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Abstract

This paper presents a nonlinear analysis of axially loaded steel
tube-confined concrete (STCC) stub columns with new confinement
relationships. For this aim, a 3-D finite element model of STCC
columns using ABAQUS program is developed and validated
against the experimental data. Proper material constitutive models
are proposed and the confinement parameters of confined concrete
are determined by matching the numerical results via trial and
error. The parameters considered for quantitative verification of the
FE model include five different factors indicating the behavior of
STCC columns: compressive strength corresponding to steel yield-
ing point, initial peak strength and ultimate strength as well as
longitudinal to circumferential stress ratio of steel tube at steel
yielding point and initial peak point. For the qualitative verifica-
tion, the axial and lateral stress—strain relationships of STCC col-
umns are taken into account. The comparison results indicate that
the model can accurately predict the compressive behavior of
STCC stub columns. Finally, a parametric study is also performed
to evaluate the effect of tube diameter-to-wall thickness ratio (D /%),
concrete compressive strength (fc) and steel yield strength (f,) on
the compressive behavior of STCC columns. According to the re-
sults of the parametric study, the interface shear stress and lateral
confining pressure are not affected by f: while significantly increase
with decreasing D/t.
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Concrete confinement creates a triaxial stress, which increases concrete strength and ductility
(Bahrami et al. 2013; Han et al. 2005; Bahrami et al. 2014). In recent years, the use of steel tube-
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confined concrete (STCC) columns in modern structures has been the field of interest for many
structural engineers. In these columns, the load is only applied on the concrete core. Hence, the role
of steel tube in concrete confinement is more effective. Moreover, because of small compressive axial
load carried by the confining tube in STCC columns, the possibility of local buckling of the steel
tube decreases significantly (Wang et al. 2011; Aboutaha and Machado 1998). In addition, the steel
tube in STCC columns is used as permanent formworks, leading to no need for concrete shuttering
and curing and consequently reduction in the construction time and cost.

So far, much experimental research has been carried out to investigate the performance of
STCC columns. It seems that Tomii et al. (1985) conducted the first studies on the behavior of
STCC columns. They improved the ductility of reinforced concrete stub columns through confining
them by steel tubes and used it as a method to prevent shear failures. Experimental investigation of
Han et al. (2005) illustrated that STCC columns exhibit high levels of ductility and energy dissipa-
tion, especially when they are under high axial loads. Aboutaha and Machado (1998) studied the
behavior of STCC columns and compared the obtained results with those of concrete filled-steel
tube (CFST) columns. They found that effective confinement of concrete core increases and the
possibility of steel tube buckling decreases in STCC columns more than CFST ones. One of the
latest experimental researches on STCC columns has been performed by Nematzadeh (2012) in
which portion of steel tube confinement is separated from its axial load carrying portion. Their re-
sults showed that the confinement effectiveness coefficient of STCCs is about half that of the exper-
imental results of Richart et al. (1928).

There is little research available in the literature on developing an exact model for simulating
the concrete confinement in STCC columns. Using the ABAQUS program, Schneider (1998) pre-
sented a 3-D nonlinear finite element model for CFST columns. To define the properties of concrete
material in this model, the stress-strain curve of unconfined concrete was used in the absence of the
strain hardening for steel material. His results showed that the finite element model can predict the
elastic and inelastic behavior of the columns precisely. Hu et al. (2003) used a confined concrete
stress-strain curve to define the properties of concrete material and a bilinear stress-strain curve for
steel material in ABAQUS program. They verified the results obtained from the model with the
experimental results of Schneider (1998) and Huang et al. (2002). From the results of numerical
simulations, they also presented empirical equations of the lateral confining pressure applied to the
concrete core. Ellobody et al. (2006) used a confined concrete stress-strain and a multi linear stress-
strain curve for concrete and steel material, respectively, and studied the effect of concrete strength
and cross-section geometries on the compressive behavior of circular CFST columns. Wang et al.
(2011) investigated the numerical behavior of STCC columns in their research. Their results indi-
cated that in STCC columns due to small compressive axial load carried by the steel tube, the ef-
tiveness of the tube in confining the concrete core is high and its local buckling possibility is low.
Hence, thinner steel tube can be utilized in STCC columns compared with the CFST ones. Gupta
and Singh (2014) investigated the numerical behavior of short concrete filled steel tubular (CFST)
columns by providing a 3-D finite element program and verifying the proposed model through com-
parison with the corresponding experimental specimens. It is observed that the value of radial con-
fining pressure in the area adjacent to top and bottom platens is markedly higher than the value in-
between due to the end restraint provided by the machine platens. Yu et al. (2010) by using the
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experimental results of Han et al. (2005) developed a 3-D finite element model and evaluated the
behavior of STCC columns under axial compression load. In order to define the concrete material in
the model, the stress-strain curve similar to that of CFST columns was used. Their results showed
that load-carrying capacity of circular STCC columns is more than the CFST ones.

Despite that STCC columns are widely used in engineering structures and exhibit a good per-
formance, there is not enough information available in the literature regarding their analysis. This
paper presents a nonlinear analysis on the behavior of circular STCC stub columns under axial
compression load along with confinement effect. For this purpose, an appropriate 3-D finite element
model is developed using ABAQUS (ABAQUS 6.12, 2012) program to be verified against the exper-
imental results of STCC columns conducted by Nematzadeh (2012). Appropriate equations are pre-
sented for the concrete confinement parameters, by matching the finite element (FE) results with
the experimental data via trial and error. The parameters considered for quantitative verification of
the FE model include the compressive strength corresponding to the yield, initial peak and ultimate
point of steel and ratio of longitudinal to hoop stress of steel tube at the yield and initial peak point
of steel. Furthermore, both the axial and lateral stress—strain relationships of STCC columns are
considered for quality validation. In order to define the concrete behavior in finite element model,
the equivalent uniaxial stress-strain curve of confined concrete is used, in which the confinement
effectiveness coefficient obtained from the experimental results of Nematzadeh (2012) is applied.
Multi linear stress-strain curve is used for steel material. A parametric study is also performed and
the effect of various parameters including tube diameter-to-wall thickness ratio, concrete compres-
sive strength and steel yield stress on compressive behavior of STCC columns is evaluated.

2 FINITE ELEMENT MODELING

Modeling the behavior of steel tube-confined concrete (STCC) columns is performed in three main
parts including confined concrete, confining steel tube and interaction between concrete core and
steel tube. In addition, in finite element analysis of these columns, selection of element type and
mesh size should be appropriate for accurate simulation of the behavior of the columns in a reason-
able computational time. Since STCC columns under axial load are completely symmetrical, just
1/8 of the specimen is needed to model which leads to a significant reduction in computational time.

2.1 Element Type and Mesh

Various elements were used for simulation of STCC columns behavior and finally according to the
results, steel tube and concrete core were modeled using 3-D solid element (C3D8R) available in
ABAQUS program library. This element has eight nodes and each one has three translational de-
grees of freedom. Also, structured mesh is applied to simulate the confined columns. A pattern of
the model in program is showed in Fig. 1. As shown in the figure, there is a height difference be-
tween top surfaces of concrete core and steel tube which is due to matching with experimental con-
ditions of STCC specimens for applying the load on the concrete core only.
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Figure 1: Finite element mesh of steel tube-confined concrete.

2.2 Boundary Condition and Load Application

To simulate the boundary condition of STCC specimens in the model, top surface of concrete core
is restrained in all degrees of freedom except in loading direction while upper surface of steel tube is
completely free. Also, bottom surface of the composite column including concrete and steel is free in
all direction except in the loading direction. Lateral displacement of cut surfaces (XZ and YZ sur-
faces) in direction perpendicular to the surface is prevented because of the symmetry so that the
center line has no movement in both X and Y directions. In the laboratory, solid steel plates were
used for applying the axial load on end surfaces of concrete core (Nematzadeh, 2012), but in model-
ing, the results of this condition are similar to the case without the loading plates.

The axial load is applied on top surface of the concrete core equally in all surface nodes through
strategy of displacement control in appropriate intervals via *STATIC GENERAL METHOD
available in ABAQUS program library.

2.3 Modeling of Steel Tube Material

According to Fig. 2, a trilinear stress-strain curve is used to define the steel material behavior in
ABAQUS program which includes three stages: elastic, yield and strain hardening. Main parameters
for defining the stress-strain curve of steel include yield stress (f,), ultimate stress ( f;,), yield

strain (&, ), strain at the beginning of strain hardening (&, ) and ultimate strain (&, ), the values of

which are presented in Table 1, based on the experimental results of (Nematzadeh, 2012). First part
of steel stress-strain curve represents the elastic behavior of steel material which can be defined
using *ELASTIC option in ABAQUS program library where Young’s modulus and Poisson’s ratio
are considered equal to 210 GPa and 0.28, respectively. Also, *PLASTIC option in the program
library is used to introduce the inelastic behavior of steel material including yield and strain hard-
ening stages.
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Since the steel tubes used in experiments are seamless hot-rolled (Nematzadeh, 2012), they have
no residual stresses caused by the welding process. von Mises criterion, known as the maximum
distortion energy criterion or octahedral shear stress theory, is used in this study to estimate the
steel yield stress. Although the Tresca criterion known as the maximum shear stress criterion is
generally easier to apply in comparison with the von Mises criterion, the latter is in better agree-
ment with the actual response of most metals. The Tresca criterion usually gives conservative re-
sults in prediction of the system strength (Leckie and Bello 2009).

fy (MPa)  fuu (MPa) €y ep Egu

339 480 0.0016 0.0139 0.114

Table 1: Mechanical properties of steel tube (Nematzadeh, 2012).
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A J
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Figure 2: Equivalent stress-strain curve of steel.

2.4 Modeling of Confined Concrete Material
2.4.1 Concrete Stress-Strain Curve

Since ABAQUS program is able to consider the confinement effect in improving the behavior of the
confined concrete by using models such as Drucker-Prager, it seems that unconfined concrete behav-
ior should be used to define the concrete material in ABAQUS. In this field, Schneider (2003) con-
ducted an analytical study on compressive behavior of CFST columns, in which the unconfined
uniaxial stress-strain curve is used to define the concrete material in the ABAQUS. Nevertheless,
many researchers have applied the confined concrete model in the program to define the compres-
sive behavior of concrete (Hu et al. 2003; Ellobody et al. 2006; Yu et al. 2010). One of the main
reasons for this fact is the lack of real modeling of confinement and the increased strength caused
by it in ABAQUS program especially in high confinement values. This is because there are various
parameters in the program to define the inelastic stage of concrete material, based on which the
empirical uniaxial stress-strain curve of concrete is introduced. In this case, Hu et al. (2003) pre-
sented empirical equations for the confinement levels of confined concrete for the definition of con-
crete material in the program using the trial and error method and matching the analytical results
obtained from the ABAQUS with the experimental results of CFST columns.
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In the present study, the results obtained from the analytical model of STCC specimens by us-
ing the unconfined behavior of concrete material, exhibit a significant difference with the experi-
mental results so that this difference increases with increasing the confinement level. Hence, the
confined uniaxial stress-strain curve is applied to define the concrete material in STCC model, the
characteristics of which are a function of confinement level. Using various confinement levels for
definition of concrete behavior in ABAQUS program and matching the obtained results with the
experimental ones, empirical equations are achieved for the concrete confinement value in STCC
columns, which are presented later. It should be noted that in general, the confinement level defined
for the concrete material in STCC model is much smaller than the real confinement provided by the
steel tube.

The equivalent uniaxial stress-strain curve presented in this study to define concrete behavior in
ABAQUS program is shown in Fig. 3. The curve consists of three stages: linear stage, nonlinear
stage for pre-peak and bilinear stage for post-peak. The first stage of the curve is linear with slope
of E_ known as modulus of elasticity of confined concrete. This stage of the curve continues to half

the compressive strength of confined concrete (0.5f,. ) (Hu et al. 2003). It should be noted that a

discontinuity is created in the stress-strain curve at the intersection between the linear stage and
the nonlinear stage after that. The number of data points for definition of the concrete stress-strain
curve must be enough so that no discontinuity would be created with negative slope at intersection
of the first and second stage of the curve. In this condition, a discontinuity with positive slope is
created in curve, which has a negligible effect on the FE results.

f
A
0.55(1+K') f.. o Confined concrete
o b
f;'c e | : i
| i |
1 ! 1
foeb S | |
0.5/ cl i "\, Unconfined | i
«“ |1 concrete ! !
L | |
| | | }
P ! \ o
C M >
g, &, 6.6¢,, 1llg,

Figure 3: Equivalent uniaxial stress-strain curves of confined and unconfined concrete.

Modulus of elasticity of confined concrete is calculated from the relationship proposed by ACI
318 (2008) as follows

E _=4730\f1., (1)

where E__ and f, are modulus of elasticity and compressive strength of confined concrete in MPa,

respectively. The value of f,. can be obtained from Eq. (2) proposed by Richart et al. (1928) who
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conducted the tests on the concrete confined with fluid pressure. In Eq. (2), &k is confinement effec-
tiveness coefficient and f, and f, are compressive strength of the unconfined concrete and lateral

confining pressure, respectively. Strain corresponding to f., , &, can be determine by Eq. (3) pro-

cc

posed by Mander et al. (1988), based on the experimental results of Richart et al.

fo=fokS @)

E.=E, (1+ Sk%j (3)

c

where ¢, is strain of the unconfined concrete corresponding to f, and is considered 0.003. According

to the equations proposed by Nematzadeh (2012) for STCC columns, the parameter & is considered
as a constant value equal to 2.17. However, a larger value is obtained by Richart et al., which is
equal to 4.1. Due to the existence of the longitudinal compressive stress of steel tube in STCC col-
umns, the confinement effect and thus the confinement effectiveness coefficient is reduced compared
with the case without the longitudinal stress. The parameter f, can be calculated by the trial and

error method and matching the FE results with the experimental data, as follows

i =0.034366 — 0.000452(2J (4)
f, t

The above equation indicates that the parameter f, is independent of the concrete compressive
strength. The relationship between f, / f, obtained from the matching and D /¢ (external diame-
ter-to-wall thickness ratio of steel tube) is illustrated in Fig. 4. Since in Egs. (2) and (3), the param-
eters k and f, are multiplied together, it is possible to increase the value of k to 4.1 (proposed by

Richart et al.) and in contrast, f, is reduced by a linear reduction factor of 0.53.

0,026

+  Simulation
Proposed model

0,023
Lo
= 0,017
(K

0,011

0,005

20 30 40 50 60

D/t

Figure 4: f,/ f, obtained from matching results versus D /¢ of STCC columns.

The second stage of the stress-strain curve of confined concrete is nonlinear and is determined
from Eq. (5) proposed by Saenz (1964), which starts at the end of linear stage and continues to f,, .
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E. ¢
f — cc

1+ (R+R, —2)[81—(213—1)[8} +R(8] (5)
& & &

cc cc cc

where f and ¢ are uniaxial stress and strain of confined concrete, respectively. Also, R, and R

are modular ratio and ratio relation, respectively, and are obtained by the following equations.

E ¢
RE — cc e
T (6)
— RE (Ra _1) _i
R - (Rg _1)2 Rs (7>

Constants R, and R_ are strain ratio and stress ratio, respectively, which determine the stress-
strain curve shape of concrete after peak point (descending branch). They are taken as 4.0 as rec-
ommended by Hu and Schnobrich (1989). Since these two parameters influence the ascending
branch of the concrete stress-strain curve, they are can be used to define the second stage of the
confined concrete stress-strain curve.

The third stage of the confined concrete stress-strain curve is bilinear. This stage starts at
¢, and ended at strain equal to 1le, . The final stress is equal to K f,, where, K'is the product of
the two parameters K and K which are related to the compressive strength of unconfined con-
crete and the tube outer diameter-to-wall thickness ratio, respectively. By matching the FE results
to the experimental stress-strain curve of STCC specimens, parameter K'is obtained as Egs. (8a)
and (8b), the value of which can be higher or lower than 1. It can be found from these equations
that the value of K!and consequently K'decreases with increasing the concrete compressive
strength because of the reduction in concrete ductility. Also, the increase in D /¢ leads to the de-
crease in the confining pressure and as a result the reduction in ductility of the confined concrete

and thus reduction of K!and K'. Fig. 5 shows the curves of K/ and K versus D/tand f,, re-

spectively.
K'=KK = (0.0264865 - 0.0003861?) (85-0.625¢.)
D
24.2< ~ <29.75, 16.7<f <526 (8a)

24.2< b <29.75 16.7< f, <526
t

K'=KK! = (0.0169283— 0.0000662?) (85-0.625¢.)
. (31)
29.75< = <575 16.7< f <52.6

Stress and strain at the intersection between two lines of the third stage is considered 1.1 times
higher than the average value of stress and strain between the endpoint of the second stage and the
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endpoint of the third stage. Therefore, the stress and strain in the middle of the third stage are
obtained equal to 0.55(K'+1)f, and 6.6¢

curve, it should be noted that the end point of the third stage in the confined concrete stress-strain

respectively. As mentioned for the steel stress-strain

cc?

curve does not imply the failure point, but the ABAQUS program considers a constant stress condi-
tion after endpoint.

0,018 80
¢ Simulation

0,016 70
= w
< i

0,014 60

0,012 50

20 30 40 50 60 10 30 50 70
D/t fc (MPa)

Figure 5: Relationship of K] and K] versus D/t and f, for STCC columns.

Since the behavior of the confined concrete is used in the modeling, the plastic strain must be
defined in the program as follows

e =em «“F 9)

where & and f are uniaxial strain and stress of the confined concrete, respectively, obtained from
Fig. 3. Also, &’ is plastic strain and v__is Poisson’s ratio of the confined concrete which is consid-

ered equal to 0.2. In Eq. (9) and other equations of this research, the sign of compressive stress and
strain is defined to be positive.

2.4.2 Yield Surface of Concrete

Since the concrete core in STCC columns is under triaxial compression, compressive yield surface of
concrete increases with increasing the hydrostatic pressure. Drucker-Prager model (Chen and Saleeb
1994) can be used as one of the yield criteria of concrete, in which the concrete shear strength is
expressed based on the hydrostatic pressure. Also, by considering a linear relationship between the
shear strength and the confining pressure of concrete, the linear Drucker-Prager can be used for the
concrete yield surface as Eq. (10).

F=qg-ptanf—-d=0 (10)

where g is the friction angle of the material and d is the cohesion of the material. Also, p and ¢

are equivalent pressure stress and Mises equivalent stress, respectively, which are defined in terms
of the first stress invariant ( ;) and the second deviatoric stress invariant (J, ) as follows
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A. Haghinejad and M. Nematzadeh / Three-Dimensional Finite Element Analysis of Compressive Behavior of Circular Steel Tube-Confined... 925

I
p:E, I,=0,+0,+0, (11)
1 2 2 2
q= 3J2’ JZZE[(Gl—O'Z) +(O-3_O_2) +(O-3_01)] (12)

where Gl, %2and 93 are principal stresses.

In ABAQUS, a modified yield criterion is used for concrete material which is a D-P type plas-
ticity model, referred to the extended Drucker-Prager model. In this model, an additional parameter
known as the flow stress ratio is adopted. This parameter controls the dependence of the yield sur-
face on the value of the intermediate principal stress and is physically defined as the ratio of the
yield stress in triaxial tension to that in triaxial compression, equal to the shear strength ratio of
concrete under equal biaxial compression to that under triaxial compression.

i
Extended Drucker-prager F=f- ptan 8—-d =10 !
{a} Yield surface in the meridional plane [p-t).

Triaxial compression,
rig=1 t=¢, g-ptanf-d=0

K von Mises, g =—F,

Bgual biaxial co mpression,

rig=-1 t=gik, g+ptanKS+Kd=0

(b) Yield surface in the meridional plane (p-g) for a given K (0.778<K<1).

g3

(t) Tield surface in the deviatoric plane for =1 and K=0.8

Figure 6: Extended linear Dracker-Prager yield surface.
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Fig. 6a illustrates the extended Drucker-Prager yield surface which is compared with von Mises
yield surface. According to this figure, the yield surface function (F) of the extended Drucker-Prager
model is expressed as Eq. (13) in which ¢ is replaced by ¢ in Eq. (10).

F=t-ptanf-d=0 (13)

3
where ¢ = %q [l+ %+ (l— %J(ij } is shear strength, in which K is shear strength ratio and r
q

is defined in terms of the third invariant of deviatoric stress (J, ), as following equation:

r=3\j3J3/2,J3=(01—p)(02—p)(03—p) (14)

Fig. 6b shows the shape of the yield surface in meridional plane for a certain value of K. This
figure indicates that two elements with the same material and the same hydrostatic pressure ( p )
can exhibit different yield strengths (¢ ). It can also be seen that for r /g =1 corresponding to the
triaxial pressure condition, the equation ¢ = ¢ is obtained that is the same as Eq. (10) for the con-
ventional Drucker-Prager. Also, for r /¢ = —1 which corresponds to the equal biaxial pressure con-
dition, the equation 7= ¢ / K is achieved and the yield surface can be written as Eq. (15) where the

friction angle and the cohesion of the material are K times those in the triaxial pressure condition.

F=t+ptanKf+Kd=0 (15)

In the case of concrete material which has the hardening and softening behavior, the yield sur-
face is not constant and changes parallel to the initial yield surface so that only the interception
point (d ) is different. Hence, the initial and final failure surfaces correspond to the beginning of the
concrete nonlinear stage and the concrete failure, respectively.

Fig. 6¢ indicates the yield surface in the deviatoric plane for the two cases of K =land
K =0.8. It can be seen from the figure that in the case of the former, the shape of yield surface is
circular and yield stress for various r /¢ is the same and equal to ¢ (similar to the conventional
Drucker-Prager model). In the case of the later, the shape of yield surface is not circular and yield
stress for various r / q is different (similar to the extended Drucker-Prager model). In order to make

sure that the yield surface remains convex, it is necessary to apply the condition of
0.778< K £1.0.

In circular STCC columns, the lateral stresses applied on the concrete core in different direc-
tions are the same, as shown in Fig. 7, and thus the stress parameters of Drucker-Prager model in
the confined concrete can be summarized as Egs. (16)-(18).
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0-3 :j:?c

oy =1 o, =11

Figure T: Stress condition of confined concrete in circular STC.

p=3U/.+2f) (16)
q9=rf.—1 (17)
r=fo.—h (18)

It should be noted that in this study Eqgs. (16)-(18) are true at the mid-height of the STCC
specimens because the friction at the interface between concrete core and steel tube makes a shear
stress in the longitudinal direction, which changes the principal stresses condition indicated in Fig.
7. Using Eqs. (16)—(18), shear strength ratio (K) is obtained as 0.846 (see Appendix A), which in
this research is considered to be 0.8 for the modeling of STCC specimens in ABAQUS. The results
obtained from the FE model of STCC columns indicate that the compressive behavior of these col-
umns exhibits little sensitivity to the K parameter. This fact can be clearly observed in Fig. 8. The
reason for this is that according to Egs. (16)—(18), r is equal to ¢ (/¢ =1) and hence in the shear

strength equation, 7 will be equal to g and independent of the parameter K.

1600
1200
z
&2 800
=
——R=079
400 —+—K=035
—=—K=090
——K=095
0 —+—K=100

0 2 4 6 8 10 12
Displacment (mm)

Figure 8: Parameter study of flow stress ratio (axial load-displacement curves of STCC for different values of K).
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The friction angle f is defined for shear failure and it is the slope of the linear Dracker-Prager

yield surface in the meridional plane geometrically. To apply the yield surface for the case of uniax-
ial compression, the condition of £ < 71.5 must be established. This parameter can be calculated

based on the triaxial and uniaxial compressive tests. In the present study, using the confinement
relationship proposed in the previous article (Nematzadeh, 2012) for STCC columns, the friction
angle of concrete material is obtained to be 40° (see Appendix B). It should be noted that the im-
proved behavior of concrete material is used for the modeling in ABAQUS program so that its
compressive strength and stress-strain curve are not in accordance with the experimental results of
unconfined concrete, but are a function of the lateral confining pressure. For this reason, the friction
angle achieved by the calculations leads to a poor agreement between the analytical and the exper-
imental results. Hence, by matching the FE results via trial and error method for all the confined
specimens, the friction angle is obtained to be 20°.

The cohesion parameter d is geometrically the intercept of the linear yield surface, and is re-
lated to the yield stress of the uniaxial compression as:

tan

a-0-2by, (19
For the STCC specimens, the parameter d is obtained to be 0.88. To determine the plastic de-

formation of the material, the flow potential (G) is defined for the linear Drucker-Prager model as

follows
G=t-ptany (20)

where  is the volumetric dilation angle which is a major parameter affecting the behavior of the
material that governs the D-P flow rule and is used as a material parameter in ABAQUS. Physical-
ly, the dilation angle is defined as the ratio of plastic volume change to plastic shear strain and
geometrically, it is the slope of the potential function in the p—t plane, as shown in Fig. 9. Accord-
ing this figure, If w > 0the material dilates; if < 0 the material contracts and if y = 0 the inelas-
tic deformation is incompressible. To apply the flow potential for the case of uniaxial compression,
the condition of < 71.5 must be established that is likely for real material. Also, associated flow

potential is referred to the case of w = £ and non-associated one is referred to the case of v # £ in

which the flow potential is different from the yield function. The flow rule determines the direction
of plastic deformation and relates G to the incremental plastic strain (de” ), defined as:
oG

dej =A—— (21)

80,.].

where A is a scalar hardening parameter which may vary throughout the straining process. Also,

o, is the components of principal stress including o,, o,and o, in radial, circumferential and

longitudinal directions, respectively.
In this research, a non-associated flow rule is used to define the direction of the plastic flow.
The dilation angle of confined concrete is obtained to be about 35° which is higher than the friction
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angle while the dilation angle is usually lower than the friction angle. The results of this study indi-
cate that for the case of w < g, although the axial stress-strain relationship obtained from the FE

analysis is in a good agreement with the experimental results, there is a significant difference be-
tween their longitudinal to circumferential stress ratio of the steel tube in the plastic strains. The
increase of y up to the values higher than f , although insignificantly affects the compressive

strength and the shape of stress-strain curve of STCC columns, as shown in Fig. 10, considerably
decreases the longitudinal to circumferential stress ratio of the steel tube at the steel yielding point
and particularly at the strain hardening point. A parametric study of the dilation angle conducted
in this study on the compressive behavior of the confined concrete indicates that the best agreement
with the experimental results is reached for a dilation angle between 20°and 40°. It should be
noted that low values of the dilation angle produce a brittle behavior while higher values make
more ductile behavior. Moreover, a higher level of confinement is resulted in a more ductile behav-
ior and consequently a higher value of the dilation angle. Hence, due to the high ductile of the con-
fined concrete in STCC columns, a high value of the dilation angle is predictable. The flow poten-
tial eccentricity is considered 0.1 in ABAQUS.

Vol. expansion | Vol. reduction
incompressible

A
>

4

Figure 9: Plastic flow and volumetric behavior.

200
160
120
£

> 80

10 dilation angle 40

——dilation angle 30

0 —dilation angle 20

0 0.1 0,2 0.3
Strain

Figure 10: Parameter study of dilation angle with friction angle of 10

(axial stress-strain curves of STCC for different values of ).
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2.5 Concrete-Steel Tube Interface Modeling

The contact between the steel tube and concrete core is modeled by the interface element which
matches the faces of steel and concrete elements. Using normal behavior and choosing the hard
contact interface available in the ABAQUS material library, the two contact elements are not al-
lowed to penetrate each other. Also, the interface element allows the contact surfaces to separate
under a tensile force. The friction at interface maintains until two faces remain in contact.

By matching the FE results by trial and error, the friction coefficient is obtained to be 0.65. Al-
so, by conducting a parametric study, it is found that with increasing the friction coefficient, the
longitudinal to hoop stress ratio of the steel tube increases at the yield and strain hardening points.

2.6 Failure Criterion

Since, the failure of all specimens is due to the rupture of steel tube at mid-height, the shear dam-
age is selected in ABAQUS to cut the compressive stress-strain curve of STCC columns. The Shear
damage criterion is a model for predicting the onset of damage due to shear band localization and is
used for ductile metal. The shear criterion can be used in conjunction with the Mises. The model
assumes that the equivalent plastic strain at the onset of damage is a function of the shear stress
ratio and strain rate. The damage parameters in this model are fracture strain which is equivalent
fracture strain at damage initiation and shear stress ratio (6, ) which is defined as follows

6, =(q+k.p)! 7 (22)

where 7, is the maximum shear stress and k_ is material parameter.

3 MODEL VERIFICATION

In order to verify the proposed model, the STCC specimens tested by Nematzadeh (2012) are mod-
eled in ABAQUS program and the results are compared with the experimental ones. Characteristics
of STCC specimens along with their ID are presented in Table 2, according to the experimental
research (Nematzadeh, 2012). Also, the analytical results obtained from the modeling along with
the experimental results are given in Table 3. These results include the compressive strength at the
steel yield stress, the initial peak strength (strength at the steel strain hardening) and the ultimate
strength as well as the longitudinal to hoop stress ratio of the steel tube at the yield stress and the
strain hardening. It can be seen from the table that the experimental and analytical results of the
compressive strengths, especially the initial peak strength, are very close to each other, indicating a
good agreement for the columns strength. Fig. 11 illustrates the experimental results of the com-
pressive strength versus the analytical ones. As can be seen from the figure, the data points are
properly distributed close to the bisector line.

According to the FE results, the mean values of longitudinal to hoop stress ratio of the steel
tube at the yield stress and the strain hardening are equal to 1.3 and 2.1, respectively. These values
exhibit a little difference with the experimental values, which are reported equal to 1 and 2
(Nematzadeh, 2012), respectively. Also, the axial and lateral stress-strain relationships of STCC
specimens obtained from FEA are compared with the experimental results and a good agreement is
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achieved, as shown in Figs. 12 and 13. A comparison between the analytically predicted failure
mode and the experimentally observed one is illustrated in Fig. 14 for a typical STCC specimen
(N50P650-2.5). According to the figure, the FE deformed shape at the failure point is in a good
agreement with that obtained from the experimental test.

By comparing the results of finite element analysis with the experimental results for the various
parameters, it can be found that the FE proposed model is able to properly predict the compressive
behavior of STCC columns and calibrate the parameters required for modeling in ABAQUS pro-

gram.
Steel Outer Specimen Concrete Yield and
Specimen 1D tube wall diameter-to-wall length compressive ultimate strength
thickness (mm) thickness ratio (mm) strength (MPa) of steel (MPa)

N25P350-2.5 2.5 24.2 140.0 28.2 339,480
N25P950-1.5 1.5 39 139.6 31.7 339,480
N25P650-1.5 1.5 39 138.9 28.3 339,480
N35P650-1.5 1.5 39 138.5 42.4 339,480
N15P650-1.5 1.5 39 139.5 20.5 339,480
N25P950-2.5 2.5 24.2 138.4 30 339,480
N50P650-2.5 2.5 24.2 140.9 50.5 339,480
N15P550-2.5 2.5 24.2 140.6 16.7 339,480
N35P550-2.5 2.5 24.2 141.2 37.1 339,480
N25P650-2.0 2 29.75 140.3 26.7 339,480
N25P500-2.5 2.5 24.2 141.8 26.7 339,480
N25P2000-1.0 1 57.5 139.2 25.8 339,480
N45P650-1.5 1.5 39 140.3 45.43 339,480
N47P650-1.5 1.5 39 140.7 46.9 339,480

*The inner diameter of steel tube is constant and equal to 55.5 mm in all specimens.

Table 2: Properties of STCC specimens (Nematzadeh, 2012).

130 — 240 150 e -
Yield strength | Failure strength P nitial peak strengt
.
) .
105 200 125
;E-' 80 £ 160 £ 100
2 5 z
35 120 75
30 80 30
30 35 80 105 130 80 120 160 200 240 50 75 100 125 150
FEA (MPa) FEA (MPa) FEA (MPa)

Figure 11: Relationship between experimental results of compressive strength and analytical results of STCC

at the points of steel yielding, initial peak and failure.
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Strength
corresponding Initial peak Failure Longitudinal to hoop
to g strength g strength E stress
Specimen ID steel yielding = (MPa) B (MPa) = ratio of steel tube
(MPa) = = =
= = = Yielding Strain
EXP FEA EXP FEA EXP  FEA . hardening

point point

N25P350-2.5 98.6 8.4 1.15 111.6 104.3 1.07 2194 189.9 1.15 2.27 1.46
N25P950-1.5 64.8 61.3 1.06 74.8 79.6 094 123.8 128.6 0.96 1.95 1.21
N25P650-1.5 62.7 58.9 1.06  75.0 76.1 099 138.3 1342 1.03 1.94 1.21
N35P650-1.5 76.2 69.3 1.10 83.3 90.4 0.92 1226 122.6 1.00 2.02 1.22
N15P650-1.5 50.7 542 094 63.7 67.9 094 123.1 1215 1.01 2.01 1.33
N25P950-2.5 83.2 86.3 096 99.3 106.6 0.93 227.7 2184 1.04 2.29 1.43
N50P650-2.5 116.4 99.3 1.17 1327 127.7 1.04 221.2 2158 1.02 2.16 1.36
N15P550-2.5 75.9 77.9 097  90.3 91.2 0.99 2128 1799 1.18 2.12 1.35
N35P550-2.5 95.3 90.8 1.05 113.0 113.7 0.99 229.0 2198 1.04 2.23 1.49
N25P500-2.5 85.9 84.6 1.02 999 103.7 096 2248 2173 1.03 2.33 1.44
N25P650-2.0 77.6 71.7 1.08 83.6 89.8 0.93 175.6 165.8 1.06 2.17 1.38
N45P650-1.5 82.9 71.7 116  99.7 93.3 1.07 138.6 143.9 0.96 2.02 1.22
N25P2000-1.0 49.2 44,5 1.11  58.1 55.8 1.04 83.7 87.4  0.96 1.89 1.18
N47P650-1.5 89.1 72.3 123 101.1 94.8 1.07 141.5 1447 0.98 1.99 1.20

N25P35
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Table 3: Finite element analysis results.
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Figure 12: Axial stress-strain curves of STCC specimens.
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Figure 13: Lateral stress-strain curves of STCC specimens.
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Figure 14: A comparison between analytically predicted and experimentally observed failure mode
for a typical STCC specimen (N50P650-2.5).

4 PARAMETRIC STUDY
4.1 Specimens

By calibrating the required parameters for modeling the STCC columns in ABAQUS program, the
effect of geometrical and mechanical properties of the composite section on its compressive behavior
can be investigated as a parametric study. These parameters include the concrete compressive
strength (£, ), tube outer diameter-to-wall thickness ratio (D /) and steel yield stress ( f, ). For

this purpose, 100 specimens with 5, 5 and 4 different values of f,, D/tand f,, respectively, are

selected the properties of which are given in Table 4.

To investigate the effect of the strain hardening stage of steel on the compressive behavior of
STCC columns, bilinear and trilinear curves are used to define the equivalent stress—strain relation-
ship of steel.

D, L L
Te ovp t (mm) D/t fy (MPa) ¢ ¢ s
(MPa) (mm) (mm) (mm)
20, 30,40,  1,1.2,1.5, 57.5,48.3,39.0, 300 (bilinear), 339 (bilinear), 339
55.5) 140 150

50, 60 2.0, 3.0 29.8, 20.5 (trilinear), 400 (bilinear)

Table 4: Specimen information for parametric study.

Nomenclature of the specimens for identification is as Sfc_t_fy where the characters after letter S,

represent the values of concrete compressive strength, steel tube wall thickness and steel yield stress
along with the type of steel stress-strain relationship as bilinear (b ) or trilinear (¢ ), respectively.
For example, S, , 4, represents a STCC specimen with concrete compressive strength of of 35

MPa, steel tube wall thickness of 2 mm and steel yield stress of 339 MPa with bilinear stress-strain
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curve. Also, to identify a group of the specimens with constant value for one of the parameters, only
the value of that parameter is replaced by the corresponding letter in specimens' nomenclature. For
example, Sfc_l_fy represents all STCC specimens with steel tube wall thickness of 1 mm.

4.2 Results and Discussion

After modeling the STCC specimens under axial compression load, the results obtained from finite
element analysis are evaluated. These results include yield strength, initial peak strength, ultimate
strength, axial stress-strain curve of composite section and its components and the interaction be-
tween concrete and steel including interface shear stress and confining pressure. As mentioned be-
fore, the point corresponding to beginning of the steel strain hardening is considered as the initial
peak point. Since strain hardening in the steel with bilinear curve does not occur, the inflection
point in the composite column stress-strain curve where the curve changes from concave downward
to concave upward, is considered as the initial peak point. The findings of this research indicate
that the difference in the stress-strain curve of STCC columns between the specimens with bilinear
and trilinear steel stress-strain relationship begins from the inflection point which is corresponding
to the strain hardening point of the trilinear one. The compressive strength corresponding to the
initial peak point is applied to evaluate the composite section strength under small deformations. It
should be noted that the ultimate strength for STCC columns with an appropriate confinement
occurs at the failure point with a large axial strain, which is between 0.37 and 0.56 for the speci-
mens of this study.

4.2.1 Composite Section Compressive Strength

The relationship of the composite section compressive strength at the steel yielding point ( Sie ), the

initial peak point ( f,, ) and the ultimate point ( f, ) versus the concrete compressive strength for

different values of the tube diameter-to-wall thickness ratio is illustrated in Fig. 15. The yield stress
of steel tube is constant for all the specimens and is equal to 339 MPa with trilinear curve

( Sfc-1»339t )

140 160 300
120 140 .
250 D/=203
100 Py 120 200 /_—
_ o ~ i
oy . Dit=39
E__ ot S 0 o =130 D/t=48.25
% 60 s (& - piliiviags
o DY 2 = 60 [V g /’_DFJ-'-J
gy 2 AU =100
40 | O 2% - )
\-)'.K-"S 1 40 0\'.)'.\95 "
20 20 0
0 yield strength o ‘ initial peak strength 0 failure strength
0 20 40 60 80 0 20 40 60 80 0 20 4 60 80
f. (MPa) f. (MPa) f. (MPa)

Figure 15: Relationship of compressive strength of STCC columns (S 339t ) versus f. at the points

of steel yielding, initial peak and failure for different values of D/t .
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According to the figure, with increasing the concrete compressive strength, the composite compres-
sive strength increases so that the rate of increase in the compressive strength at the steel yielding
point and the initial peak point is approximately constant and exhibits a decreasing trend at the
ultimate point, which is due to a faster failure in the specimens with a higher concrete compressive
strength. Hence, the effect of increasing the concrete compressive strength on the improvement of
the composite failure strength significantly decreases with the increase in the concrete compressive
strength. Furthermore, increasing the tube outer diameter-to-wall thickness ratio leads to a reduc-
tion in the confining pressure and thus a reduction in the composite compressive strength. This
trend is more evident for lower values of the tube diameter-to-wall thickness ratio.

One of the parameters affecting the composite compressive strength is the steel yield stress,
which is investigated in Fig. 16. In the study of this parameter, the wall thickness of steel tube is
considered constant and equal to 1 mm (S, ,; ). Also, the stress-strain curve of steel is bilinear

with the yield stress of 300, 339 and 400 MPa in all the specimens. It can be seen from Fig. 16 that
the relationship between the composite compressive strength ( ., f,. and f,, ) and the steel yield

stress is linear. Also, the parallel lines in Fig. 16 demonstrate that the trend of changes in the com-
posite compressive strength versus the steel yield stress for different values of the concrete compres-
sive strength is the same. In addition, it can be concluded from the equal distances between the
composite compressive strength curves at the steel yielding point and the initial peak point that
there is a linear relationship between the composite compressive strength and the concrete compres-
sive strength, as demonstrated earlier. This trend for the composite failure strength is associated
with a reduction in the distance between the curves as the concrete compressive strength increases,
which is caused by a faster failure in the specimens with a higher concrete compressive strength
because of a higher brittleness.

vield strength initial peak &" =30
/{C:;&Q

100 100 100
/ =50 fe=40
, 60 /'Ec.—_-‘sﬂ o — fe=20

40 40 40

f,. (MPa)
=
f.. (MPa)
]U’IG
fyc (MPa)

60

failure strength

280 320 360 400 440 280 320 360 400 440 280 320 360 400 440

Figure 16: Relationship of compressive strength of STCC columns (St ¢ ) versus f, at the points

y

of steel yielding, initial peak and failure for different values of f, .

4.2 .2 Interface Shear Stress

Shear stress distribution of STCC specimens in the concrete core height due to the friction at the
concrete—steel interface at the points of steel yielding, initial peak and failure is shown in Fig. 17. In
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order to study this parameter, the results of two groups of specimens including S, and

-1-339t

S a5 ar€ evaluated. It can be seen from Fig. 17 that the shear stress distribution in the height

direction is non-uniform so that its value is maximum at the two ends and is zero at the mid-height
of the specimens due to the symmetry.

It can also be found from Fig. 17 that the shear stress between the concrete core and steel tube
at the points of steel yielding and initial peak is not influenced by the concrete compressive strength
while with increasing the steel tube wall thickness, the interface shear stress increases significantly.
This is due to the fact that with increasing the tube wall thickness, the confining pressure and con-
sequently the friction stress at the interface increase while increasing the concrete compressive
strength has a negligible effect on it. At the failure point, the sign of shear stress changes around
both ends of the specimens. Since there is a large deformation of STCC specimens at the failure
point, the end parts of concrete core tend to contract and due to the end restraints, an outward
shear stress is created at both ends.

Contact Shear, [~ Contact Shear, ) Contact Shear
Yielding point , Initial peak poinf, . Failure point 120
100
~ 1 ~
: : " E
et | et
5 5 5
3 = 3
= = =
— — — S40-3330t
60 40 -60 40 =20 20 40 ] 20 20

0 0 10
o (MPa) o (MPa)

Figure 17: Interface shear stress along concrete height at the points of steel yielding, initial peak and failure.

4.2.3 Lateral Confining Pressure

Fig. 18 shows the confining pressure distribution in the height of concrete core at the points of steel
yielding, initial peak and failure. In order to study this parameter, the results of two groups of the
and S

specimens including S are evaluated. It can be found from the figure that in all

-1-330t . -3-339t
the specimens, the maximum lateral pressure occurs at the two ends of the specimens and the min-
imum one is created at the mid-height. Since the lateral deformation of the specimens at the ends is
completely prevented, a significant pressure is applied on the concrete core while the end effects are
insignificant in the middle of the specimens, and the lateral strains are only restrained by the steel
tube. Therefore, the confining pressure at the mid-height of the specimens is minimum. According
to the results of this research, longitudinal stress of the steel tube at the mid-height of the speci-
mens is maximum. Hence, based on the von Mises yield criterion and isotropic hardening model, the
circumferential tensile stress and consequently the confining pressure at the mid-height of the steel

tube are lower than those at other points of the height.
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It can also be seen from Fig. 18 that the increase in the concrete compressive strength has an
insignificant effect on the confining pressure of the STCC specimens at the points of steel yielding,

t
?__ derived from the

initial peak and failure. This fact can be proved using the equation f, =

classical elasticity theory, in which the lateral confining pressure ( f, ) is independent of the concrete
compressive strength. Moreover, the lateral confining pressure obtained in Eq. (4) is only a function
of the geometrical and mechanical properties of steel tube. It can be also found from Fig. 18 that
with increasing the tube wall thickness, the lateral confining pressure significantly increases over the
height of STCC specimens.

140 = W ——— 140
Contact Pressure, Contact Pressure, C
: ontact Pressure,
3 e : 2 e . 2 S
120 Yielding point 120 Initial peak point 120 L—— Eailure point
100 100 100
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Figure 18: Confining pressure along concrete height at the points of steel yielding, initial peak and failure.

4.2 .4 Load -Carrying Capacity

Load-carrying capacity of steel tube and concrete core during the loading for S, , .., and

specimens is shown in Fig. 19, which is obtained at the mid-height of the STCC specimens.

Sfc -3-339t
It can be seen from the figure that with increasing the concrete compressive strength, load carrying
portion of concrete core increases while that of steel tube is changed insignificantly. Also, with in-
creasing the axial load in large deformations, load carrying portion of concrete core increases while
that of steel tube decreases. The reason is that the lateral pressure applied on the inner wall of the
steel tube in large lateral deformations leads to a significant reduction in the longitudinal compres-
sive stress of steel tube and its load-carrying portion and consequently an increase in the load-
carrying portion of concrete core. It should be noted that the vertical component of the confining
pressure is in the opposite direction of the interface shear stress vertical component.
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Figure 19: Load carrying portion of concrete core and steel tube in STCC columns for different values of f, .

4.2.5 Volumetric Strain

Volumetric strain of concrete core (¢, ) can be calculated from the sum of axial and lateral strains.

Normalized axial stress relationship of the STCC specimens (ratio of axial stress to stress at steel
yielding point) versus volumetric strain of concrete is presented in Fig. 20. The positive and nega-
tive volumetric strains indicate the contraction and expansion of the concrete core, respectively. It
can be observed from the figure that the concrete volumetric strain until the steel yielding point is
independent of the concrete compressive strength and all the curves in each of the groups
S yasead S ;456 are consistent with each other. Nonetheless, the concrete volumetric strain is

significantly affected by the steel tube wall thickness. It can be found from the figure that in all the
specimens, the maximum contraction volumetric strain occurs near the steel yielding point. Also,
the zero volumetric strain, where the volumetric strain changes from the contraction to the expan-
sion condition, happens shortly after the steel yielding point and before the initial peak point so
that with increasing the concrete compressive strength and the steel tube wall thickness, the nor-

malized stress corresponding to the zero volumetric strain increases.
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Figure 20: Normalized axial stress of composite column versus volumetric strain of concrete core.
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4.2 .6 Axial Stress Contour

Distribution of the axial stress on the concrete core cross-section of STCC specimens at the point of
steel yielding is illustrated in Fig. 21. Considering that the maximum and minimum values of the
interface shear stress take place at the two ends and the mid-height of the STCC specimens, respec-
tively, the stress distribution given in the figure is obtained for a section in the middle of the end
and mid-height of the concrete core. It can be found from the figure that the axial stress in the con-
crete cross-section is uniformly distributed at the steel yielding point. Also, with increasing the dis-
tance from the concrete core center, the value of axial stress is reduced gradually so that the mini-
mum one occurs in the extreme layer of the concrete core. The reason is that the effect of interface
shear stress on the axial stress of concrete core is reduced with decreasing the distance from the core
center.

Based on the comparison between stress contours of Sg,, 556 and Sgg 5 5 Specimens in Fig. 21, it

can be concluded that with a constant value of the concrete compressive strength, increasing the
steel tube wall thickness leads to an increase in the stress factors and as a result an increase in con-
crete axial stress values. Furthermore, the stress distribution in S, ., Specimen is more uniform

than that of S,; ;.. one. This indicates that with increasing the tube wall thickness, the stress
distribution in the concrete cross-section becomes more non-uniform. The reason of this trend is
that with increasing the tube wall thickness, the load carrying portion of the steel tube and conse-
quently the interface shear stress increase, resulting in an increase in non-uniformity of the axial
stress of concrete core in the radial direction. From the comparison between stress contours of
S,0.3.330 A0A Sy 5 550, SPecimens in Fig. 21, it can be found that increasing the concrete compressive
strength leads to a reduction in the stress factors, however, the axial stress values are increased. In
addition, the stress distribution of Sy, .., Specimen at the points of steel yielding and initial peak is
more uniform than that of S,y ; .., one. This indicates that with increasing the concrete compressive

strength, the stress distribution of composite section is more uniform. However, this trend is not
observed at the failure point because of the large lateral deformations.
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Figure 21: Axial stress distribution on concrete core cross-section at the points of steel yielding.
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5 CONCLUSIONS

This research presented a nonlinear finite element analysis of axially loaded STCC stub columns
with confinement effect. Quantitative and qualitative verifications performed in this study indicate
that the FE proposed model can well predict the compressive behavior of STCC columns and cali-
brate the parameters required for the modeling in ABAQUS program. Based on the numerical re-
sults, the following conclusions may be drawn:

1. The extended Drucker-Prager model is used for the concrete yield surface, in which the flow
stress ratio (K), friction angle (B ) and cohesion parameter (d ) are obtained as 0.8,
20° and 0.88, respectively, by matching the numerical results with experimental data via
trial and error. A non-associated flow rule is used to define the direction of the plastic flow,
in which volumetric dilation angle y is obtained as35°.

2. The lateral confining pressure ( f,) to define the concrete material was achieved independent
of f., which decreases with an increase in D/t . Also, the final stress parameter K’ de-
creases with increasing f, and D/t due to the low concrete ductility and the lateral con-

finement, respectively.
3. The load-carrying capacity of the STCC specimens is enhanced by increasing f, and f, . Al-

so, with increasing f,, load carrying portion of concrete core increases while that of steel

tube is changed insignificantly.

4. The distribution of the interface shear stress and lateral confining pressure is non-uniform in
the height direction of the STCC specimens so that the maximum and minimum values oc-
cur at the two ends and the mid-height, respectively. Also, none of them are influenced
by f. while significantly increase with decreasing D /¢ .

5.For all the STCC specimens, the maximum contraction volumetric strain occurs near the
steel yielding point. Also, the zero volumetric strain happens shortly after the steel yielding
point and before the initial peak point.

6. With increasing the distance from the concrete core centerline, the axial stress value in the
concrete cross-section is reduced gradually so that the minimum value occurs in the extreme
layer. The increase D/t of and f, results in a more uniform distribution of axial stress in

the concrete cross-section.
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Appendix A

Shear strength ratio (K ) for the confined concrete can be obtained from the ratio of shear strength in the equal
biaxial compression to the shear strength in triaxial compression with the equal lateral confining pressure in such a
way that the equivalent pressure stress is the same in both cases. According to the plasticity theory of extended
Drucker-Prager model, the two stress conditions correspond to different circumferential points on the deviatoric
plane (the former is at the lowest point of plane and the latter is at the highest one). Hence, different values of shear
strength can be expected for the two cases, so that the former and latter exhibit the lowest and highest shear
strength, respectively. Using the experimental results of Kupfer et al. (1969) for the concrete under an equal biaxial
compression, the shear strength is 1.16 times larger than its uniaxial compressive strength. Also, to determine the
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shear strength in triaxial compression with the equal lateral confining pressure, the confinement equations of STCC
columns proposed by Nematzadeh (2012) are used. Finally, the shear strength ratio in the two stress conditions is
achieved equal to 0.846, the calculations process of which is explained below.

Equivalent pressure stress ( p' ) and shear strength (¢’ ) for concrete under equal biaxial compression can be
achieved by Eq. (16), Eq. (17) and the results of (Kupfer et al. 1969), as follows

p'=232f13 (A.1)
¢ =116, (A.2)

Based on the results of (Nematzadeh, 2012), the compressive strength of concrete core in STCC columns is equal

to

fo.=f.+217f (A3)

Thus, equivalent pressure stress ( p ) and shear strength (g ) for concrete under triaxial compression with equal

lateral confining pressure can be obtained as follows
p=(f.+417/£)/3 (A.4)
q=f +117f (A.5)
Equalizing the values of equivalent pressure stress in the two cases ( p=p') yields

f,=0317f, (A.6)

’

Thus, the shear strength ratio (K = i) can be obtained as follows
q

116/,

= -0.846
£ +117x0317f, (A7)

Appendix B

Using Eqgs. (A.4) and (A.5) for the concrete under triaxial compression and substituting them in Eq. (10) yields

(f. +117f) —tan B(f. + 4.17f,) /1 3-d =0 (B.1)

And another form of the equation gives

(1_¥)fc - (4.17?—1.17”, -d=0 (B-2)

Considering that Eq. (B.2) is true for any value of lateral confining pressure, it is necessary to establish the fol-

lowing equation.

tan g
417——-117=0
3 (B.3)

Consequently, solving the above equation yields

B =40 (B.4)
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