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Confinement evaluation of concrete-filled
box-shaped steel columns

K.A.S. Susanthat, Hanbin Get and Tsutomu Usamitt

Department of Civil Engineering, Nagoya University, Chikusa-ku, Nagoya 464-8603, Japan

Abstract.  This paper presents a three-dimensional finite element analysis methodology for a quantitative
evaluation of confinement in concrete-filled box-shaped unstiffened steel columns. The confinement effects
of concrete in non-circular sections can be assessed in terms of maximum average lateral pressure. A brief
review of a previous method adopted for the same purpose is also presented. The previous method is based or
a two-dimensional finite element analysis method involving a concrete-steel interaction model. In both the
present and previous methods, average lateral pressure on concrete is computed by means of the interactior
forces present at the concrete-steel interface. Subsequently, the strength enhancement of confined concrete is
empirically related to the maximum average lateral pressure. The results of the former and latter methods are
then compared. It is found that the results of both methods are compatible in terms of confined concrete
strengths, although the interaction model yields a somewhat overestimated estimation of confinement than
those of the present method when relatively high strength concrete is used. Furthermore, the confinement in
rectangular-shaped sections is investigated and the reliability of previously adopted simplifications in such
cases is discussed.

Key words: concrete-filled tubes; box-shaped CFT columns; confinement; confined concrete; concrete-
steel interface; composite action.

1. Introduction

The strength enhancement in excess of uniaxial strength and the deformation improvement of concrete ca
be observed when concrete is subjected to triaxial compressive stress states. Common examples «
triaxially loaded concrete can be seen in hoop-reinforced concrete columns, concrete-filled tubes
(CFTs), pipe piles and mass concrete structures. Among these, the calhedesée€l columns are now
the focus of attention in regions of high seismic activity. This is due to their excellent earthquake
resisting characteristics such as their high ductility and enhanced strength. Even though CFTs are
widely applied in engineering structures, the exact behaviour of confined concrete in such structures is
complex and not yet well understood. On the other hand, the behaviour of confined concrete in filled-in
tubes has been the topic of many past investigationsnégns of experimental and analytical
approaches (e.g., Haat al 2001, Susanthat al 2001, Brauns 1999, Kvedaras and Sapalas 1999,
Schneider 1998, Watanabeal 1997, Tanget al 1996, Ge and Usami 1994, 1992, Babal 1995,

Tomii et al 1988, Tomiiet al 1979a, 1979b, Tomet al 1977, etc.). In several of these studies, the
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amount of confinement has then been represented through an exclusive parameter, which has been us
to define the peak point of confined concrete (idaal 2001, Susanthet al 2001, Tanget al 1996).

The concrete mechanical model, as described ingtlah(2001), includes a confinement factor which

to some extent represents the composite action between steel and concrete. The strengths and cro
sectional areas of steel and concrete are used to define this factor. In a previous work by &uwsantha
(2001), the confinement effects on concrete strength and post-peak behaviour were examined extensivel
using an analytical approach in conjunction with some experimental results. A concrete-steel interaction
model was used to determine the maximum average lateral pressure, which is a key index in that it
represents the amount of confinement available at the peak load of the CFT columns. A brief review of
this procedure including the definition of maximum average lateral pressure will be presented below
(section 2). Tangt al (1996) proposed an empirical parameter to determine the lateral pressure on
confined concrete at the peak load of circular-shaped columns. This parameter was defined by using the
geometrical and material properties of sections. In the works by Susar@hé2001) and Tangt al

(1996), the lateral pressure is correlated to the confined concrete strength through an empirical
equation. The model proposed by Watanatal (1997) includes the confinement effect as a function

of width-to-thickness ratio. However, no direct confinement assessment has been done in this study.
Meanwhile, it seems that the quantitative examination of lateral pressure on concrete by exclusively
experimental means is a complex and difficult task. On the other hand, analytical approaches are founc
to be a good alternative in overcoming such difficulties.

This paper is mainly concerned with the confinement evaluation of concrete in box-shaped steel
columns using a 3-dimensional nonlinear finite element analysis. On top of that, an empirical equation,
previously proposed by the authors (Susaethal 2001) in the determination of maximum average
lateral pressure in box section columns, is verified. The interaction of the concrete-steel interface is
further examined at various axial strain levels in order to clarify the actual behaviour of composite
materials. The effect of breadth-to-width ratio on confinement efficiency is also investigated with a
view to assessing the previously adopted simplifications in the case of rectangular-shaped columns.

2. Summary of concrete-steel interaction model

This section explains a concrete-steel interaction model previously proposed by Sesaaltha
(2001) for determining the maximum average lateral pressure of box-shaped concrete-filled steel tubes
as this is the same objective for the present approach. The maximum average lateral pressure in .
square-shaped CFT column, which is presumed to occur at peak axial load, is determined by using ar
interaction model as shown in Fig. 1(a). The confinement along the height of a column is assumed to be
uniform, hence one unit length of column can be considered for analysis, although, this assumption is
not exact because lateral pressures around the loading edges are larger than those for the rest of tl
columns. This is due to the lateral restraints at the loading edges. Thus, the uniform lateral pressure
assumption implies that the loading edges are free to move in a lateral direction. The concrete is
discretized into a number of segments bounded by the lines joining the center point of the model and
mid points of adjacent steel beam elements as shown in Fig. 1(b). Each of these segments is represent
by an axial compressive truss element with an equal stiffness of corresponding triangular concrete
segments. Lateral steel is also represented by a number of beam-column elements. A similar type o
model has been employed by Nishiyaetaal (1997) and Assa&t al (2001) for lateral pressure
evaluations of reinforced concrete columns. The basic difference between Nishiyama’s method and the
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Fig. 1 Interaction model for concrete-filled box section

one being explained here is that the latter assigns a newly defined complete concrete stress-strai
relation to be used in trusseatents. As a result, the maximum average lateral pressure can be directly
obtained from this method. Here, for a pre-assumed uniform lateral strain, corresponding displacements
of each of the truss elements are computed and are applied incrementally at each node of the concre
bar elements at the center of the model. This leads to an expansion of the outer steel cage since the st
elements are laterally pushed out by the concrete bar elements. At the end of each load increment, th
average lateral streds, and the average lateral stradp, are calculated. The strefgsis computed by
summing up all the normal components of teacforces as facing each side and dividing by the total
area that they are acting upon. Then, the maximum valfjedsfinoted by,,", can be easily obtained.

In a triaxial stress state, the uniaxial compressive strength can be given by:

foo = fe+ mfrp (1)

wheref,, is the maximum radial pressure on concrete rand an empirical coefficient. In the past
many experimental studies have tried to determine a valua.fBrom those it has been found that

for normal strength concretd) is in the range of 4 to 6 (Sugupta and Mendis 1995). Gardner and
Jacobson (1967) proposed a value of 4.0 for coefficterih this studym is assumed to be 4.0. A
constant strength reduction factor of 0.85 is introduced for unconfined concrete stf¢ngth, , for
design purposes. The reasons for such a reduction in unconfined concrete strength are: (a) the
strength differences between actual columns and test cylinders due to geometry and load applicatior
method; and (b) variation in concrete strength along the column length. A review of strength reduction
factors for unconfined concrete can be found in a paper by El-&wil (1999) where they used a
constant reduction factor of 0.85 for their composite column design studies. From these, confined
concrete strengtif,. , is given by the following equation, which is directly deduced from Eq. (1):

fe, = 0.85f, + 4.0f, )

The maximum average lateral presstig, is then substituted fdy, in Eq. (2) in the case of non-
circular section columns.



316 K.A.S. Susantha, Hanbin Ge and Tsutomu Usamia

Y f
I :
ks 5l =
0.207, | A4 . E
g e & E Est €
(a) Concrete (b) Steel

Fig. 2 Material properties for concrete-steel interaction model

2.1. Material models for the concrete-steel interaction model

The concrete stress-strain relation to be employed in the concrete bar elements of the interactior
model had to be specifically established. This was done by means of the lateral stress-strain relationshi
of circular columns. The resulting concrete model to be employed in tihactime model is shown in
Fig. 2(a). The parameters appearing in Fig. 2(a) were determined by modifying the expressions
proposed by Tangt al (1996) for circular-shaped columns. For examflethat is the maximum
lateral pressure on circular tubes, has been utilized to determine the strength of concrete in a laters
direction. If the concrete-steel interaction model is employed for circular-shaped sections, then the
strength of concrete bar elements should be equgl tohich is given by (Tangt al 1996)

2
o = B g0 ©)

wherefy, t andD denote the yield stress of steel, the thickness and the outer diameter of the tube,
respectively, andB is an empirical parameter, which is determined using the changes in the
Poisson’s ratios of steel subjected to monotonic axial loading. The strength of concrete elements in
the interaction model of box-shaped columns is then determined by modifying Eqg. (3). That is, the
diameterD is replaced by the outer dimension of box sectprand the paramete® is determined

by the difference betweep, and vs at the maximum strength point wherg, and us are the
Poisson’s ratios of steel tubes with and without filled-in concrete, respectively. The paregrister
given by

Ue = 0.2312+ 0.3582, —0.1524 f;'/f)) + 4.843v,'( f.'/f,) —9.169 fc’/fy)2 (4)
where
I 3 2 2
v = 0.881x 106(Deq/t) —2.58x 1G4(Deq/t) +1.953%x 107(D¢y/t) +0.4011 (5)

It should be mentioned here that Eq. (5) was deduced by replacing par8reteit appeared in
the original equations proposed by Taepal (1996) by parameteD, which is obtained by
equating the area of the box section to its equivalent circular-shaped sectn/7=r square
section with a side length di). The falling branch slopd,, is calibrated using the test results of
Watanabest al (1997). Consequentlyy andk, are given by
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Fig. 2(b) shows the steel material model adopted in the interaction model. For steel material
parameters, yield streds, the elastic modulusss, and the Poisson’s ratio, for each specimen are
taken as the values reported in Watanetbel (1997). The strain hardening modul&s,is given by

£—¢
E = EstexpE]— b4 TSG 8)

y U

where, the values for initial strain hardening moduktig,the strain at the onset of strain hardening,
&, and yield straing,, are assumed to be the same for a mild steel of the kind $&#0i and Ge 1998).

2.2. Expression for the maximum lateral pressure

Using the foregoing procedure, extensive parametric analyses have been conducted and a gener
expression for the maximum average lateral pressure has been proposed. The results of such analys
conducted on the square-shaped sections are shown in Fig. 3. Consequently, an empirical equation h:
been established to compttg as:

11.46

fr, = —6.5R =— +0.12f/ "* 9)

with

(10)

6 ¥ { v M 1
A f'e = 10 MPa
a o = 20 MPa
Q f.=30 MPa
v f'. = 40 MPa
O f'. = 560 MPa
Proposed equation

0 0.05 0.1 0.15
R-(f' /1)

Fig. 3 Maximum average lateral pressure by the interaction model
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where R is the width-to-thickness ratio parameter of the component plate (Ge and Usami 1994).
Here,b is the flange plate breadtk; and v are respectively the Young’s modulus and the Poison’s
ratio of steel. In this study, the geometry and material parameters are chosen in such a way that th
local buckling could be ignored when columns are axially loaded. This is achieved by keeping a
certain upper bound, say 0.85, for param&ebased on the expressions proposed for the local
buckling strength of plates in CFT columns (Ge and Usami 1994). In the case of rectangular-shapec
sections, the same expression as given in Eq. (9) is adopted by deficamgesponding to the plate at

the longer side of section. This is a simple assumption which results in conservative predictions.

3. Confinement evaluation by 3-dimensional analysis

As previously mentioned there have only been a few experimental and analytical approaches
available for a quantitative assessment of confinement present in CFT columns (eeg.aHa601,
Susanthat al. 2001, Tanget al 1996). Among them, the one proposed by Susasithh (2001) was
based on a 2-dimensional finite element analysis procedure, and included a set of assumptions t
simplify the complexity of the problem. Thus, such simple approaches have to be verified by more
accurate analyses or extensive experiments. The experimental approaches suitable for lateral pressu
verifications are complicated and costly. Therefore, a comprehensive 3-dimensional (3D) finite element
analysis procedure has been adopted to investigate e behaviour and to ensure the accuracy
of the simplified approach explained in the preceding section. Additionally, the simplifications adopted
to deal with the confinement in rectangular-shaped columns are also assessed.

3.1. Analytical model

To evaluate lateral pressure, a column consisting of a relatively small height is selected as shown ir
Fig. 4. The core concrete is modelled by using 8-node brick elements with three degrees of freedom pe
node whilst the steel tube is modelled by using 4-node shell elements with six dedgreedarh per
node. Only one eighth of the column is modelled because of its symmetry in geometry and loading. The
analyses are conducted by using the general purpose finite element analysis program ABAQUS (1998)
The concrete-steel interface is modelled using a type of interface element called, the “gap element”,
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Fig. 4 One-eighth of the column for finite element modelling
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Fig. 5 Types of elements

available in the program. All the outer surface nodes of concrete elements are connected to the adjacel
steel nodes through the gap elements. A schematic illustration of such a connection between the
concrete and steel tube is shown in Fig. 5(c). Each gap element has two end nodes, and the currel
clearance between two nodes is defined as

h, = hy+nQu’-u")=0 (11)

whereh, is the initial clearance of the two surfacess the direction of the gap element arfdand

u! are the total displacements at nodes 1 and 2, respectively. The behaviour of gap elements is suc
that when concrete and steel surfaces are in contact, contact forces (gap forces) develop. Wheneve
the contact is broken (i.e., separation of the two materials) the gap forces become zero. The initial
gap clearanceh,, is set to zero so that the concrete-steel interface is considered to be in contact
prior to loading. Frictional forces developed at the interface can be included explicitly through a
friction coefficient. For the purpose of this study the friction coefficient is designated as 0.25. The
incremental vertical displacements are simultaneously applied to the concrete and steel nodes at th
top of the column, and the forces at each gap element are recorded. No lateral constraints are
enforced at the top oroltom edges so that the steel tube can expand freely ieralldirection, as

shown in Fig. 6. This is to ensure that the lateral pressure distribution along the column height is

BB B

Fig. 6 Analytical model
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uniform to a large extent. This also complies with the assumption of uniform lateral pressure made
in the interaction model. However, the gap element forces along the height of a column do vary to
some extent. Also, it is obvious that the gap element forces across a given section are not uniform
in the non-circular shape sections. As a result, the overall effect of gap element forces are to be
accounted for in terms of average lateral pressyrethich is defined by

f = = (12)

whereF; is the force inith gap element); is the total number of gap elements, @denotes the
total area of concrete-steel interface. It is should be noted that the same kind of averaging concep
was used in the previous interaction model too.

3.1.1. Stress-strain models of concrete and steel

The three-dimensional constitutive law of concrete available in the ABAQUS program is employed
here for the behaviour of filled-in concrete. This model is applicable in situations where concrete is
subjected to an essentially monotonic straining at low confinement pressures (less than four to five
times the largest compressive stress that can be carried by the concrete in uniaxial compression). It i
well known that the level of confinement in filled-in concrete is relatively low (Schneider 1998, Tomii
et al. 1977), and so this model is adequate for the present analysis. It consists of an isotropically
hardening yield surface when stress is dominantly compressive and an independent “crack detectior
surface” that determines if a pointléadue tocracking. The oriented damagedstieity concept is used
to describe the reversible part of the material's response after cracking failure (ABAQUS Theory Manual
1998). In the absence of uniaxial compressive stress-strain test data, required for the model calibration
a compressive stress-strain relation of unconfined concrete as proposed by Kent and Park (1971) i
adopted with slight modifications such as the inclusion of tensile part and the extension of the falling
branch up to zero stress, as shown in Fig. 7. Here, the tensile strength of concrete is assumed to be :
percent of its uniaxial compressive strength. In this model, the strain at the peak stress is assumed to k
0.002, and the expressions for the ascending and descending parts (i.e., OA and AB, respectively) are &
shown in the figure. The falling branch is assumed to be a linear, which is decided by the point where

& L O £ = [2ele,) - (e/e,)]

I AB: f. = f/-Z(e-¢,)
0

0.50 f* ,
o \B .

£=0.002  Es50u Ecu €

0.10 1

Fig. 7 Unconfined concrete model (a modified version of Kent and Park model 1971)
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Table 1 Steel material properties

Parameter SS400 SM490 SM570
f, (MPa) 235.0 314.0 450.0
E; (MPa) 2.06x1P 2.06x168 2.06x16

U 0.30 0.30 0.30
&l 10 7 3
Ey/Es 1/40 1/30 1/100

é 0.06 0.06 0.02

stress has fallen to 50 percent of the maximum stress. The siggiat 0.5 on the falling branch is
given by
_ 3+ 0.00/
ESOU - fcl _ 1000 (13)

in whichf} is in psi (Kent and Park 1971).

The same elasto-plastic stress-strain relation as presented in Fig. 2(b) is employed for steel. Thre«
types of steel (SS400, SM490 and SM570) are adopted in the analysis (Ge and Usami 1998). The
material parameters for these three types of steel are given in Table 1.

3.1.2. Effects of mesh division and aspect ratio (b/h)

The mesh sensitivity and thefesdts of theb/h ratio on results are investigated in order to establish a
proper analytical model. Three cases are considered for the meilvisgehecks in such a way that
each layer of the model contains 25, 36 and 49 concrete elements (i.e., the total number of elements i
one layer,N, including steel elements, being 35, 48 and 63). The analyses are conducted for three
values ofb/h ratios (3.5, 10 and 15) and the maximum average lateral prekgui@, each case is
computed. The results are shown in Fig. 8 where the effects of the mesh size is not so significant.
However, to facilitate the smooth tracing of lateral pressure distribution across a section, the third case
(i.e., N=63) can be seen as the most appropriate. Then, the effectwhtraio is investigated by

1.9 [F<15MPa, £,=314MPa, R=0.3[1 7 7 © '3

F o —o— o 3

'8 '—-'- b/h=3.5 _:

z F E
E 1.7 :— _:
e C b/h=10 =
< 16 o- - pd .
- b/h=15 -

15F o e E

- ———— .

1.4 :' p e e v Ly e by |:

30 40 50 60 70

N

Fig. 8 Effects of element division
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Fig. 9 Effects otb/h ratio

changing the height while keeping the same number of elements per layerNie§3). Three cases
for differentR values are examined and the maximum average lateral pressure variation aghaihst the
ratio is plotted as shown in Fig. 9. A value of 15 is selected as an approghieatio for the model.

3.2. Numerical results: Square-shaped sections

The analyses are performed for 36 cases covering a wide range of material and geometrical propertie
as shown in Table 2. A representation of gap element distribution across a section is shown in Fig. 10
Here,F, represents the gap element force in an element at the center of one $iglesatc corner. A

Table 2 Geometrical and material properties of square-shaped columns

f.' (MPa) f, (MPa) R
15.0, 25.0, 35.0 235.0, 314.0, 450.0 0.3, 0.4, 0.6, 0.80
b2
\ Fg
\_L
el o
~HF
{ H Fe
\ {HFs v
{ {HFs
F; : force at the {HFs
ith gap element ',
N {HF
) { —

Fig. 10 Representation of gap element forces
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Fig. 11 Examples of gap forces across a section

representative illustration of gap element force distribution across sections at the mid and top levels are
shown in Figs. 11(a) and 11(b), respectively. Since all the elements are uniformly distributed the force
in each gap element can be considered as a measure of the pressure over the concrete at the vicinity
an element. It is observed that at the initial stage of loading, all the gap elements have zero forces
which means that the two materials have been separated. This is obvious because the Poisson’s ratio
steel is higher than that of concrete at this stage. When axial load is increased, the Poisson'’s ratio o
concrete is increased, and eventually it surpasses that of the steel. This leads to an excessive expansi
of concrete resulting in lateral pressure developing at the concrete-steel interface. Eventually, the gap:
become closed and, as a result, gap forces can be obtained. This is a well established fact that can al
be verified through experimental observations. It is also interesting to note that the occurrence of gap
closure is considerably delayed at the middle part of one side of the section (e.g., gap elentent force
The corners are subjected to relatively high lateral pressures and the degree of confinement rapidly
diminishes away from the corners. This was also found to be true in the case of concrete confined by
lateral reinforcements, as reported by Nishiyaghal (1997). Since the observed average lateral
pressure difference between the two levels is insignificant, the assumption of uniform pressure
distribution along the column height is acceptable.

Subsequently, the average lateral presdureersus the axial strain of sections havinged&nt
values ofR, is plotted as shown in Fig. 12(a). As expected, the average lateral pressure is decreasec
with an increased value & The confinement action does not come into play until the axial strain
reaches a value of about 0.002, as observed in the enlarged Vjeat thie early stage of loading (see
Fig. 12(b)). The variation of lateral pressure pattern is also quite similar for all val&es of

Finally, the computed average lateral pressures from the 3D analysis and the proposed equation (i.e
Eq. (9)) are compared and presented in Fig. 13. It shows that the predictions from both the methods
converge well af, values less than about 2.0 MPa. However, beyond this limit, the deviation exceeds
more than 15%. This means that the previous equation overestimates the lateral pressure when a hic
confinement is anticipated. By plotting the 3D analytical results against the pardméteff, and
the curves corresponding to the previous equation on one plot, the conditions producing this
discrepancy can be recognized. It is understood that the difference becomes significant at higher
unconfined concrete strengths, as shown in Fig. 13(b). However, it is important for practical reasons to
examine the safety of predictions in terms'Qf which is directly computed by Eq. (2) with values
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Fig. 12 Example of variation of average lateral pressure
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Fig. 13 Comparison of maximum average lateral pressure obtained using 3D analysis and previous equation

obtained through both methods. Such a comparison, as presented in Fig. 14, reveals that the previous
proposed equation (i.e., Eq. 9) and the 3D analysis yield almost the same confined concrete strengt
predictions. This means that the simple 2D analysis method involving concrete-steel interaction model car
be confidently used for practical design purposes.

3.3. Numerical results: Rectangular-shaped sections

A similar type of analytical model as adopted in the square-shaped sections is also used for the
rectangular section. Thie/d ratio is varied from 1.0 to 1.75 by keeping the lengtbonstant and
varying the length of shorter side Similarly for the square-shaped sections, a constant value of 15.0 is
maintained as thb/h ratio. Then, the analyses are conducted for several cases whose material and
geometrical properties are presented in Table 3. Subsequently, the average lateral pressure at each si
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Fig. 14 Comparison df.computed from 3D analysis and previous equation

Table 3 Geometrical and material properties of rectangular shaped columns
ftMPa) f, (MPa) R b/d
15.0 314.0 0.3,0.5,0.80 1.0,1.25,1.35, 1.50, 1.65, 1.75

is determined by

N,
43 Fy

=1

(b—t)h (14)

Nd
ﬂ;aj
fr,d = (b—t)h (15)

wheref,, andf, 4 represent the average lateral pressure at the longer and shorter sides of the section
respectivelyFy andFy are theith andjth gap element forces amNj andNy are the total number of

gap elements at each side, and the subsdri@ed d denote the longer and shorter sides of the
section, respectively. The maximum average lateral pressures at eadh satelf,, 4 are obtained

from the average pressure versus the axial strain curves plotted by using Egs. (14) and (15), respectively. A
example of the ratio f(, o/f,p ) for differentR values R corresponds to the plate at the longer side

of section) is illustrated in Fig. 15. Thef{d/fpp) ratio, or the difference between the maximum
average lateral pressures on two sides, displdysar relationship with thé/d ratio. The higher

lateral pressure is found at the shorter side of the section. The fgtiéfn) is found to be
virtually independent from the value & of the component plate. The maximum average lateral
pressure for the whole sectidh,, is obtained from the combined average lateral pressures of two
sides as:
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N, Ny
4i=ZlFbj + 4,-;Fdj

= [(b—Hh+ (d— Dh]

f, (16)

The maximum average lateral pressure of rectangular sedijgnis, non-dimensionalized by the
pressure corresponding to the square-shaped sefiorand is plotted against thie/d ratio as
illustrated in Fig. 16(a). It is understood here that the maximum average lateral pressure increases witl
an increasingo/d ratio. Nevertheless, the maximum deviation from the values corresponding to a
square-shaped section is less than 10% in the range lofitbencerned. The lateral pressure obtained
from the present method can then be compared with the value obtained using the previous equatiol
(i.e., Eg. 9), with the paramet& corresponding to the longer side of the section. This assumption
implies that when a rectangular-shaped section is concerned, the proposed equation treats it as a squs
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Fig. 16 Effects ob/d ratio on confinement

(b) Comparisons between computed and predicted

maximum average lateral pressures
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section with sectional dimensions equal to the longer side of the rectangular section. This is a rough
assumption and needs to be verified. To this end, comparisons are made between the lateral pressu
computed from the present analysis and values obtained from Eg. (9), as shown in Fig. 16(b). These
reveal that the previously assumed criterionRaio be used in rectangular-shaped sections is quite
satisfactory. Finally, in the absence of well-established expressions for dealing with the effects of
breadth-to-width ratio on the confinement at peak load, the expressions proposed for square section
should be conservatively adopted, as was the case in this present study.

4. Conclusions

This paper presented an evaluation of the maximum average lateral pressure that can be effectivel
utilized to estimate the confined concrete strength of CFT columns. An analytical model was proposed
for the lateral pressure evaluation of box-shaped CFT columns. A three-dimensional finite element
analysis procedure was used for this purpose. Based on the present numerical results and th
comparisons with those obtained from the previously proposed empirical expression, the following
conclusions can be drawn:

1. Maximum average lateral pressures obtained from the 3D analysis and the previously employed
equation are quite close at relatively low maximum average lateral pressure values. In the predictions
for higher maximum average lateral pressures, the differences between two methods tend to increas
(i.e., the 3D analysis yields lower values of lateral pressures). The relatively high strength concrete
resulted in higher lateral pressures with the results that the predictions for such situations using the
previous equation are considerably overestimated.

2. Comparisons of confined concrete strengths computed using maximum lateral pressure obtainec
from both methods show that the differences observed in the lateral pressures predictions have no
seriously affected the compressive strength improvement of concrete. This means that the previous
simplified method is quite satisfactory in terms of strength evaluations of confineckigon

3. Lateral pressure on the shorter side of a rectangular section is higher than that on the longer side
The ratio of the average lateral pressure on shorter and longer sides of a rectangular section seems to
proportional to the corresponding side length ratio.

4. The maximum average lateral pressure on a rectangular-shaped section is higher than that of th
square section with the dimensions given by the longer side of the rectangular section.

5. In the absence of precise evaluation methods, the maximum average lateral pressure on th
rectangular-shaped sections may be obtained from the equation proposed by the interaction model witl
the width-to-thickness ratio parameter given by the longer side of the section.

Finally, it can be concluded that the 3D analysis method as presented in this study is useful in
confinement evaluations of box-shaped sections. Such evaluations can ultimately be used in confinec
concrete strength predictions.
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