Steel and Composite Structures, Vol. 2, No. 5 (2002) 379-396 379
DOI: http://dx.doi.org/10.12989/scs.2002.2.5.379

The efficiency of passive confinement in CFT columns

Mathias Johanssont

Department of Structural Engineering, Concrete Structures, Chalmers University of Technology,
SE-412 96 Gdéteborg, Sweden

(Received February 4, 2002, Accepted August 16, 2002)

Abstract. The paper describes the mechanical behavior of short concrete-filled steel tube (CFT) columns
with circular section. The efficiency of the steel tube in confining the concrete core depending on concrete
strength and the steel tube thickness was examined. Fifteen columns were tested to failure under concentric
axial loading. Furthermore, a mechanical model based on the interaction between the concrete core and the
steel tube was developed. The model employs a volumetric strain history for the concrete, characterized by the
level of applied confining stress. The situation of passive confinement is accounted for by an incremental
procedure, which continuously updates the confining stress. The post-yield behavior of the columns is greatly
influenced by the confinement level and is related to the efficiency of the steel tube in confining the concrete
core. It is possible to classify the post-yield behavior into three categories: strain softening, perfectly plastic and
strain hardening behavior. The softening behavior, which is due to a shear plane failure in the concrete core, was
found for some of the CFT columns with high-strength concrete. Nevertheless, with a CFT column, it is possible
to use high-strength concrete to obtain higher load resistance and still achieve a good ductile behavior.

Key words : concrete-filled steel tubes; confined concrete; passive confinement; high-strength concrete;
mechanical model; experiments.

1. Introduction

One of the most important design considerations for ductility in reinforced concrete columns is the
provision of sufficient transverse reinforcement in order to confine the compressed concrete; see
Manderet al. (1988), Cusson and Paultre (1995), Claeson (1998), and Razvi and Saatcioglu (1999).
The restraint action by the lateral reinforcement prevents the concrete from cracking and failing in a
brittle way, which gives higher load resistance and medtion capacity to the concrete. Furthermore,
Claeson (1998) found that the spacing of the stirrups and the reinforcement configuration are of the
greatest importance for the post-peak behavior, especially for high-strength concrete (HSC) columns. It
has been shown that concrete-filled steel tube (CFT) columns offer a very competitive solution to the
conventional reinforced concrete columns, since the steel tube confines the entire concrete core; se
Bergmanet al.(1995). This is particularly noticeable for CFT columns with circular section, where the
restraint action provided by the steel tube induces uniform confining pressure to the concrete core.

For conventional reinforced concrete columns it is not only possible, but also necessary, to design the
axial and lateral reinforcement as separate parts. However, in a CFT column where the steel tube is use
both to take axial load and to confine the concrete core, the axial and lateral stresses interact and cann
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easily be separated. The confining pressure provided by the steel tube is not constant, as in the case
active confinement, and it is not so easily measurable. The former is known as passive confinement anc
it depends on the difference in dilatation characteristics of the concrete and the steel, as well as on thq
present stress state in the steel tube. Consequently, when the concrete core is confined by a steel tul
and subjected to compression, its nonlinear behavior cannot be represented by the unconfined case
the actively confined case. Furthermore, earlier results indicate that concrete with a higher unconfined
compressive strength exhibits smaller confinement effects than lower-strength concrete; see Bridge anc
O’Shea (1999) and Shams and Saadeghvaziri (1999). This is because, with increased compressive streng
the stiffness also increases, resulting in less lateral expansion required to mobilize the restraint offerec
by the steel tube. Thus, the concrete experiences less confining pressure, which affects the resistanc
and deformation capacity of the CFT column.

From the discussion above, it is obvious that the key issue in understanding the mechanical behavior of sho
CFT columns is the interaction between the concrete core and the steel tube. The purpose of this study was
examine the mechanical behavior of short CFT columns with circular section, subjected to concentric
compression, and to investigate the efficiency of the steel tube in confining the concrete core depending on th
steel tube thickness. Of special interest was the use of HSC. Furthermore, a mechanical model based on tl
interaction between the concrete core and the steel tube was developed.

Several analytical models concerning the load-deformation relationship for short CFT columns can be
found in the literature: Shams and Saadeghvaziri (1999), Sun and Sakinog2@®Hret al.(2001).
Although they show good agreement with experimental results, they are all more or less empirical.
More sophisticated analytical models for similar problems have been proposed; Ahmad and Shah
(1982) developed a model for concrete confined by spiral reinforcement, and Madas and Elnashai
(1992) a model for different configuration of transverse reinforcement. Both these models are based on
constitutive relations for the hoop reinferaent and the plain concrete subjected to active confinement.
The real guation of passive confement is accounted for by an incremental procedure, which
continuously updates the confinement stress. The proposed model in this study is mainly based on the
same philosophy, with the important extensions that the concrete dilatation is based on a volumetric
strain history characterized by the level of applied confining stress and that it takes into account the
biaxial stress state in the steel tube.

The first section of this paper describes the experimental part of the study including test set-up,
material properties and results. Next, a detailed description of the proposed mechanical model is given
This is followed by a discussion of the results, including a calibration of the model against the
experimental results. Finally, some remarks and conclusions are presented.

2. Experiments
2.1. Design of the tests

The tests consisted of 15 short columns tested to failure under concentric axial loading. Twelve of
these columns were circular hollow steel sections filled with concrete and three were unfilled steel
tubes. The latter three were to be used as reference columns. The lengths of the lgolverm$50 mm
with circular 159 mm diameter cross sections. The parameters varied in the experimental study were:

- two concrete grades, C30 and C85;

- three different thicknesses of the steel tube, 5.0, 6.8 and 10.0 mm,;
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Fig. 1 Load applied to (a) the entire section, (b) to the concrete section, and (c) instrumentation of the columns

- two means of load application, the entire section (a) or the concrete section (b); see Fig. 1.

The test program is presented in Table 1. The table also includes information disdfm@suthe
experiments conducted in Johansson (2000).

The material properties of the concrete at the age of 28 days are given in Table 2. The compressiv:
cylinder strengthf.,;, and the modulus of elasticity, andE, refer to tests on cylinders (8150x300
mm). The compressive cube stren@fl,e refers to test cubes (150x150x150 mm). The fracture energy,
G, is obtained from three-point bending tests according to RILEM. The yield strgngitimate
strengthf,, strain at yielding,y, Strain at hardeningy, ultimate strairg,, and modulus of elasticity, of
the steel are given in Table 3. The material values given are the average values from three tensile test

The tests were carried out in a vertical hydraulic testing machine. The load was evaluated with measuremen
from an oil pressure gage and was increased manually at a constant rate up to maximum load. The vertic
displacement of the lower, movable loading plate of the column-testing machine was measured in relation to th
laboratory floor. Except for the empty reference columns, three vertical and three horizontal strain gages
arranged 120° apart, were attached to the columns at mid-height. The load arrangement and instrumentation c
be seen in Fig. 1. For further details about the experimental study see Demarchi (2000).

2.2. Test results

The structural behaviors of specimens are represented in Fig. 2 by relations between harolad,
the vertical deformation). The load-deformation curves obtained from the tests can be classified into
three types: type 1 (a or b), type 2 and type 3 (a or b), which are schematically shown in Fig. 3.

The response of type 1 schematically represents the behavior of columns SFE 7, SFE 8, SFC 7 an
SFC 8, showing a softening branch after the peak load. In particular, for columns SFE 8 and SFC 8 the
softening branch after the maximum load has a low inclination until large vertical deformations
(response type 1b). Columns SFE 7 and SFC 7 show a clear drop in the total axial load after the
maximum load is reached, followed by a horizontal plateau (response type 1a). In this case, the value:
of the yielding load and the ultimate load are quite close and they can be considere®yegBal (

On the contrary, in the response curves of type 2 (SFE 9 and SFC 9) a long plateau can be observe
after the column reaches yielding, and the same maximum load resistance is maintained until large
values of the longitudinal defmations are obtained. Hence, the maximum IBadnd the yielding
load P, have values that do not differ very much. This behavior can be defined as almost linear-elastic/
perfectly-plastic behavior. Also the response curves of SFE 1, SFE 2, SFE 3, SFC 1, SFC 2 and SFC <
can be referred to this category; see Johansson (2000).

In particular, the third shape (type 3) of the response curves is characterized by strain hardening, afte
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Table 1 Test program and results for the columns

1:c,cyl

t

f

P,

Py

Py/

y y
Coumn vipa) mm] (MPa]  ©  KN]  [N]  Peed Pyged |Yves PulPuca
SES ¥ - 4.8 433 - 910 930 - - -
SES 2 - 4.8 433 - 930 950 - - -
SES 3 - 4.8 433 - 940 960 - - -
SES 4 - 4.8 433 - 900 930 - - -
Average - - - - 92¢ 940 - -
SES 5 - 5.0 390 - 890 1100 - - - - -
SES 6 - 6.8 402 - 1320 1770 - - - - -
SES 7 - 10.0 355 - 1550 2410 - - - - -
SFEDY 645 4.8 433 0.89 2170 2180 2.38 2.31 1.01 0.90 0.95
SFE 2 645 4.8 433 0.89 2140 2170 2.35 2.31 1.00 0.89 0.96
SFE® 645 4.8 433 0.89 2150 2190 2.36 2.33 1.01 0.90 0.97
SFE 4 36.6 5.0 390 1.48 1550 2040 1.74 1.85 0.98 1.08 1.19
SFE5 36.6 6.8 402 2.15 1960 2860 1.48 1.62 1.02 1.23 1.21
SFE6 36.6 10.0 355 3.00 2100 3410 1.35 141 0.95 1.26 1.32
SFE7 93.8 5.0 390 0.58 2740 2740 3.08 2.49 1.06 0.97 0.82
SFE8 93.8 6.8 402 0.84 3220 3220 2.44 1.89 1.12 1.00 0.94
SFE9 93.8 10.0 355 1.17 3350 3710 2.16 1.54 1.09 1.05 1.07
SFC P 645 4.8 433 0.89 2210 2210 2.43 2.35 1.03 0.91 1.00
SFC? 645 4.8 433 0.89 2210 2210 2.43 2.35 1.03 0.91 0.99
SFC 3 645 4.8 433 0.89 2240 2250 2.46 2.39 1.05 0.92 1.01
SFC 4 36.6 5.0 390 1.48 1620 2120 1.82 1.97 1.02 1.12 1.27
SFC5 36.6 6.8 402 2.15 2050 2830 1.55 1.60 1.07 1.22 1.30
SFC 6 36.6 10.0 355 3.00 2300 3400 1.48 141 1.04 1.25 141
SFC 7 93.8 5.0 390 0.58 2970 2979 3.34 2.71 1.15 1.05 0.87
SFC 8 93.8 6.8 402 0.84 3410 3410 2.58 1.93 1.19 1.06 0.97
SFC9 938 10.0 355 1.17 3400 3820 2.19 1.59 1.10 1.09 1.10
1) Johansson (2000).
2) Pysesfrom the empty steel tube with corresponding tube thickness.
3) P, sesfrom the empty steel tube with corresponding tube thickness.
4) Used a$ gesfor the steel with tube thickness 4.8 mm.
5) Used ad, sgsfor the steel with tube thickness 4.8 mm.
Table 2 Material properties of the concrete at the age of 28 days
Concrete grade  f.cune[MPAa] fe.oi [MPa] E, [GPa] E. [GPa] Gr [N/m]
C30 52.3 36.6 32.6 318 116
c55) 79.4 64.5 39.5 38.5 157
C85 117.2 93.8 45.9 45.3 148

1) Johansson (2000).
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Table 3 Material properties of the steel

t [mm] f, [MPa] f, [MPa] Eay [%0] Ean [%0] Eau [%o] E, [GPa]
4.8Y 433 568 2.1 29 136 206
5.0 390 551 2.0 13 110 193
6.8 402 603 2.0 13 199 199
10.0 355 542 1.8 13 115 203

1) Johansson (2000).
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Fig. 2 Measured load versus vertical deformation
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Fig. 3 Classification of the load-deformation behavior obtained in the experiments

the yielding load has been reached; in other words, the axial load carried by the columns continues tc
increase after yielding. This is specifically the case of columns SFE 4, SFE 5, SFE 6, SFC 4, SFC 5 anc
SFC 6. It is possible to observe that the curves of type 3 actually show a slightly different shape at the
beginning, in the elastic range.fact, the response of columns SFE 4, SFE 5 and SFE 6 is lingtar ela

until the yielding load igeached, indicated &3, as schematically represented in Fig. 3 (type 3a).
However, the response curve of columns SFC 4, SFC 5 and SFC 6 shows a first small deviation from
the initial linearity before the yielding lodd, (type 3b). The ultimate loaR,, for columns with a
load-deformation curve represented by type 3, is then much higher than the yieldirigy,laadl, it is
reached for high value of vertical deformations.

A similar classification of load-vertical deformation curves obtained from experimental studies has
been proposed by Tonet al (1977). In that case it was shown that the sectional shape of the axially
loaded composite columns, in combination with the varied concrete strength and the steel tube
thickness, was influencing the shape of the load-deformation curves. In particular, for certain values
of the concrete strength and the steel tube thickness, the response curves of the square columns we
found to follow the outline of curvigpe 1. But the corresponding curves of the circular columns could
be classified as curve type 3. It seems reasonable to believe that this behavior is a result of the reduce
confinement efficiency in the columméth square sections. However, the same reduced “confinement
efficiency” can beobserved in the load-vertical deformation curves obtained in this experimental study,
when in general thinner steel tubes are used in combination with concrete with a higher strength.

A general observation of the structural behavior of the CFT columns seems to suggest a relation with
both the concrete strength and the steel tube thickness. Therefore a ratio usedtlal CE396) and
defined as the “confinement index, is introduced; see Eq. (1). The value$, @indf. ., are both taken
from the material tests; see Tables 2 and 3. The section areas of the steel and corfgrate &g
respectively. To quantify the post-yield behavior of the column, a hardening iidéxalso introduced.

It is defined as the load at five times the yield striig,, divided by the yielding load,; see Eq. (2).

_ Ay
Q_Acfc,cyl (1)
P
HI = = 2
3 )

This means thaHl <1 represents a strain softening behavior (type 1 cubieF 1 represents
perfectly plastic behavior (type 2 curve) aHtl> 1 represents a strain hardening behavior (type 3
curve). It can be noted that for confinement index larger than approximately 1.0, hardening can be
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expected and, most importantly, for confinement index lower than approximately 1.0 a softening
behavior can be expected; see Fig. 4b. The further below 1.0 the confinement index is, the more
pronounced is the drop in load resistance.

The different ways of load application (load on entire section or only on concrete core) do not seem to
significantly change the shapes of the response curves, but only the values of the yielding and
maximum loads and of the vertical deformations. In fact, only in the case of the itldoksvith
normal-strength concrete, the shape of the curve is of type 3a whertithesection is loaded, and of
type 3b when the load is applied only to the concrete core. However, it can be easily observed that the
initial stiffness of the composite columns increases when the entire section is loaded and the stee
directly contributes to carrying axial load, compared to the case of the load applied to the concrete core
This effect is very evident when the steel tubeiliedf with normal-strength camete (NSC). The
yielding loadsPy, and ultimate loads$?,, given in Table 1 are evaluated according to the definition in
Fig. 3. The yielding loads obtained from the tests are compared with the yieldind?Jeadf the
composite column, calculated by assuming that the steel yields in the axial direction when the concrete
fails and the circumferential steel stress is equal to zero:

Py, cal = fc,cyl Ac+fyAa (3)

It is possible to observe that the squash load is a rather good estimation of the "yielding” load of
the columns filled with concrete C30 and C55 (Table 1). However, for the C85 concrete-filled tubes,

the squash load slightly underestimates the vyield resistance. According to Eurocode 4 (1992) the
ultimate load resistanc®, ¢, for a short CFT column under axial compression is calculated as:

Pu,cal =Aan: fy+Ac[1+ n.('D)( 1:y/fc, cyl)] fc, cyl 4)

This expression includes the effects of confinement; the tggntan be considered the steel

reduction factor that reduces the steel axial compressive strength due to the circumferential tensior
in the steel tube. Furthermore, the expresgionn,(v/D)(f/f; )] can be considered as the concrete
enhancement factor that increases the unconfined concrete strength. The ultimate load resistance is |
good agreement with the experimental results for columns filled with concrete C85, but for concrete C30
and C55 the resistances are underestimated and overestimated, respectively; see Table 1. However, this
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Fig. 4 (a) The efficiency of filling the steel tube with concrete and (b) the post-yield behavior of the column
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probably explained by the strain hardening in the steel, rather than the accuracy of Eq. (4).

In Fig. 4a the yielding load,, of the columns is normalized with respect to the yielding load of the
empty steel tubes)ses It is quite obvious, and also not surprising, that the efficiency of filling the
steel tube with concrete increases rapidly for lower values of the confinement index. Consequently it is
very advantageous, in terms of load resistance, to fill thinner steel tubes with HSC. However, for lower
values of confinement index the ductility of the column decreases very fast; see Fig. dbaH@001)
made the same observations for square-section columns. A comparison can also be made to resul
from tests on CFT columns with lower confinement index, performed by Bergman (1994) and O’'Shea
and Bridge (1997), and with higher confinement index performed by Sun and Sakino (2000).

3. Passive confinement model for short CFT columns
3.1. Fundamental behavior of short CFT columns

The mechanical behavior of short concrete-filled steel tubes concentrically loaded on the entire
section €, = .= &) is significantly affected by the difference dilatation claracteristics of the two
materials (Poisson’s effect); see Gardner and Jacobson (1967). If the steel tube and the concrete co
were able to expand freely, they would experience the lateral sEaiFs-va.e, and &ne =-VcEy,
respectively; see Fig. 5a. In the initial stage of loading, the expansion of the concrete is smaller than for
the steel £.n:< &any); therefore, the steel tube expands faster in the radial direction than the concrete
core, i.e., the steel does not restrain the concrete core. As the load increases and the compresst
concrete starts to plasticize, the free lateral deformations of the concrete become larger than those of th
steel &nr> &ang). However, since strain compatibilitg, = &5, has to be achieved, the steel tube and the
concrete core have to expand and contract, respectively. Thus, the final lateral strains in the steel an
the concrete can be expressed by Egs. (5a) and (5b), respectively:

Ean= gahf+ Eanr=— Vagv+ Eanr (5&)
gch = gchf_ gchr = _chv_gchr (5b)

Horizontal force equilibrium for the free body diagram in Fig. 5b and the assumptionstt ela
materials give:

2r0,=2to,,0 2reg, E.=2tg,,Ex (6)

Using the condition of strain compatibility, together with Egs. (5) and (6), the restrained steel strain
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Fig. 5 (a) Lateral strain compatibility and (b) stress condition in the CFT column



The efficiency of passive confinement in CFT columns 387

can be expressed as:
_ gv( va_vc)
ahr —
LB
(=AN

for (gchf >€ahf) (7)

From Eq. (7) it is obvious that the restrained steel strain depends on the difference in Poisson’s ratio o
the steely,, and the concrete,, i.e., the different dilatation characteristics of the two materials. For further
increase in load, the steel tube restrains the concrete core and the circumferential stresses idhe steel,
become tensile and induce compressive confining pressifeto the concrete core. From force
equilibrium, the confinement pressure is found to be a linear function of the horizontal steel stress as:

t
Ojat = ahF (8)

At this stage and later on, the concrete core is stressed triaxially and the steel tube biaxially. As the
axial strain increases, the confining pressure increases as well, and the strengthilgpdofitioe
concrete increase. Furthermore, the axial compressive resistance of the steel tube must be lowe
than the yield strength when circumferential steel stress is present. To calculate the total load history
of the CFT column, these effects have to be taken into account. From the above discussion, it is
evident that the degree of confinement is a function of the axial strain imposed; hence, the
mechanical behavior can only be solved incrementally:

P(Ev) = Na(gv) + Nc(gv) = Gal(gv)Aa+ Gc(gv)Ac (9)

In the following sections the proposed model for CFT columns is described. First, the models used to
describe the compressive behavior of the concrete subjected to lateral confinement are explained
Secondly, the model used to take the biaxial stress state in the steel into consideration is describec
Finally, the calculating procedure of the proposed model is described.

3.2. Compressive behavior of concrete under lateral confinement

3.2.1. Stressstrain model for concrete

It is a well-known fact that concrete experiences enhanced strength and appaikiyt whder
increasing lateral confinement pressure. This effect is due to the delayed damage in the microstructure
due to the applied confining stress, and Imran and Pantazopoulou (1996) noted that the confinec
concrete strength is reached at zero volumetric strain; see Fig. 6 and Section 3.2.2. However, the
behavior of confined concrete depends on several parameters, such as the uniaxial compressive streng
and the level of applied confinement pressure. It has been shown that HSC does not experience the san
increase in concrete strength and ductility, due to lateral confinement, as NSC. Several expressions fo
the confined concrete strength and corresponding strain have been proposed, among othees Richart
al. (1928), Xieet al. (1995), Ansari and Li (1998), and also different stres-sstrain relation models for
confined concrete, Mandet al. (1988) and Cusson and Paultre (1995). However, in this study the active
confinement model proposed by Attard and Setunge (1996) has been used. This is because it is applicable f
a broad range of concrete strengths and confinement pressures, which are of interest in the present stuc
Furthermore, it describes the softening portion of the stres-sstrain relationship also for larger strains. The
expression for the stress-strain curve was originally proposed by Sargin (1971):
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a. &
__Ax+BX y==t  X==2 andOX20 O0<Y<1 (10)
1+CX+ DX fec €ee

where g, is the stress at straig. The confined concrete strength and corresponding strain are
computed as:

f = fCOE%W+1ET (11)
£.= € ,{1+(17 0. 0600)@ J (12)

whereg,, andf,, are determined from tests on @150 x 300 mm cylindgrs, the tensile strength of
concrete, andk is a parameter that reflects the effectiveness of confinement and is calculated as:

k=1. 25{ 1+ 0. 06%} £02 (13)

Two sets of the constants B, C andD are required, one for the ascending branch and a second for

the descending branch. For the ascending branele.. , the constants are given by:
E
A= e (14)
fCC

__ (A1)
= 15
(1=(0.45,0/120) (19)
C=(A-2) (16)
D=(B+1) a7)

In uniaxial compression, the failure mode is a combination of tensile splitting and shear failure, which
causes a steep descending branch. However, the descending branch of the stress-strain curve f
confined concrete is different from that of the uniaxial case, in that it approaches a residual strength
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level for large strains. The residual strength represents the load carried by friction across the crackec
shear plane. To define the constants for the descending branch, two points on the descending curve a
required. The coordinates for these points are demgtednde,, f, (see Fig. 6). Expressions for these
parameters can be found in Attard and Setunge (1996). For the descending &eanch , the
constantsA andB are given by:

_T&i—& & fi/e) 4a(f/e)
A= |: Ecc i|[ ( 1:cc_fi) - ( 1:cc_fzi) J (18)
_ (fize) 4(fi/&4)
B = (62)| (ot et (19)

while C and D are gill given by Egs. (16-17). To establish the full stress-strain relationship for
confined concrete, the parameters required are therefore the unconfined compressive strength, th
strain at peak stress, the elastic modulus and the confining pressure.

3.2.2. Volumetric strain model for concrete

Imran and Pantazopoulou (1996) performed triaxial tests on concrete cylinders and stated that the level
applied confining stressiy, characterizes the volumetric strain history of the concrete; see Fig. 6. Initially,
the &,0- & relation appears to be linear; however, the development of microcrack-related expansion in the
cross section supporting the compressive stress is manifested by progressieantgritintheg,q - &
curve. Prior to cracking, i.es; <&!™, the volumetric strain is described by the following equation:

2O-Iat O

gvol = (1_ 2vco) 0
== g, (21)

and after cracking, i.es.>&/™, the volumetric strain is described as:

0201, o [&—em |

gvolz(l_zvco)BE_m"-ggD_g_ g Em (Ll (22)

0 B CE. | &—& |

In this equationgl represents the axial compressive strain at the instant of zero volumetric strain,
taken ase; see Eq. (12). Since the restraining effect of the confining pressure is considered in the

volumetric strain model, the total lateral strain of the concrete can directly be calculated as:

_ (gvol_gv)

gCh - 2 (23)

3.3. Stresses in the steel tube

The steel stresses; and oy, can be calculated from steel strains by using Hooke’s generalized law
for the case of two-dimensional plane stress, as in Crisfield (1994):

E
Oanh = _az(gah"' Va€al) (24)

a
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Fig. 7 (a) Stress history in the steel tube. (b) Schematic representation of the proposed model

E
Oal = _az(gal +Va€an) (25)

_Va

The Poisson’s ratio, is assumed to have the initial valug until half the yield strain, from where
it is assumed to vary linearly up to 0.5 at yielding; see O’Shea and Bridge (1997). The stresses are

limited by the simple plane stress version of the von Mises yield function (see Fig. 7a):
(26)

2 2
f= Oc—0p= A/O-ah"' Oa—O0an0ah— 0o
where ¢, is the effective stress arg the yield stress. Isotropic strain hardening can be introduced
by changing the fixed yield stress,, in Eq. (26) to a variable stress,(s,), so that yield stress is a

function of the equivalent plastic strain; see Crisfield (1994):
(27)

f= Ge_ao(gps)
(28)

2 [2 2
Eps= ﬁ«/gpal * Epant Epai€pan

The relation betweet, andg,s can be taken from the stress-plastic strain relationship for uniaxial

tension.
3.4. Calculation procedure for the proposed model

The procedure of the uniaxial model for CFT columns is described herein. The model includes the
effect of passive confinement of the concrete core and the present biaxial stress state in the steel tub
The procedure for the proposed model can be summarized in the following steps.

1. A value of axial straing, is fixed.

2. The transverse stragy, (&), is determined from the volumetric strain model described in Section 3.2.2.

3. The axial steel stress,,, and the circumferential steel stresg, are calculated from the straigsg

and &y, (Section 3.3).
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4. The confining pressureiy, is given by the linear relation in Eq. (8).
5. The concrete stress,, is established from the active confinement model described in Section 3.2.1.
6. The total load on the CFT column is calculated from Eq. (9).
7. Steps 1 to 6 are repeated for increasing valugsresulting in a load-deformation relationship for
the CFT column.
Since the volumetric strain model has the confining pressgr@s an input, an iteration procedure over
steps 2-4 must be used. Fig. 7b depicts schematically the sequence of calculations required for the mode

4. Results and discussion
4.1. Mechanical behavior described by the proposed model

To verify the proposed model designed with emphasis on HSC, a comparison of the structural behavior
represented by load-deformation relations, obtained from the tests and that from the model was made fo
the specimens with concrete grade C85; see Fig. 8a. As can be seen, rather good agreement is found. T
model shows a somewhat stiffer behavior than that obtained in the test. This can to some extent b
explained by the fact that the recorded deformation also includes deformations in the column-testing
machine, since the deformation only was measured at the lower loading plate and not between the twi
loading plates, which is preferable. This is especially noticeable at the beginning of the loading.

As was stated in Section 3.2, the mechanical behavior of short CFT columns loaded on the entire
section is significantly affected by the difference in dilatation characteristics of the two materials. In the
following, this is described for specimen SFE 7, by means of results from the proposed model.

Initially both the steel and concrete are in the elastic stage and the dilatation is equal to the initial
value of Poisson'’s ratiaj,, and v, for the steel and the concrete, respectiv@igce the dilatation is
larger for the steel than for the concrete, they carry load independently of each other; see Figs. 8b an
9a. The steel tube experiences stresses only in the axial diregfjerOf g,,=0) and the yield
resistance is reached at poigt for further loading; see Figs. 8b and 10b. From now on;ftee”

‘I;é)gg, P [kN] Load, P [kN]
SFE 9, Model _SFE 9, Test 3000777
35001 SFE7, Test
SFE 8, Test 2300 /
30001 ;
N SFE 8, Model 20001 1 \
25001 , Mode i P, Model
N, Model
2000_ l 938y (3]
SFE 7, Test SFE 7, Model 500 , Y”C" -~ L
15001 1000 ' / Ny Model
10007
so0
5001 i
0 T . T T T 06 ’ ¥ y y g
0 5 10 15 20 25 30 5 10 15200 25 30
Vertical deformation, & [mm] Vertical deformation, &[mm]

(@) (b)

Fig. 8 (a) Comparison of load-deformation relation between experiment and proposed model. (b) Distribution
of the axial load in the section of specimen SFE 7
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Fig. 9 (a) Dilatations and (b) volumetric strain of the concrete core (specimen SFE 7)

dilatation of the steel equals 0.5; see Fig. 9a. There is no contact between the concrete core and th
steel tube before the dilatation of the concrete core becomes equal to that of the steel tube, i.e., ni
contact beforeg},/ €| = 0.5, (denoted ¢” in Fig. 9a). From Eq. (23) it can easily be found that the
concrete dilatation becomes 0.5 at zero volumetric stgi=Q0), which occurs when the vertical

strain is equal to the strain at peak stress for the unconfinedsgasg,); see Fig. 9. This means that
contact occurs first when the unconfined concrete compressive strength is reached. Consequently
before this point there is no effect of confinement and the total response of the column is the sum of the
responses that could be expected for the uniaxial cases of the concrete core and steel tube, respective

From the point where contact is obtained’);the steel tube restrains the concrete core, and the

steel strain and concrete strain are forced to be egyal £). To achieve this, restraint strains have

to develop in both the steel tubgy(> 0) and the concrete core.( > 0); see Figs. 5a and 10a.
Accordingly, this means that the dilatations of the concrete core and the steel tube also must be equal
see Fig. 9a. Furthermore, the volume expansion of the core becomes smaller than for the unconfine
case; see Fig. 9b. Due to further volume expansion of the concrete core, the restrained steel strain
increase, which give areasing circumferdial steel stressg,,, and consequently also increasing
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Fig. 10 (a) Lateral strains and (b) steel stresses and confinement pressure (specimen SFE 7)
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contact pressuregiy; see Fig. 10b. This gives an enhanced resistance and deformation capacity of
the concrete core, and the load resistance of the concrete core starts to increase. Furthermore
because of the increasing circigmential steel stress, the axial compressive stggsin the tube
decreases; see Fig. 10b.

When the dilatation starts to flatten out, the contact pressure becomes constant and the concrete wi
soon experience a descending branch and approaches the residual strength for the present confinir
pressure; see Fig. 8b. When the strain hardening for the steel is reached (d€dtexitbtal load of the
column increases again -primarily due to the increase in axial steel stress, but also because of increasir
confinement effects when the circumferential steel stress increases, i.e., higher confinement pressure; se
Fig. 8a. These results confirm that the proposed model reflects the behavior described in Section 3.1.

4.2. Influence of confinement index

From the experimental results it was found that both the load resistance and deformation capacity are
influenced by the confinement index. In Fig. 11a the effect of changed confinement index is obvious.
Here the diameter is kept constant and the thickness of the steel tube is varied in order to change th
confinement index. It can clearly be seen that thdildycof the column e@creases with lower
confinement index. This is explained by the fact that, for the same lateral restrained steed,gjrain (
and corresponding circumferential steel stress, the resulting confinement pressure on the concrete cor
is lower for the thinner steel tube than for the thicker; see Eq. (8). This gives lower concrete peak and
residual strengths. Furthermore, a lower confinement index means that the concrete core carries
bigger part of the total load, and consequently the response of the concrete will be more apparent.

In Fig. 11b columns with different outer diameter (159 and 210 mm) but almost the same confinement
index are compared. The load resistance is, of course, higher for the larger-diameter columns; howevel
when the load is normalized with respect to the squash yielding load according to Eq. (3), it is obvious
that the load-strain relations almost coincide for columns with similar confinement index. This
strengthens the theory that the confinement index is related to the structural behavior, i.e., the shape c
the load-deformation curve.

It can be noticed in Fig. 11 that the residual strength increases with higher confinement index, and in
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6000 14

*§2.159, D 159 mm

~-82.187, D 210 mm|
600577, D 159 mm

50001 1.29 g

o] &
40007 {3
o8] 7 R :
30007 ~-00.576, D 210 mm

0.6
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20001 . o
04y 0 el

- §0.163, D210 mm
1000 0.21
0+ r T T T 0 x T T v
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Fig. 11 (a) Load-strain relation for different confinement index159 mm,t varied; (b) normalizedoad-
strain relationD = 159 mm,D = 210 mm and varied.



394 Mathias Johansson

the experiments even strain hardening was obtained for higher confinement index. This can of course tc
some extent be explained by the strain hardening of the steel tube. However, after the tests, the
concrete-fled steel tubes with the smallest thickness were open and it could be observed that for SFE 4
(C30,0=1.48) the core was completely crushed, while for SFE 7 (€8%).58) a clear inclined shear
failure plane was visible cutting straight through the aggregates; see Demarchi (2000). Triaxial tests on
concrete cylinders performed by Rutland and Wang (1997) have shown that the angle of the failure
plane changes for increasing confining pressure. Moreover, Palaniswamy and Shah (1974) demonstrated tf
two extreme failure modes: lgpng failure at low confining pressures and crushing failure at large
confining pressures. In tests on rectangular HSC tied columns, Cusson and Paultre (1994) found tha
the failure is characterized by the formation of an inclined shear failure plane, separating the concrete
core into two wedges laterally restrained by the reinforcement cage. Measured from the vertical axis,
the inclination angle of the shear failure plane varied frofrf@3ightly confined specimens to %4for
highly confined specimens. Further, they found that the residual strength was related to the shear plan
and was low for lightly confined columns but increased with a higher amount of lateral reinforcement; see
Cusson and Paultre (1995). For highly confined columns it was observed that the residual strength wa:
equal to the peak strength of the confined concrete, indicating a ductile crushing failure typical of confined
NSC. They also proposed a model to calculate the residual concrete stress corresponding to the comple
formation of the shear failure plane of the reinforced concrete core. Similar observations about the
formation of a shear failure plane were found for spirally reinforced HSC columns by Bjerkeli (1992).
These theories can be expected to be applicable also for CFT columns. The implication is that, with
increasing confinement index, the failure of the concrete core changes from shear failure towards
crushing failure and consequently, at the same time also the residual strength increases. The tw
extremes are, of course, zero and infinite confinement index, i.e., the unconfined case and infinite stee
thickness, respectively. Furthermore, this explains why the post-peak behavior of the columns filled
with the lower-strength concrete (C30), where a crushing failure was present, could not be predicted
satisfactorily by the proposed model. This is because the residual strength, described by the constitutive
model used for concrete, represents the load carried by friction across an inclined shear failure plane
The observations from tests and the proposed model in this study indicate that a shear plane failure
resulting in a softening behavior, can be expected in columns with confinement index lower than
approximately 1.0. For columns with cordment index exceeding approximately 1.0, a plastic or even
hardening behavior could occur due to crushing failure of the concrete. The effect of changed failure
mode on the post-peak behavior of the CFT column is very important to understand if an efficient use of
HSC is to be possible, and it has to be further investigated.

5. Conclusions

The following conclusions are based on the research reported in this paper.

A mechanical model was proposed for short CFT columns with circular sections, subjected to
concentric compression. The model is based on a volumetric strain history characterized by the level of
applied confining stress. This comprises a procedure for calculating and continuously updating the
lateral confinement stress for a given axial strain, thus accounting for the passive confinement to which
the concrete core is subjected. The model was able to predict the experimental behavior for the high.
strength concretellied columns withacceptable accuracy. Furthermore, the model gives an opportunity
to study the interaction between the concrete and the steel and not only the structural behavior.
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It was found that for the columns with the load applied on the entire section, which is the normal
loading condition assumed in design, no contact occurs between the concrete and the steel before tt
unconfined concrete compressive strength is reached. This means that there is no effect of confinemer
before this point, and the total response of the column is the sum of the responses that can be expect:
for the uniaxial cases of the concrete core and steel tube, respectively. However, the post-yield behavio
is greatly influenced by the confinement level and is related to the efficiency of the steel tube in
confining the concrete core to prevent micro cracking.

The confinement efficiency can be defined by the confinement index, and it is possible to classify the
post-yield behavior from the value of the confinement index into three categories: strain softening
behavior, perfectly plastic behavior and strain hardening behavior. The softening behavior is due to a
shear plane failure, and can be expected in columns with confinement index lower than approximately
1.0.The more below 1.0 the confinement index is, the lower is the residual strength of the column. For
confinement index larger than approximately 1.0, a plastic or even hardening behavior could occur due
to crushing failure of the concrete.

It is possible to use HSC and still obtain a column with good ductile behavior when a concrete-filled
steel tube is used. However, a thicker steel tube is needed for HSC compared with NSC if the same
ductility is aimed at.
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