0 0.5< ngl‘g) ................................... (3.b)

where

RS=0.526'b/nt'm; ......................................................................................... (4-a)

R;—=O.323-b/nt-m ......................................................................................... (4.[))

b : width of steel tubular plate, f : thickness of steel plate, n . number of plate panel, ¢, : yield point of
steel, E . Young’s modulus of steel
and

oer . nominal strength of encased concrete, A, : cross-sectional area of steel tube, A, ' cross-sectional
area of encased concrete, 8 . empirical reduction factor for strength of concrete ¢, in buckling state of
steel tubular plates, which can be presented as follows according to the test results;

B=0. :for steel column

B8=0.7: for composite column [ =(Py— 0pA )/ Oerde) roorrmrrrrerrmremm ( 5)

Table 4 shows the calculated results of R, R, and corresponding ratio ¢,/

Observing Table 3, the test results, P¥ or P, are nearly equal to the local buckling load P, and the
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Table3 Comparisons of Test Results with Calculated Table 4 Slenderness Parameter Ry, R, and Corresponding
Ultimate Load for Compression, ; Strength o,/ 0y, 0¥/ 0y
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Fig.6 Comparisons of ¢}/, with 0,/ 0, due to Slenderness Parameter R, and R,

local buckling strength governs the ultimate strength of column rather that the sqﬁash strength.

In order to evaluate the local buckling strength of steel tubular plates; their test strengths, ¢%/0,, are
predicted by modifying the test results P% as follows; k
Uf/dy'—’(Pi“ﬂ‘Ucn’Ac)/(As'Gy) .................................................... P U R S SRS AN (6)
where P¥ :local buckling load in tests ; ‘

These results are listed in Table 4 and are also plotted as shown in Fig.6.

By comparing ¢¥ /0, and 0,/ 0,, a tendency to coincide with each other is recognized in the case of steel
columns. However, it should be required further discussions for the case of composite columns concerning
the following points ; D non-linear characteristic of encased concrete, (2) applicability of superposed
strength method of steel and concrete, (3) eccentricity of applied compressive force during tests, @
boundary condition and weld size of steel tubular plates in composite column along their edges and ) effect
of internal pressure of encased concrete due to the plasticization.

4. BENDING TEST

(1) Aims of test

When the bending moment acts on a composite column, it is expected that the perfect composite effects
will be obtained by preventing the slipping between interior surface of tubular plates and encased concrete
through the perfectly rigid end diaphragms, shear connectors with infinitesimal intervals and so on.
However, it is impossible to build such a composite column, then the elastic deformations of these members
will occure and affect the local and overall flexural behaviors of composite columns. In addition to the
above, the local buckling of flange plates in the compression side will govern the ultimate strength of
composite column for bending. In order to know such uncertain points, the bending tests were carried out
on eight column specimens,
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(2) Test method

Lateral loads were applied at the quarter points, 1/4 [, of test specimens with the length, /=200 cm, to
have the regions where pure bending and bending moments accompanied with shearing force are
predominant in composite columns (see Table 1). Photo, 3 shows a typical view of bending test. The loads
were applied to the test specimens controlled by load-and strain-velocity of testing machine in elastic and
elasto-plastic ranges, respectively, The strains and displacements in the test specimens were, then,
measured by setting the strain-velocity of testing machine equal to zero.

(3) Test results and their discussions

a) Effects of composite action

To investigate the differences of composite effects betweeen Specimen CBE-1 with end diaphragms
and CBS-1 with shear connectors (headed studs), the strain distributions at mid-length of them are
plotted as shown in Fig. 7. It is obvious from this figure that the stress distributes almost linealy on the
basis of elementary beam theory in both the specimens and their neutral axis is located at e=8. 03 ¢cm from
the upper flange, which is also neary equal to that of beam theory ¢=7. 83 cm calculated by using E=2. 20
X10° MPa, E.=2.68X10'MPa and ignoring the tensile part of concrete.

The load-slip curves between steel tubular plates and encased concrete for Specimens CB~] without
shear connectors and CBS-1 with shear connectors can be investigated from Fig, 8.

It is apparent from this figure that the slip is effectively prevented by shear connectors in Specimen
CBS-1 compared with Specimen CB-1 of natural bond.

Fig.9 shows the load-strain curves for the composite columns at a section where shearing force is
predominant. These curves show that there are no remarkable differences between CBS-1 (with shear

[ o707 0304
Slip & wa(1/500)
to3 View of Bending Test. Fig.8 Relationship between Load and Slip in Test

Specimens CB-1 and. CBS-1.

Strmn gage He&surtms Losd P (KN)
P points y
7t OB
- U _UU OB 3%
A \ #
=2 Cross section \ CBE:
Measuring points § CBE4 1 . Caleulated value for
\\ . __Caloulated alue for
d composite column
O=g 9 Rty WL et s e
TS \
€854 © ! f;i fif
CBL-1 ol
L L 1 1 @ Compressive strain : average of ®B®
_Z(XX) ..1(XX) O ‘lm 2% Tensile strain : average of @@&,®
. Strain & {x107%) 2000000 0 1000 Z.(IX) 3000
Strein e (x107%)
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Composite Columns,

connectors), CBE-1 (with end diaphragms) and CB-1 (of natural bond).

Here it seems that the difference between test results and calculated ones results in the influence of
out-of-plane deformation of compression flange plate near the loading points,

Finally, Fig.10 shows the load-deflection curves at the mid-length of composite columns.

Likewise, a little difference of composite action between Specimens CBS-1, CBE-1 and CB-1 are
observed from this figure. Itis, however, concluded that the considerable composite effects can be obtaine
even in the case of natural bond such as Specimen CB-1.

b) Ultimate strength for bending

The test results, P¥ (average Pj) and the calculated ones corresponding to three ultimate states P,, P,

and P, are summarized in Table5, where

Pb=8Mb/l ...................................... enee e e R S R (7-a)
Py:8My/l .............................................................................................................. (7 b)
=8Mp/l ........................... (7-¢)

These loads correspond to local buckling moment ), yielding moment M, of steel tubular plate, and
fully plastic moment M, of composite column, where the tensile part of encased concrete is ignored,
respectively. M, M, and M, can easily be estimated as follows;

i ) Mcr(sz or My)
By referring to Fig.11, M., leads to

Me=B/3l0c (he+ 1+ o (h—het 1)} =b/3locr hit o (h—hef 1 b /3 oct hewoeeeeeeeeees (8-a)
where

he=n-(B-H—b"h)/b+Vn-(B-H—b-h)/0*+n(B-H—b-h)-h /b, n=Es/Ec-oo (8-b)
11) M,

Similarly, M, is gained from Fig. 12 as follows;

M,,‘—‘@/Z'(Z‘hf‘h)'{B (B42-1)— bRl B/2v Gorr hhe B -eeemerrmsmmemrrsserssi i (9-a)
where

he=n+(B-H—b+h)/b+yn-(B-H—b-h)/0*+n(B-H—b"h)-h/b, n=Es/Ec - (9-b)

The failure of all the test specimens are caused by out-of-plane local buckling of steel plate near the
loading points as sketched in Fig.13. :

In the steel columns SB-1, 2, the ultimate load P,=248 kN seems to be significantly affected by this
local buckling of steel plate and the steel columns fail prior to the yielding state. While, the composite
columns have almost the same ultimate load, P,=328~333 kN, and it seems that the local bucklings occure
adjacent to the yielding state. However, it is pointed out that the composite columns with thin steel tubular
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plates do not reach the fully plastic state due to the local buckling of steel tubular plates.

In addition to these facts, the ultimate load of composite columns with only natural bond (SB-1 and
SB-2) is not different from the other ones (CBE-1, 2 and CBS-1,2). Therefore, the restrictions of slips
between steel tubular plates and encased concrete may not be serious problems in designing the composite
columns under bending,

5. Conclusion

This paper reports the experimental studies on the ultimate strength of composite columns made of
thin-walled rectangular steel tubular plates and encased concrete,

The tests were carried out under the conditions of compression jor bending! by using the specimens with
and without shear connectors(headed studs) and longitudinal stiffeners.

Firstly, the main conclusions obtainied by compression tests are summarized as follows ;

(1)  The local buckling modes of steel tubular plates become nearly close to that of plate with a
boundary condition where all the edges of plates are clamped. Then, the significant stiffening effects can
be expected due to the encased concrete and a redundancy against the ultimate strength becomes large after
the local buckling of steel plates,

(2) The local buckling of stiffened plate can also be prevented remarkably by the encased concrete,
even when a case where the flexural rigidity of longitudinal stiffeners is small.

(3) Although the stiffening effects against the local buckling of steel plate due to the headed studs
are not so much expected, but the post buckling strength is more or less increased.

(4) The test results of buckling strength of steel tube were well coincided with the calculated ones on
the basis of Reference 5) in the case of steel column, For the buckling of steel tubular plate in composite
column, the test results showed somewhat lower strength than the calculated ones in Reference 5), then it
should require the further discussion to be applied to practical design.

Secondly, the results of bending tests can be concluded as follows ; ‘

(5) The ultimate bending strength of steel columns is governed by the local buckling strength of:
compression flanges. Whereas, that of composite column is not so affected by the local buckling of steel
tubular plates and is determined by the yielding stress of steel plates,

(6) Thus, the encased concrete behaves to increase the ultimate strength of composite column,
However, it is impossible to strengthen up to the fully plastic state because of the local buckling of
steel tubular plates,

(7) A slight increase of flexural rigidity of composite columns due to end diaphragms and shear
connectors, which prevent the slip between steel tubular plate and concrete, can be expected, but these
effects are not noticeable, ‘
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(8) Itis possible to build the composite column having enough strength and rigidity without using the
closely arranged shear connectors or rigid end diaphragms,
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