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Abstract . A series of tests on concrete-filled SHS (Square Hollow Section) stub columns (twenty),
columns (eight) and beam-columns (twenty one) were carried out. The main parameters varied in the
tests are (1) Confinement factdy)(from 1.08 to 5.64, (2) concrete compression strength from 10.7 MPa

to 36.6 MPa, (3) tube width to thickness ratio from 20.5 to 36.5. (4) load eccengiditgni 15 mm to

80 mm and (5) column slenderned$ from 45 to 75. A mechanics model is developed in this paper

for concrete-filled SHS stub columns, columns and beam-columns. A unified theory is described where a
confinement factor&) is introduced to describe the composite action between the steel tube and filled
concrete. The predicted load versus axial strain relationship is in good agreement with stub column test
results. Simplified models are derived for section capacities and modulus in different stages of the
composite sections. The predicted beam-column strength is compared with that of 331 beam-column
tests with a wide range of parameters. A good agreement is obtained. The predicted load versus mid-
span deflection relationship for beam-columns is in good agreement with test results. A simplified model
is developed for calculating the member capacity of concrete-filled SHS columns. Comparisons are made
with predicted columns strengths using the existing codes such as LRFD (AISC 1994), AlJ (1997), and
EC4 (1996). Simplified interaction curves are derived for concrete-filled beam-columns.

Key words : composite actions; concrete-filled tubes; mechanics model; steel hollow sections; stub col-
umns; columns; beam-columns; constraining factor; section capacity; member capacity.

1. Introduction

Steel tubular sections (circular or square) filled with concrete are widely used in building
construction (ASCCS 1997, Bergmaanal. 1995, Shams anflaadeghvaziri 1997). The composite
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tubular columns have better structural performance than that of bare steel or bare concrete. Stee
hollow section acts as casting as well as reinforcement for thereten(Bergmanret al 1995).
Concrete eliminates or delays the local buckling of steel hollow sections, @rdses significantly

the ductility of the sectioi(Bridge et al. 1995, O’'Shea and Bridge 1997, Nakaial. 1994, Ge and

Usami 1992, 1996, Schneider 1998, Kitada 1998, Uy 1998, Zhao and Grzebieta 1998f Zhao
1999, Han 2000).

Simple superposition of the strength of concrete and steel tubes was ugmthafhdto estimate
the section capacity of corete-filed SHS stub columns (Nakei al 1986, Liu and Goel 1988,
Bergmannet al 1995). Simple superposition tends to give reasonable estimation of ultimate section
capacity but underestimate the ductility of the composite section. An efficient ductility of composite
sections is very important especially under earthquake loading. The interaction between steel tube
and concrete is the key issue to understand the behaviour of concrete-filled tubular members. This
paper address concrete-filled Square Hollow Section (SHS) stub columns, columns and beam-columns.

The mechanical properties of confined concrete by transverse steel reinforcement have been reported &
Manderet al (1988a, 1988b), Trezona and Warner (1997). Finite element analysis has been carried out
recently to study the axially loaded concrete-filled steel tubes (Schneider 1998, Ge and Usami 1994).

This paper develops a mechanics model that can predict the behaviour of calfede®HS stub
columns in compression. A unified theory (Han 1998) is described where a confinement&actor (
is introduced to describe the composite action between the steel tube and fitteetecofwenty
stub column tests were carried out in compression. The main parameters varied in the tests are (1
confinement factorq) from 1.08 to 5.64, (2) concrete compression strength from 10.7 MPa to 36.6
MPa, (3) tube width to thickness ratio from 20.5 to 36.5. The load versus axial strain relationship is
established for concrete-filled SHS stub columns both experimentally and theoretically. The
predicted curves of load versus axial strain are in good agreement with test results. Simplified
models are derived for section capacities, modulus in different stages (elastic, inelastic and strain
hardening) of composite sections.

Tests on 8 columns and 21 beam-columns were carried out too. The main parameters varied in the
tests are: (1) Confinement factaf)( from 1.08 to 3.27; (2) Concrete compression strength, from
18.8 MPa to 36.6 MPa; (3) Tube width to thickness ratio, from 20.5 to 36.5; (4) Load eccentricity
(e), from 15 mm to 80 mm; (5) Column slendernedf {rom 45 to 75. A mechanics model is
developed for concretelled SHS (Square HollowSection) columns and beam-columns. The
unified theory mentioned above is adopted where the confinement f&g¢t (sed. The predicted
column strength is compared with that of 331 column tests with a wide range of parameters such as
the confinement factoi(), the slenderness ratid)( the concrete strengtt(), the steel yield stress
( fs) and the load eccentiies (€). Good agreement was obtained. The load versus mid-span
deflection relationship is established for concrete-filled SE&Bcolumns both experimentally and
theoretically. The predicted curves of load versus mid-span deflection are in good agreement with
test results. A simplified model is developed for calculatingmieenber capaty of corcrete-filled
SHS columns. Simplified interaction curves are derived for concrete-filled beam-columns. Comparisons
are made with predicted column strengths using LRFD (AISC 1994), AlJ (1997) and EC4 (1996).

2. Experimental investigation

The aim of the experimental study was to determine not only the maximum load capacity of the
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Table 1 Specimen labels, material properties, section capacities and ductility index (stub columns)

Specimen Label Bxt (mm) fy,(MPa) fy(MPa) 13 Nye(KN) Nyc(KN) Ny Ny e DI
sczsl-1-1 1283.84 330 18.29 2.55 882 894 0.987 2.4
sczsl-1-2 1283.84 330 20.92 2.23 882 934 0.944 2.0
sczs1-1-3 1283.84 330 20.92 2.23 921 934 0.986 15
sczsl-1-4 1283.84 330 33.01 141 1080 1115 0.969 2.6
sczsl-1-5 1283.84 330 35.23 1.33 1078 1148 0.939 2.6
sczsl-2-1 1483.84 330 10.65 3.52 941 945 0.996 >14.3
sczsl-2-2 1483.84 330 11.21 3.34 922 958 0.962 7.8
sczsl-2-3 1483.84 330 36.60 1.08 1499 1489 1.007 2.2
sczsl-2-4 1483.84 330 36.60 1.08 1470 1489 0.987 1.7
sczs2-1-1 1285.86 321 20.07 3.65 1176 1172 1.003 >8.4
sczs2-1-2 1285.86 321 20.07 3.65 1117 1172 0.953 >17
sczs2-1-3 1285.86 321 17.25 4.25 1196 1129 1.059 13.3
sczs2-1-4 1285.86 321 35.23 2.08 1460 1388 1.052 3.7
sczs2-1-5 1285.86 321 35.23 2.08 1372 1388 0.988 3.0
sczs2-2-1 1485.86 321 10.87 5.64 1343 1245 1.079 >14
sczs2-2-2 1485.86 321 12.22 5.02 1292 1278 1.011 >14
sczs2-2-3 1485.86 321 36.60 1.68 2009 1773 1.133 1.67
sczs2-2-4 1485.86 321 36.60 1.68 1906 1773 1.075 2.28
sczs2-3-1 2085.86 321 11.76 3.51 2058 2028 1.015 5
sczs2-3-2 2085.86 321 11.76 3.51 1960 2028 0.966 6

Mean -- -- -- -- -- -- 1.006 --
cov - - - - - - 0.0491 -

specimens, but also to investigate the failure pattern up to and beyond the ultimate load.

Strips of the steel tubes were tested in tension in accordance with the Chinese standard related t
mental materials. Three coupons were taken from each face of a SHS, from these tests, the averac

yield strength ;) was found to be 325 MPa as shown in Table 1, and the modulussti€isia
was about 200,000 MPa.

Four types of concrete were used. For each batch of concrete mixed, three 100 mm cubes were als
cast and cured in conditions similar to the related specimens. The composite columns were tested at a

age of 28 days after concrete casting. The average compression cube stréggtistt{at age were
16.22 MPa, 25.75 MPa, 32.33 MPa and 49.27 MPa respectively. The modulus of elasgciof (

concrete was measured in accordance with the Chinese related to concrete, the average values bei
25,600 MPa, 26,230 MPa, 26,344 MPa and 28,740 MPa respectively. The average compressior
strength (fe, the value of is determined using 67% of the compression strength of cubic blocks.) of

the specimens at time of testing were listed in detail in Table 1 and Table 2.
The experimental program consisted of two phases which are described below respectively.

2.1. Short column tests

2.1.1. Specimens

A total of twenty specimens were tested. A summary of the specimens is presented in Table 1

where the section sizes, material properties and confinement fa€joesg given. The specimens
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Table 2 Specimen labels, material properties and member capacities (columns and beam-columns)

Member  Specimen Bxt A e fsy fox 3 Nue Nu.c
Type Label (mm) (mm) (MPa) (MPa) (kN) (kN)

Column scp2-1-1 126686 75 0 321 2546 3.11 1000 979 1.021

Nu /Ny

scp2-3-1  2085.86 45 0 321 2096 197 2083 2193 0.950
sczL-1-1  1263.84 75 0 330 2232  2.09 754 747 1.009
sczL-1-2  1263.84 75 0 330 2232  2.09 833 747 1.115
sczL-1-3  12¢3.84 75 0 330 36.60 1.28 980 855 1.146
sczL-2-1  1463.84 64 0 330 22.17 178 1049 991 1.059
sczL-2-2  1463.84 64 0 330 2217 178 1127 991 1.137
sczL-2-3  1463.84 64 0 330 36.60 1.08 1323 1164 1.137
Mean -- -- -- -- -- -- -- -- -- 1.072
cov - - - - - - - - - 0.0682

Beam- scpl-1-1  1283.84 75 15 330 18.93 247 588 519 1.133
column scpl-1-2  1283.84 75 30 330 18.93 247 451 408 1.105
scpl-1-3 1283.84 75 40 330 2546 1383 421 385 1.094
scpl-1-4 1283.84 75 50 330 18.93 247 333 324 1.028
scpl-1-5 128384 75 40 330 2546 1383 418 385 1.086
scpl-1-6  1283.84 75 50 330 36.60 1.28 423 381 1.110
scpl-2-1  1483.84 64 15 330 2355 167 833 762 1.093
scpl-2-2 1483.84 64 40 330 2355 167 615 542 1.135
scpl-2-3 1483.84 64 60 330 2355 167 510 447 1141
scpl-2-4  1483.84 64 40 330 2546 155 559 554 1.009
scpl-2-5 1483.84 64 60 330 36.60 1.08 539 509 1.059
scp2-1-2 128586 75 15 321 2355 311 755 696 1.085
scp2-1-3 128586 75 30 321 2355 311 549 548 1.002
scp2-1-4 128586 75 50 321 2355 311 511 437 1.169
scp2-2-1  1485.86 64 15 321 19.22 314 1014 920 1.102
scp2-2-2 1485.86 64 30 321 19.22 314 804 740 1.086
scp2-2-3 1485.86 64 40 321 18.76  3.27 735 656 1.120
scp2-2-4 1485.86 64 60 321 18.76  3.27 556 544 1.022
scp2-3-2 2085.86 45 30 321 26.77 154 1793 1698 1.056
scp2-3-3 2085.86 45 50 321 2279 181 1426 1337 1.067
scp2-3-4  2085.86 45 80 321 26.77 154 1201 1134 1.059

Mean - - - - - - - - -~ 1084
cov - - - - - - - - -~ 00414

were so designed that a wide range of confinement factor (from 1.08 to 5.64) was achieved.
A limit ratio of overall depth to thicknes®/f) is given by Bergmanet al (1995) for concrete-
filled rectangular hollow sections to prevent local buckling, i.e.,

B/t< 520232 @
| s,

where, the units for the steel yield stredg)(are N/mm.
The tube width to thickness ratio listed in Table 1 varied from 20.5 to 36.5, while the limit given
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by the above equation is found to be around 44. A slightly larger valB& dmit was given by
O’shea and Bridge (1997) and @y al (1998). It is therefore expected that the concrete filled SHS
sections have certain ductility.

The length of stub column&) were chosen to be three times the width of SH8mecto avoid
the effects of overall buckling and end caiwhs (SAA 1996, Zhao and Hancock 1991, Han 2000).

The ends of the steel tubes were cut and machined to the required length. The insides of the tube
were wire brushed to remove any rust and loose debris present. The deposits of grease and oil, i
any, were cleaned away. Each tube was welded to a square steel base plate 25 mm thick. Thi
concrete wasilfed in layers and was vibrated by a poker vibrator. The specimens placed
upright to air-dry until testing. During curing, a very small amount of longitudinal shrinkage of 0.5
mm or so occurred at the top of the column. A high-strength epoxy was used to fill this longitudinal
gap so that the concrete surface was flush with the steel tube at the top.

Prior to testing, the top surfaces of the concrete filled steel tubes were ground smooth and flat
using a grinding wheel with diamond cutters. This was to ensure that the load was applied evenly
across the cross-section and simultaneously to the steel and concrete.

2.1.2. Test set up and measurements

All the tests were performed on a 5000 kN capacity testing machine. The specimens were placec
into the testing machine and the loadsrevapplied on the specimens directly. Eight strain gauges
were used for each specimen to measure strains at the middle height. Two displacement transducel
were used to measure the axial deformation. A typical set up is shown in Fig. 1(a).

A load interval of less than one tenth of the estimated load capacity was used. Each load interval
was maintained for about 2 to 3 minutes. Fig. 1(b) gives a general view of the test arrangement.
The loading ram is a solid steel plate which acts like ansefiener as shown in Fig. 1(b).

2.1.3. Test results
Typical failure mode was local (outward folding) failure mechanism. This is the same as that

Loading Ram

A AN

| Test Specimen
)|+

I] Vertical Transducers
-

Strain Gauges

Loading Fam
{2) Arrangement of Tesis (b) General Yiew of Test Arrangement

Fig. 1 Test set Up of the stub columns
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Fig. 2 Load versus axial strain curves(Experimental curves are shown in solid lines; Predicted curves are
shown in dashed lines)

observed by many other researchers, such as Ge and Usami (1992&t 2hg®999), O’shea and
Bridge (1997), Song and Kwon (1997), Tomii and Sakino (1977) and etc. for coritegteSHS
sections. Total of the tested curves of load versus axial strain are shown in Fig. 2 in solid lines. It
can be seen that the curves tend to drop quickly after the peak load for specimens with small
confinement factor, whereas for larger confinement factors the load tends to maintain after the peak.
The maximum loads\;, ¢ obtained in the test are summarised in Table 1.

2.1.4. Ductility index
One of the methods used to quantify section ductility is the ductility index (Murray 1986). Several
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definitions of ductility index (DI) were used by various researchers based on load versus axial
deformation curves (Zhao and Hancock 1991, Ge and Usami 1996) or load versus axial strain curves
(Taoet al 1998). The definition given in Taet al (1998) is adopted in this paper. It is expressed as:

Eg59
DI = —= 2
. @

where g, is the strain at the ultimate load aag,, is the strain when the load falls to 85% of the
ultimate load.

The ductility index so determined is listed in Table 1. Tlhey plotted in Fig. 3 against the
confinement factor§) for the 20 specimens listed in Table 1. It can be seen from Fig. 3 that the
ductility index increases rapidly when the confinement factor exceeds 3.5.

2.2. Column and beam-column tests

Eight tests on concentrically loaded composite columns were carried out. A total of 21 specimens
were tested with eccentric loading. A summary of the specimens is presented in Table 1 where the
section sizes, slenderness ratid3, (oad eccentriies (€), material properties f¢, and fy) and
confinement factorsé() are given. The parameter ranges akg:fiom 45 to 75;e from 0 mm to 80
mm; f from 18.8 MPa to 36.6 MPa arfdfrom 1.08 to 3.27.

The specimens were fabricated like that stub columns. During concrete curing, a very small amount of
longitudinal shrinkage of 1.0 to 1.3 mm or so occurred at the top of the column. A high-strength epoxy
was used to fill this longitudinal gap so that the concrete surface was flush with the steel tube at the top.

Prior to testing, the top surfaces of the concrete filled steel tubes were ground smooth and flat
using a grinding wheel with diamond cutters. This was to ensure that the load was applied evenly
across the cross-section and simultaneously to the steel and concrete. The desired eccentricity we
achieved by accurately machining grooves 6 mm deep into the stiff end plate that was welded
together with the steel tubes. For the pure axial compression column, the groove was in the middle
of the plate. The endplate was very stiff with a thickness of 30 mm. The axial load was applied
through a very stiff top platen with an offset triangle hinge which also allowed specimen rotation.
Both the endplate and the top platen were made of very hard and very high strength steel.

The value of slenderness ratit) (s defined as:

#N / Loading ram
: Top platen
20 . , , , a
. |
SR SRR R A A OO : C\\
b ; | Transducers
AT S L SR SR SR Strain gauges — 7 [T~
z2 ‘ : o ® :
= ' e
E st A Lo R i
! 3 : : [
88 g° ' _ Bottom platen
0 I 1 1 1 L
0 1 2 3 4 5 ot
Constaining Factor § ?N

Fig. 3 Ductility index versus constraining factor Fig. 4 Test set up of the columns and beam-columns
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L
A=ty 3)
r 4235

whereL. is the effective length of a column, which is the same as the physical length of the column
(L) with pin-ended supports.

2.2.1. Test set up and measurements

All the tests were performed on a 5000 kN capacity testing machine. A typical setup is shown in Fig.
4. Eight strain gauges were used for each specimen to measure the longitudinal and transverse strains
the middle height. Two displacement transducers were used to measure the axial deformation. Thres
transducers were used to measure the lateral deflection. A load interval of less than one tenth of the
estimated load capacity was used. Each load interval was maintained for about 2 to 3 minutes.

2.2.2. Test results

Typical failure mode was overall buckling failure. When the load was small, the lateral deflection at
middle height is small and approximately proportional to the applied load. When the load reached
about 60% to 70% of the maximum load, the lateral deflection at middle height started to increase
significantly. Total of the tested curves of load versus lateral deflectigrerves are shown in Fig. 5
in solid lines. The maximum loadsl (g obtained in the test are summarised in Table 2.

3. Mechanics model for concrete-filled SHS stub columns

3.1. Material properties

A typical stress-strain curve for steel can consist of five stages as shown in Fig. 6. Detailed
expressions are given in Pan (1988) as:

o= E[E for e<g (4a)
o=-AE+BE+C for e<e<e, (4b)
o= fg for ,<e< &g (4c)

E—¢
o= fy E[l + O.GD—‘?J for ;<e<e, (4d)
o = 1.6[0,, for e>¢,4 (4e)

where,E~200,000 MPag;, = 0.8}, /E;, £,=1.98;, &=1008,, £=1004,. fs, is the yielding strength of
the steel. In Fig. 6=0.8fs,, fs=1.61s,.

A typical stress-strain curve for confined concrete is shown in Fig. 7 where the confinement factor
(&) is defined as:

§= Do ©)

Ac Ij:ck
in which As is the cross-section area of steel tuleis the cross-section area of concréfgis the
yield stress of steel tube arfg is the compression strength of concrete. The valuéyois
determined using 67% of the compression strength of cubic blocks. Detailed expressions are given
in Taoet al. (1998) as:
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Fig. 6 Typical stress-strain curves for steel Fig. 7 Typical stress-strain curves for confined concrete

.45
0, = fckE[l.194+ o.zigl—km E(—0.07845DEZ+0.5789DE)J
Cc

_2
g, = gcc+o.95E[14oo+ B0 OEJ E°%?, g, = 1300+ 14.93T,,

1.60+ 1.500 A = 2.0-k

’7 = €D1
B =1.0-k, k=013
0.750F " 0.750f 5"
ﬁzﬁ for £<3.0, ﬁ=m foré>3.0

The units for stress and strain are MPa padespectively.

It can be seen from Fig. 7 that the higher the confinement faLjoth(e higher the compression
strength of confined concrete. It can also be seen from Fig. 3 that the highdhesmore ductile
is the confined concrete. The confinement facfgrto some extent, represents the composite action
between steel tubes and concrete.

3.2. Load versus axial strain relations

The load versus axial strain relations can be established based on the following assumptions:

1. There is no slip between the steel and concrete

2. Longitudinal stress-strain models of steel and concrete are determined using the equations ir
Section 3.1

3. Force equilibrium and deformation consistencies are considered along the longitudinal direction, i.e.,

N = Ng+ N, (7)
gsl = gcl (8)

in which, Ngand N, are forces carried by steel and concrefeand gy are longitudinal strains in
steel and concrete.

The procedures to calculate load versus axial strain are expressed as:

For a givenith) increment in axial straidg; — ith axial straing;.,;=gi+ds; — ith axial streseyg g
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Fig. 8 Schematic view of combined stress-strain curves

andagy;.; — ith forcesNs; andN,; — ith forceN; or combined stress =N;/As; WhereAs=Ac+A..

Typical curves of combined stress versus axial strain are shown schematically in Fig. 8. It can be
seen that the curves are a function of the confinement fagtoere are three or four stages in
load versus axial curves, i.e.,

Stage 1: Elastic stage (from point O to point A). During this stage, steel aockteobear load
independently. The yielding of steel occurs at point A.

Stage 2: Elastic-plastic stage (from point A to point B). During this stage, concrete is confined by steel
tube because the Poissoiiaaf concrete is larger than that of steel. The cemfiant enhances as
the longitudinal deformation increases.

Stage 3: Strain hardening stage (from point B to point C or from point B to point C"). During this
stage, the load versus axial strain curves tend to go upwards. The shape of the curve depends on tt
value of confinement factoré(). When¢ is larger than 4.5, the curve goes up steadily to point C.
When ¢ is less than 4.5, the curve starts to go down after a short increase to point C'. The smaller
the confinement factor, the earlier the curve starts to fall down.

Stage 4: Falling stage (from point C’ to point D). This occurs only when the confinéacemt
(&) is less than 4.5. The smaller the confinement factor, the steeper the curve falls.

3.3. Load versus axial strain curves

The predicted curves of load versus axial strain (plotted in dashed lines) are compared in Fig. 2 anc
Fig. 9 with experimental curves. Good agreement is obtained between the predicted and tested curves.

3.4. Section capacity

The predicted section capacitid, () are compared in Table 1 with those obtained in té&tg.(
A mean ratio K, /N, o) of 1.006 is obtained with a COV (coefficient of variation) of 0.0491.

3.5. Simplified model

A series of combined stresg ) versus axial strain curves can be produced using the theoretical
model described above. An example is shown in Fig. 10 for a range of confinement factors with
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Fig. 10 Typical combined stress-strain curves

steel strength fs) of 235 MPa and concrete strengtlfy X of 32 MPa. Simplified models are
established using regression analysis for section capacity and moduldsrentistages.

3.5.1. Section capacity
The proposed model treats the composite section as one “material” with a total AtgaTbe
section capacity can be expressed as:

NUO = fscymsc (9)
in which,

f
fooy = (1.212+ BLE+ CIE) Ho, B = 01380532+ 0.7646
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f
C = —0.0727[12%+ 0.0216, Ay = A+ A,
where the units fof,, andfe are N/mn.

3.5.2. Modulus in different stages
The section modulus in different stages can be expressed as:

(1) Elastic stage

Ez(l:astic — fs_cp (10)

. . ESCP
in which,

f 0
foep = @.26352—5135+ 0.365[%( +0.1043[
f
Escp = o.eszméy
S

in which, Es is the Young's modulus of steel (taken as 200,000 MPa in this papefyaadyiven
in Section 3.5.1.
(2) Inelastic stage
Einelastic _ (fscp_ Gcombinef) |:b-combinedDEelastic (11)

5 - (fscy_ 1:scp) Ij:scp >
(3) Strain hardening (only faof = 4.5)

EP2rdening — 220[¥ + 450( MP3 (12)

3.5.3. Comparison of section capacity

The section capacities predicted using the following four design methods are compared with the
stub column test results obtained in the current tests and those from Cedealigll969), O’'Shea
and Bridge (1997) Song and Kwon (1997), Tomii and Sakino (1977), Tomii and Sakino (1979a),
Tsuda and Matsui (1998), Kato (1995), éual (1999), Schneider (1998):

* LRFD (AISC 1994)

» AlJ (1997)

» Eurocode 4, part | (1996)

» The proposed method in this paper.

In all design calculations, the material partial safety factors were set to unity.

Predicted sdon capacitiesN, ) using the different methods are compared with 101 experimental
results N,¢ in Fig. 11(a)~(d). Table 3 shows both the mean value and the standard deviation
(CQOV) of the ratio ofN, /Ny e for the different design methods. Results in this table clearly show
that both LRFD, AlJ and EC4 are conservative. Overall, LRFD, AlJ and EC4 gave a section
capacity about 10% lower than that of test. The proposed method predicted a slightly lower capacity
than the test results. Overall, the proposed method adopting the concept of confinement factor gives
a mean of 0.993 and a COV of 0.088, is the best predictor.
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Fig. 11 Comparisons of section capacities

4. Mechanics model for concrete-filled SHS columns and beam-columns
4.1. Assumptions

A member subjected to compression is shown in Fig. 12 wkasethe compression force,is
the load eccentricity and,, is the mid-span deflection. When the load eccentrigfye@uals zero,
the member under compression is called a column. Otherwise the member is called a beam-column
i.e., it is under combined bending and compression.
The load versus mid-span deflection relations can be established based on the following assumptions.
1. The stress-strain relationship for steel given in Eq. (4) is adopted for both tension and compression.
2. The stress-strain relationship for concrete given in Eq. (6) is adopted for compression only. The
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Table 3 Comparisons between predicted section capacities and test results

N N i
. f Lars NudNoo  NydNye  NydN,,  SPec

ck sy AlJ 1997) (EC41996) (Present) -Me
(mm)  (MPa)  (MPa) AISC 1994) ( ) ( ) ( )numr:‘Test data resources

Mean COV Mean COV Mean COV Mean CO\Per

1 120 38.0-824 300.0-439.0 0.896 0.048 0.933 0.058 0.888 0.050 0.917 0.039 13 Cedtr@£l969)

2 80-280 14.0-181 2820 1.004 0.113 0.976 0.103 1.003 0.112 1.116 0.137 6 O’'shea & Bridge(1997)
3 130220 247 3136 0.827 0.049 0.830 0.050 0.816 0.048 0.921 0.061 3 Song & Kwon (1997)
4 127 19.8-25 312-357  0.898 0.114 0.911 0.107 0.902 0.112 0.958 0.136 5 Schneider(1998)

5 150 15.2-29.7 294.0-341.0 0.911 0.026 0.914 0.026 0.903 0.028 1.009 0.031 9 Tomii & Sakino(1977)
6

7

8

9

No.

100 16.6-26.2 194.0-339.1 0.820 0.190 0.894 0.032 0.886 0.038 0.975 0.018 8 Tomii & Sakino(1979)
150 25.9-27.3 288.1-357.7 0.917 0.023 0.922 0.023 0.905 0.018 1.020 0.045 5 Tsuda & Matsui(1998)
250 219659 316.5-764.4 0.926 0.084 0.931 0.085 0.915 0.085 1.023 0.102 26 Kato(1995)
200-300 21.8-30.8 2270 0.800 0.066 0.803 0.066 0.788 0.065 0.900 0.076 €& al{1999)
10 120-200 12.2-36.6 321.1-331.1 0.921 0.042 0.927 0.038 0.917 0.044 0.997 0.047 20 Present
Total 80-300 12.2-824  194-764 0.904 0.092 0.917 0.071 0.902 0.074 0.993 0.088 101 --

N L L2 L L/2 L
éf_t '_‘l Z  _. 1, __________ ] pl _jie
A —
Iy
Fig. 12 A Schematic view of a beam-column

contribution of concrete in tension is neglected.
3. Original plane cross-sections remain plane.
4. The effect of shear force on deflection of members is omitted.
5. The deflection curve of the member is assumed as a sine wave.

4.2. Load versus mid-span deflection relations

According to the assumption No. 5, the deflectiondf the member can be expressed as:
u=u, Dsin%[iz% (13)

where,un, is the mid-span deflection, is the length of the member amds the horizontal distance
from the left support as defined in Fig. 12.
The curvature ¢) at the mid-span can be calculated as:
it
¢ = =y (14)
L
The strain distribution is shown in Fig. 13 wheges the strain along the geometrical centre line
of the section. The terrg; is the strain at the location as defined in Fig. 13. Along the line with
X =x the section can be divided into two elememts(for steel anddA; for concrete) with unit
depth. The strain at the centre of each element can be expressed as:
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& = &+ Q¥ (15)
The stress at the centre of each elementf¢r steel oro. for concrete) can be determined using

the stress-strain relationship given in Eq. (4) and Eqg. (6). The internal mdvhgnar{d axial force
(Nin) can be calculated as:

n
Min = 5 (05 B¢ LA + 0¢i [ LHAG) (16)
i=1

n

Nin = 5 (05 A + o [HA) 17)
i=1

According to the equilibrium condition,
Min = Mapplied (18)
Nin = Mapplied (19)

From the above equations, the load versus mid-span deflection relations can be established for
certain eccentricityd). The geometrical imperfection is takenLa$000.

4.3. Comparison of member capacity and load-deflection relations

4.3.1. Member capacity of columns
The predicted column strengths are compared with the experimental values (see the last column ir
Table 2) where a mean of 1.072 and a COV (coefficient of variation) of 0.0682 are obtained.

4.3.2. load versus lateral deflection curves
The predicted curves of load versus lateral deflection (plotted in dasheddmeespmpared in
Fig. 5 with experimental curves. A good agreement is obtained between the predicted and tested curves.

4.3.3. Maximum loads in beam-columns
The predicted maximum strengthl, () are compared in Table 2 with those obtained in tests



68 Lin-Hai Han, Xiao-Ling Zhao and Zhong Tao
(Nueo- A mean ratioN, ¢ N, of 1.084 is obtained with a COV of 0.0414.
4.4. Simplified model

4.4.1. Member capacity
The member capacity of columnd ) can be calculated using the section capacity with a stability
reduction factorp, i.e.,

= ¢ [Ny, (20)

in which, is the sectional capacity, shown as in Eq. (9).

The stability reduction factorp] mainly depends on the slenderness rat)pthe yield stress of steel
(fsy, the compression strength of concretg),(the cross-section area ratm<AJ/A;). Simplified models
are established based on regression analysis (Han 2000) for the stability reductiop)factqr (

¢ = 1.0 for A< Ao (21a)
¢ =al\’+bDA+c  for <A<, (22b)
= LZ for A> A, (22¢)
(A +35)
where
2
_ 1+(25+ EP\ZD)EQ’ b=g-200\,, c=1-a’-b0A,
()\p_}\o)
B 35, 25 [? 3 A [f ! — ____::El____
d= %3oo+ 72003%DEEfck+5D [Eo i d (}\p+35)2

Ao = 10 }220[5—"'450 (23)
fscy
E
A, = 0 >
P 4 0.62[T,,

in which Eg is the Young's modulus of steel (taken as 200,000 MPa in this papef}.aadiven in
Eq. (9).

(24)

4.4.2. Interaction curves

Simplified models are established based on regression analysis (Han 2000) for interaction
relationship between compression strength and bending strengthewatahview of an interaction
curve is shown in Fig. 14.

The horizontal axis refers to the ratip)(of applied momentM) to the moment section capacity
(My) under pure bending. The calculation of the moment capadifyi¢ not covered in this paper.
Mechanics model foM, can be found in Zhao and Grzebieta (1999). The vertical axis refers to the
ratio of applied compression forceN)(to the section capacityN{). The coordinates of the
contraflexure point Arj, , {,) in Fig. 14 can be calculated as:
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065 38 .1DAcD°-45
N, = 0201011 EEZ]‘_D EE]%D (25)

sy S

{, = 1.0+ 0.11 EEZ—ﬁGSEELDH (26)

The interaction curve can be expressed as:

O 1-g/¢
0 - for n=2n

ﬁ
/ % ) |

Ng = PESS"A/ A%, ESP® s the section modulus of concrete filled SHS in elastic stages;

’7‘0 ¢3’70; Zlo =1+ ¢5(Zo_1); a= (1_C0)/’7‘02; b = _2’7‘0(1_(‘0)/¢’7‘0

4.4.3. Comparison

The predicted interaction curvell/M-N/N,) using the proposed method are compared in Fig. 15
with the experimental values from the current tests. Good agreement is achieved.

The member capacities predicted using the following four design methods are compared with the
columns and beam-columns test results those obtained in the current tests and those froaet datusi
(1997), Cederwalet al (1969), Furlong (1967), Knowles and Park (1969), Nakamura (1994), O’Shea
and Bridge (1997), Schneider (1998), Song and Kwon (1997), Tomii and Sakino (1977), Tomii and
Sakino (1979a), Tsuda and Matsui (1998), Kato (1995ktlal (1999), Zhang (1989), Zhang (1993),
Tomii and Sakino (1979b), Bridge (1976), Uy (1997)etial (1998):

* LRFD (AISC 1994)

* AlJ (1997)

» Eurocode 4, part | (1996)

» The proposed method in this paper.
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Fig. 15 Comparison of predicted interaction curves with test results by the authors



Table 4 Comparison between predicted member capacities and test results

0L

Nyo/Nue
No. (mBm) (mtm) (N‘;ga) (l\/];CPka) A (mem) LRFD (1994) AlJ (1997) EC4 (1996)  Present ?\lpuer%i{)n;nTest Resources
Mean COV Mean COV Mean COV Mean COV
1 150 43 412 26 14-104 0-125 0.944 0.133 0.857 0.077 0.899 0.053 1.034 0.060 24 aflalfsh97)
2 120 58 300439 3882 1487 020 0957 0.082 0.822 0.126 0.862 0.054 0930 0.061 28 Cedemigah6o)
3 102-127 2.1-48 331-485 20-36  14-31 0-466 0.787 0.115 0.909 0.02 0.985 0.113 0.964 0.106 21  Furlong(1967) =
4 76 3.4 324 33 12-79 025 1.026 0.096 0.971 0.153 1.016 0.065 1.058 0.102 10 Knowles & Park(19§9)
5 60 1.5 431 2022 14101 0  0.943 0.031 0.830 0.098 0.950 0.039 1.010 0.054 7  Nakamura(1994) T
6 80-280 21 282 14-18 12 0  1.004 0113 0976 0103 1.003 0112 1116 0137 6  O'shea & Bridge(1957)
7 127 3.2-75 312-357 20-25 17 0 0.898 0.114 0.911 0.107 0.902 0.112 0.958 0.136 5  Schneider(1998) ;>T<>'
8 130-220 3.0-32 314 25 10 0  0.827 0.049 0.830 0.050 0.816 0.048 0.921 0.061 3  Song & Kwon(199"i)
9 150 2.0-43 294-341  15-30 10 0 0911 0026 0914 0.026 0.903 0.028 1009 0.031 9  Tomi & Sakino(19%)
10 100 2.2-43 194339 17-26 10 0 0820 0.190 0.894 0.032 0.886 0038 0975 0.018 8  Tomi &Sakino(1979a)
11 150 1.6-5.6 288-358  26-27 10 0 0917 0.023 0922 0.023 0.905 0.018 1.020 0.045 5 Tsuda& Matsui(198B)
12 200-250 4.5-12 317-764  22-66 10 0 0.926 0.084 0.931 0.085 0.915 0.085 1.023 0.102 26 Kato(1995) 2
13 200-300 5.0 227 22-31 10 0 0.800 0.066 0.803 0.066 0.788 0.065 0.900 0.076 6 et dl(1999) ‘:NL
14 150 2.0-6.9 218292 22-34 29101 0 00911 0.062 0.710 0.149 0.910 0.063 0.912 0.079 30 Zhang(1993) 3
15 100 2.2-43 194-339 156312 10 25308 0.680 0.108 0.882 0.062 1.003 0.191 0.937 0.051 24  Tomi &Sakino(13@9h)
16 152-204 6.5-10 290-319 24.6-36.0 36-69 38-64 0.995 0.042 0.961 0.086 0.962 0.028 1.058 0.053 8  Bridge(1976) ga'
17 126-186 3.0 300 26.2-40.3 17  20-84 0.642 0.203 0.830 0.088 0.839 0.091 0.878 0.121 8  Uy(1997)
18 150-152 3.0-8.3 242-308 21.7-285 14-59 0.6-75 0.824 0.161 0.862 0.127 0.888 0.126 0.949 0.135 ¥4 al(1998)
19 149-200 3.9-7.8 205-300 33.8 1824 30-120 0.678 0.080 0.919 0.152 0.908 0.148 0.951 0.131 18  Zhang(1989)
20 120-200 3.8-5.9 321-330 18-37  45-75 0-80 0.884 0.063 0.829 0.116 0.857 0.077 0.943 0.072 29 Present
Total 60-300 1.5-12 194-764

14-82 10-104 0-466 0.858 0.140 0.853 0.126 0.898 0.114 0.957 0.104

331 -




Tests and mechanics model for concrete-filled SHS stub columns, columns and beam-coldrhns

80

© Matusi et al(1997)

© Furlong (1967)

O Nakamnura (1994)

A Schneider(1998)

- Tomii & Sakino(1977)
© Tsuda & Matsui(1998)

o Cederwall et al(1969)

o Knowles & Park (1969)

o O'Shea & Bridge(1997)

& Song & Kwon(1997)

= Tomii & Sakino (1979a)
® Kato(1995)

X Lu, et al(1999)

[ | ® Tomii & Sakino(1979b)
* Uy(1997)

x Zhang(1989)

& Zhang (1993)
W Bridge (1976)
© Li, et al(1998)
x Present

60

I
r=)

Predicted Capacity N, (><10z kN)

20

20 40 60 80

Experimental Capacity V(¥ 10 kN)

Fig. 16 Comparison of maximum loads in beam-columns

In all design calculations, the material partial safety factors were set to unity.

Predicted sdn capacitiesN, ) using the different methods are compared with 331 experimental
results Ny¢. Table 4 shows both the mean value and the standard deviation (COV) of the ratio of
Nu.dNy e for the different design methodResults in this table clearly show that the LRFD, AlJ and
EC4 are conservative. Overall, LRFD, AlJ and EC4 gave a member capacity about 10% lower than
that of test. The proposed method predicted a slightly lower capacity than the test results. Overall,
the proposed method with a mean of 0.957 and a COV of 0.104, is the best predictor. Fig. 16 shows
the comparison between the predicted section capaddig$ lfy using the proposed method and
those experimental resultsl().

The predicted interaction curved £N,) using the different methods are compared in Fig. 17 with the a
set of experimental values obtained by Matesual (1997), parameters of the sections of the tested
members were as followingBxt = 149.8x4.27 mmfs=411.6 MPa and,=25.4 MPa. Slenderness ratios
were shown in the figures.

5. Conclusions

Twenty stub column tests, eight column tests and twenty-one beam-column tests have beern
performed on concretatéd square hollow sections. Mechanics models have been established for
concrete-fled SHS stub columns, columns anelaim-columns. A confinement factor has been used
to describe the composite action between steel tubes and concrete. The following observations an
conclusions are made based on the limited research reported in the paper.
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Fig. 17 Comparison of predicted interaction curves with test results by the Matu{(1997)

(1) The section ductility increases significantly when the constraining facteeds 3.5.

(2) The load versus axial strain relationship has been established for concrete-filled SHS stub
columns. A good agreement in load versus axial strain relationship and in section capacities has
been obtained between the predicted and experimental values.

(3) Simplified models have been developed to estimate the section capacity and section modulus
The predicted section capacity has been compared with that of 101 experimental results with a wide
range of parameters such as the confinement faé)orti{e concrete strengthf,) and the steel
yield stress {s,). Overall, the proposed method adopting the concept of confinement factor agrees
well with test results and existing codes.

(4) The predicted load versus lateral deflection curves have been found in good agreement with
experimental values. The predicted maximum strength of beam-columns agrees well with the tested
values.

(5) A simplified model has been proposed for interaction curves of compression and bending. The
predicted column and beam-column strength has been compared with that of 331 column tests with
a wide range of parameters such as the confinement faEjortie slenderness ratia\)( the
concrete strengthfg), the steel yield stresd() and the load eccentricities)( A good agreement
has been obtained. Overall, the proposed method adopting the concept of confinement factor agree

well with test results.
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