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ABSTRACT: This paper presents analysis tools to be used in quantifying the demand and capacity of com-
posite frames composed of rectangular concrete-filled steel tube (RCFT) columns and steel girders. World-
wide experimental research on RCFT members were consolidated into a database. The experimental results
stored in the database were used to quantify the capacity of RCFT members at multiple levels of loading,
which in turn were identified based on the local damage levels reported during the tests. A three-dimensional
(3D) fully nonlinear mixed fiber finite element formulation was developed to simulate the cyclic load-
deformation response of RCFT members as part of composite frames. The formulation has the capability to
account for slip displacement between the steel tube and concrete core, as well as all key cyclic phenomena in
the steel and concrete critical to capturing the composite characteristics of RCFT members.

1 INRODUCTION

Following the successful application of Perform-
ance-Based Design (PBD) principles within a reli-
ability framework for steel moment resisting frames
(Yun et al., 2002), researchers are now seeking ways
to adopt reliability-based PBD concepts in other
types of structures (Moehle & Deierlein, 2004).
These efforts can be realized by exploring the com-
ponents of PBD (e.g., intensity measures, engineer-
ing demand parameters, damage measures and deci-
sion variables) for the structure types being studied
so as to develop appropriate PBD guidelines. In this
research, we are developing comprehensive analysis
tools suitable for use in quantifying demand and ca-
pacity of moment-resisting frame structures com-
posed of rectangular concrete filled tube (RCFT)
beam-columns and steel girders. The analysis meth-
ods presented in this work are also appropriate to
examine the components of PBD and reevaluate
them to account for the characteristic features that
are specific to composite structures.

RCFTs are known for their superior seismic resis-
tance and economy due to the interaction between
steel tube and concrete core (Hajjar, 2000). They are
becoming increasingly popular in moment-resisting
and braced frames of high-rise buildings (Morino et
al., 2001, MacRae et al., 2004). It is believed that
developing reliability-based PBD guidelines spreads
the use of RCFT members in seismic regions.

In this research, experimental results of RCFT
members available in the literature were reviewed

and documented in a comprehensive database. The
information acquired from the experiments was util-
ized in formulating empirical damage function equa-
tions to compute the capacity of RCFT members at
various performance levels. In order to extend the
capacity calculations of individual members to the
global level and also to determine the load and de-
formation demands on RCFT members and frames
under seismic loads, a geometrically nonlinear dis-
tributed plasticity fiber element was derived based
upon use of a mixed finite element formulation.

2 DEVELOPMENT OF EXPERIMENTAL
DATABASE

In order to document the experimental response of
RCFT members and frames, worldwide experimen-
tal tests were examined and grouped into different
categories that included columns, beam-columns,
panel-zones, pinned-connections, moment connec-
tions, and frames (Tort & Hajjar, 2004). The data-
base included 364 monotonically loaded experi-
ments and 109 cyclically loaded experiments,
including comprehensive coverage of all experi-
ments that have been reported in detail in the litera-
ture; the majority of the specimens were columns
and beam-columns. The documentation of the ex-
perimental tests in the database was performed by
collecting information related to the geometry, mate-
rial properties, boundary conditions, loading
schemes, and failure modes of the specimens. In ad-



dition, detailed information related to the local dam-
age states of the specimens were recorded in the da-
tabase with their load and deformation values from
the applied loading history.

The damage experienced by RCFT members was
quantified through the use of displacement-based
and energy-based damage functions that docu-
mented the damage relative to the peak strength and
ultimate deformation attained in the specimen.
These damage functions were evaluated for each
specimen in the database at each available local
damage level (e.g., concrete cracking, yielding of
steel tube, local buckling etc.). The damage func-
tion values were then correlated to the structural pa-
rameters of the specimens (e.g., compressive
strength of the concrete, yield strength of the steel
tube, depth—to-thickness ratio, etc.). For each cate-
gory of RCFT specimens, this process was repeated
to yield different sets of damage function equations
to quantify damage at all the available local damage
levels. As an example, Equation (1) shows the de-
formation-based damage function (D) of monotoni-
cally loaded beam-columns in double curvature for
the local damage state of yielding of the tension
flange, correlated to the parameters of the axial force
ratio (P/P)) and the steel tube strength ratio
(P.IP).
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where d,, is the deformation at yielding of the ten-
sion flange; d, is the deformation when peak load is
attained, P is the internal compressive axial force;
P is the steel tube cross section axial strength; and
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P is the cross section axial strength. A parametric
study was then conducted by generating multiple
specimens having a wide range of material and
geometric properties. The damage function equa-
tions were evaluated for each of these specimens at
every local damage level. Based on the range of
damage function values that resulted, the local dam-
age levels were correlated into performance levels
for each category of RCFTs. Local damage levels
having energy-based damage function values ( £) in
the intervals of 0.0-0.30, 0.30-0.60, 0.60-0.95, and
>0.95 were mapped into Immediate Occupancy, Life
Safety, Near Collapse, and Collapse Prevention per-
formance levels, respectively. This also allowed di-
rect comparison of the intricate interaction that oc-
curs between the local damage levels in a composite
RCFT specimen depending on the characteristics of
the RCFT. For example, Figure 1 illustrates local
damage level, performance level and displacement-
ductility relationship obtained from the parametric
study conducted for 16 beam-column specimens. It
can be seen that yielding of the compression flange
(YCF) is often the earliest damage level taking place
while local bucking of the steel tube web (LBW) ini-

tiates at the latest stages of the loading history. Fig-
ure 1 also shows that for the specimens having high
ductility ratios, yielding of the tension flange (YTF)
takes place prior to local buckling of the compres-
sion flange (LBF). On the other hand, for the speci-
mens having lower levels of ductility ratios, local
buckling of the compression flange occurs earlier
than yielding of the tension flange.
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Figure 1. Comparison of energy-based damage indices for
monotonically-loaded beam-column tests

3 DEVELOPMENT OF FINITE ELEMENT
MODEL OF RCFT BEAM-COLUMNS

A fiber-based distributed plasticity finite element
formulation was adopted in this research to model
RCFT beam-columns. In fiber-based finite element
models, the element cross-sections are divided into
individual steel and concrete fibers. Throughout the
analysis, stress vs. strain response of each fiber is
monitored at each integration point along the ele-
ment length. This allows a wide range of engineer-
ing demand parameters to be quantified based on the
analysis results. For example, with the use of a fiber-
based finite element formulation, it is possible to ex-
amine force-deformation response of elements, mo-
ment-curvature response of element cross-sections,
and stress-strain response of individual fibers.
Therefore, it is feasible to detect the engineering
demand parameter exhibiting the best correlation
with the intensity measure of interest. Combined
with the local damage assessment study presented
earlier, it is possible to correlate engineering demand
parameters from the analysis results with various
damage measures, performance levels, or both.

An 18 degree-of-freedom (DOF) beam-finite ele-
ment was derived based on the work of Hajjar et al.
(1998). In this formulation, the translational DOFs
of the steel tube and concrete core were defined in-
dependently to simulate slip behavior that is typical
for composite members. This resulted in 9 DOFs at
each joint framed by an RCFT member. Since the



concrete core is placed inside the steel tube, the
shear translational DOFs and rotational DOFs of the
steel tube and concrete core were assumed to be
equal to each other. Penalty functions were then util-
ized to keep the shear translations of the steel tube
and concrete core to be the same. Therefore, differ-
ential movement between the steel tube and concrete
core was allowed only in the axial direction for an
RCFT oriented arbitrarily in 3D space. At an RCFT
joint, the first three DOFs were assumed to be steel
translations, the next three DOFs were defined as the
steel tube and concrete rotations, and the last three
DOFs were taken as concrete translations. This
numbering scheme was selected so that when RCFT
members are used as columns of a composite frame,
steel girders can frame into the first six DOFs of
RCFT columns. In this research, the finite element
formulation proposed by Hajjar & Schiller (1998)
was augmented by implementing a new force recov-
ery technique and comprehensive cyclic constitutive
rules of the steel tube and concrete core.

A mixed finite element approach following the
Hellinger-Reissner  variational principle (Zien-
kiewicz, 1977) was employed in calculating internal
forces in an incremental nonlinear analysis. Adopt-
ing a mixed formulation allows better representation
of inelastic curvatures since independent approxima-
tions are introduced for element internal forces and
displacements. Linear force shape functions estimate
the distribution of bending moment along the ele-
ment length accurately. Therefore, mixed finite ele-
ment formulations promise better correlation with
fewer elements for problems experiencing inelastic
curvatures. In addition, interpolation of element in-
ternal loads imposes equilibrium along the element
length. This alleviates potential numerical problems
due to concrete cracking in displacement-based for-
mulations while enforcing equilibrium (Hajjar &
Schiller, 1998). The state determination procedure
developed by Alemdar & White (2005) was adopted.
Element stiffness and internal forces were formu-
lated within a corotational framework.

In this updated Lagrangian formulation, the vari-
ables are defined with respect to the most converged
configuration. Based on the principle of virtual dis-
placements, the equilibrium equation can be ex-
pressed as given in Equation (2) following the no-
menclature by Yang & Kuo (1994), in which the left
subscript designates the reference state at which the
quantity is measured and the left superscript desig-
nates the state at which the quantity takes place. The
Hellinger-Reissner mixed formulation is based on
introducing force values as variables into the poten-
tial energy functional using the Lagrange Multiplier
method (Heylinger & Reddy, 1988). Taking the first
variation of the modified form of the potential en-
ergy functional with respect to force and displace-
ments results in element equilibrium and compatibil-
ity equations as given in Equations (2) and (3),

respectively. Both of these equations need to be
solved simultaneously within each load increment of
a Newton-Raphson solution scheme at the global
level. The second integral in the equilibrium equa-
tion accounts for the energy due to slip between the
steel tube and concrete core (Alemdar, 2001).
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In these equations, D represents the generalized
stress resultant cross-section forces including bend-
ing moment and axial force terms. d is the general-
ized cross-section strain calculated from nodal dis-
placements, while d is the generalized cross-section
strain calculated from stress resultant force fields.
Curvatures were defined as second derivatives of
transverse displacement fields and Green-Lagrange
strain was adopted in the axial direction. In Equation
(2), d, is the generalized strain at the steel and con-
crete interface, D, is generalized stress resultant of
the steel and concrete interface, Q,, is the exter-
nally applied load, and ¢ is the nodal displacement
vector.

In addition to the element equilibrium and com-
patibility equations, cross-section equilibrium at
each Gauss point along the element length also
needs to be satisfied at each load increment such that
stress-resultant cross-section forces calculated from
the cross-section strains through numerical integra-
tion of stresses (D, ) should be equal to the cross-
section resultants obtained from interpolated forces
as given in Equation (4):

’D-2Dg =0 (4)

The proposed mixed finite element has 12 defor-
mational degrees of freedom in natural coordinates
including separate axial (u’ u’) and rotational de-
grees of freedom (&;, 6, 6;, 6, 0., 0., 0,
0,;) for the steel tube and concrete core. In addl-
tlon two independent axial degrees of freedom at
the mid-node (u,,u;) were introduced. Cubic
Hermitian shape functions were utilized for rotations
while quadratic shape functions were employed for
the axial deformations, which required the extra de-
grees-of-freedom at the mid-length.

The forces that are energy equivalent to the natu-
ral degrees of freedom were selected such that inde-
pendent bending moment (M, M, M;, M;,
M, M;,, M, M;)and axial force (P‘ PC P’
P) values of the steel tube and concrete core were
defined at both ends. Linear shape functions were
adopted for both the bending moments and axial
forces. However, additional transverse displacement



terms were added to the linear bending moment
shape function to account for P-¢ effects (Alemdar
& White, 2005). Defining separate bending moment
values for the steel tube and concrete core in natural
coordinates resulted in calculation of separate shear
forces in the local coordinates. Linear distribution
of the axial forces is also compatible with the load
transfer between the steel tube and concrete core due
to the initiation of slip. The torsional response of
RCFT members was assumed to be linear elastic.
Therefore, torsional degrees of freedoms and forces
were excluded from the nonlinear force recovery.
The force recovery procedure is completed in four
dlfferent stages assumlng the analysis proceeds from
™ iteration to the j+/™ iteration of a load step:
1 Solve for incremental nodal displacements (Ag)
corresponding to the incremental load vector

K/ .Aq"" = Q- R’ (5)
2 Calculate incremental nodal loads (AQ) by mul-

tiplying element flexibility (A,,) with the com-
patibility equation (V")

AQ = (H{;)_l.r/f (6a)

where: (6b)
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3 Solve for incremental cross-section strains (Ad)
from the unbalance of the cross-section equilib-
rium and cross-section flexibility ( /)

Ad = [7.(D(Q"™) - Dy(d")) (1)

4 Calculate internal forces (R’*) (8a)

Rt = (GHI) -Qj+1‘|‘ (G,jfrl)T-qurl
n (Gj+1_|_ Mé#l_ Hlj2+1)T.(Hj+l)’l.

j(Ngil)T.[dAjﬂ_dﬁl_fj+1.(D(Qj+l)_ D): (dj+1))].dx

0

L

G/ = [ NLY N d (8b)
0
1L
A+ A+ T A+ .+
G/t = jN{-;JSj KN dx (8¢)

0

)
Hi = [ NG N dx (8d)

0

where k_ is the slip stiffness; K, is the tangent stiff-
ness, M, isthe matrix resulting from linearization

of the compatibility equation; N, is the shape
function matrix for  cross-section  forces
(D= N,,.0); N,, is the matrix resulting from

variation of D( 0N ,,.0 = N,.89); N; is the ma-

trix resultlng from variation of 4 (&z’ NM q); and

N, is the matrix resulting from variation of d .
; -q).

The accuracy of the analysis is dependent on the
constitutive rules selected for steel tube and concrete
core. In this research, the cyclic concrete model
originally proposed by Chang & Mander (1994) was
implemented. Chang & Mander (1994) derived a
family of polynomial curves to represent stress vs.
strain response of concrete. Envelope curves deter-
mine the boundaries of the cyclic response both in
tension and compression. Connecting curves define
the rule for strain histories between the envelope
curves. Transition curves provide set of rules to shift
from one connecting curves to the other going in the
opposite direction. The original envelope curve rec-
ommended by Chang & Mander (1994) was modi-
fied by Tort & Hajjar (2004a) based on axially
loaded column tests of RCFT members. Typical
characteristics of confined concrete in RCFTs were
accounted for including residual strength and mild
strength degradation (Hajjar et al., 1998). In addi-
tion, new sets of connecting and transition rules
were derived to account for complex strain histories
that might be experienced while conducting nonlin-
ear analysis. For example, unloading capability was
added when the strain history is in between the latest
unloading point and the target point on the envelope
curve as can be seen in Figure 2.
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Figure 2. Unloﬁamg between the latest unloading point and the
target point on the envelope curve

The cyclic constitutive rule of the steel tube was
based on d9bpunding surface uniaxial plasticity
model originally developed by Mizuno et al. (1992).
An outer bounding surface and an inner loading sur-



face were defined. Plastic loading occurs when
stress point breaches the loading surface. Gradual
stiffness reduction, the Bauchinger effect, reduction
of the elastic zone, and the effect of residual stresses
due to cold-forming are accounted for in the model.
The behavior of steel tube following local buckling
was also simulated (Tort & Hajjar, 2004). As can be
seen from Figure 3, it was assumed that steel tube
attains a negative plastic modulus when the plastic
strain limit for local buckling (¢, ) is breached.
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Figure 3. Local buckling of steel tube

4 VERIFICATION STUDIES

The RCFT beam-column element developed in this
research was implemented in an open-source analy-
sis framework along with an equivalent steel beam-
column element to serve as girders in composite
frames (OpenSEES, 1999). Several fully nonlinear
verification problems were selected from literature.
Two are presented here for brevity.

The first verification problem was a beam-column
element tested by Sakino and Tomii (1981) under
cyclically applied shear loading and constant axial
load (axial load normalized by axial strength
P/P,=0.3). The specimen had fixed boundary condi-
tions putting the member into double curvature. The
length of the specimen was 600 mm and the steel
tube dimensions were 100 x 100 x 2.96 mm. The
measured compressive strength of concrete was 27.0
MPa and the measured yield strength of the steel
tube was 298 MPa. The RCFT column was modeled
using one finite element. The local buckling strain
limit was assumed to be 0.012. Strong correlation
was attained between experimental and computa-
tional results up to a drift limit of 3% (see Figure 4).

The second verification problem was selected
from the tests of Morino et al. (1993) on 3D subas-
semblies with steel girders framing into an RCFT
beam-column in two perpendicular directions (Fig-
ure 5). The dimensions of the structural elements
can also be seen in Figure 4. The RCFT column was
made up of a steel tube with cross-section dimen-
sions of 125 x 125 x 5.74 mm. The measured com-
pressive strength of concrete was 20 MPa and the

measured yield strength of the steel tube was 395
MPa. The steel girders were all built-up sections
with flange and web dimensions of 125 x 9 mm, 232
x 6 mm, respectively. The yield nominal strength of
the steel girders was 400 MPa.
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Figure 4.Comparison of experimental and computational re-
sults for non-proportionally-loaded RCFT beam-column.

Constant axial load (P/P,=0.15, W=21 kN) was
applied on to the pin-pin RCFT column and the steel
girder in the Y-Z plane, simultaneously. The top of
the RCFT column was left uncapped, allowing slip
formation, The steel girder in the X-Z plane was
then subjected to cyclic shear loading (Q) at both
ends. The subassembly was designed such that the
RCFT column would sustain damage while steel
girders remained elastic.
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Figure 5. Three-Dimensional RCFT subassembly

The RCFT column and the steel girders in the X-Z
were modeled with two elements along the length
while the steel girder in the Y-Z plane was modeled
with a single element. As can be seen from Figure 6,
good agreement was achieved between the experi-
mental and computational results. The amount of
slip between steel tube and concrete core was not
significant although the bond strength was breached.
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Figure 6. Comparison of experimental and computational re-
sults for three-dimensional RCFT subassembly.

5 CONCLUSIONS

In this study, research was presented towards evalu-
ating the capacity and demand of RCFT members.
These methods were comprehensive enough to in-
vestigate various types of engineering demand pa-
rameters and damage measures to be used in per-
formance-based design of RCFT structures. The
major findings of this research include:

1 RCFT members exhibit a wide range of damage
states (e.g., concrete cracking, concrete crushing,
steel yielding, local buckling, etc.) under both
monotonic and cyclic loading. The evolution of
the damage states exhibit complex relationships
attributed to the composite nature of RCFTSs.

2 Damage function equations can be used effi-
ciently to quantify the capacity of RCFT mem-
bers at different performance levels.

3 A mixed fiber-based finite element formulation
was successfully applied for RCFT columns hav-
ing slip between the steel tube and concrete core.
Strong correlation was achieved for both geomet-
rically and materially nonlinear response.

4 The accuracy of distributed plasticity formulation
is dependent on the constitutive models. In this
research, comprehensive material models were
developed accounting for all salient characteris-
tics of RCFT members.

5 Future research will focus on using the formula-
tion of this work to conduct parametric studies of
multistory RCFT composite frames to quantify
their demand and capacity under seismic loading.
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