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Computational Modeling of the Seismic
Performance of Beam-Column Subassemblies

G. SAGBAS!, F. J. VECCHIO?, and C. CHRISTOPOULOS?

"Halcrow Yolles, Toronto, Canada
?Department of Civil Engineering, University of Toronto, Toronto, Canada

Analytical studies are carried out to investigate the effectiveness of finite element modeling pro-
cedures in accurately capturing the nonlinear cyclic response of beam-column subassemblies. The
analyses are performed using program VecTor2, employing only default or typical material consti-
tutive models and behavior mechanisms in order to assess analysis capabilities without the need
for special modeling techniques or program modifications. The specimens considered cover a wide
range of conditions, and include interior and exterior seismically and non seismically designed
beam-column subassemblies. It is shown that finite element analyses can achieve good accuracy
in determining the strength, deformation response, energy dissipation, and failure mode of reinforced
concrete beam-column subassemblies under seismic loading conditions.

Keywords Analysis; Assessment; Beam-Column; Concrete; Finite Element; Joint; Modeling;
Performance; Seismic; Retrofit

1. Introduction

Accurate performance assessment of seismically designed beam-column subassemblies has
long been an important objective for researchers and designers. Experimental and analyt-
ical research on various aspects of these structural components has produced numerous
design and assessment techniques, although often with little consensus. The seismic per-
formance of non seismically designed beam-column subassemblies, commonly found in
existing structures designed to obsolete codes and standards, is another challenging aspect
to the problem. While research on the seismic behavior of reinforced concrete structures
continues, it is nevertheless well understood that the integrity of the connection details
for moment-resisting framed buildings are crucial to the survival of such structures. As
observed and reported by various earthquake reconnaissance teams during site visits of
seismic disaster areas, local joint failures often lead to overall structural collapse. In spite
of the ductility requirements of most seismic codes, existing structures continue to fail in a
brittle manner stemming from inadequate joint behavior. Insufficient reinforcement anchor-
age lengths, unconfined member connections, high joint shear stresses, and deficiencies in
the quality of the materials are often among the main contributing factors.

In many modern design codes worldwide, seismic design provisions are increasingly
requiring that designs consider the complete load-deformation response of the components
rather than just designing for strength. In addition, many existing structures, including
both seismically designed and non seismically designed buildings, commonly require a
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reassessment of anticipated seismic performance. Lastly, seismically deficient structures
may be considered for seismic retrofitting, and alternative retrofit schemes must be investi-
gated. In each of these three situations, the need exists for advanced analysis tools that can
provide accurate assessments of the strength and performance of building components and,
in particular, of seismically critical beam-column subassemblies.

2. Research Significance

In response to the need for advanced analytical tools to assist designers in undertaking com-
prehensive performance analyses of typical beam-column subassemblies, nonlinear finite
element analysis procedures are a potentially viable option. However, such analyses can
be complex, require large measures of caution and experience, and may be of questionable
accuracy if not properly executed. Guidelines are required on how finite element procedures
can be effectively utilized in the seismic performance analysis of beam-column subassem-
blies. Moreover, an objective examination of the ultimate suitability and accuracy of these
methods, for such applications, is warranted. This article will attempt to fulfill these two
objectives.

3. Previous Analytical Studies

Experimental and analytical research on beam-column subassemblies began in earnest in
the 1970s in an effort to better understand the seismic performance of beam-column sub-
assemblies and their contribution to the global behavior of reinforced concrete moment
resisting framed buildings [e.g., Bertero and Popov, 1977; Filippou et al., 1983]. Some
research groups also undertook extensive research on the bond-slip behavior of deformed
reinforcement in the joints, [e.g., Eligehausen et al., 1983; Soroushian et al., 1991], and
applied these material models to the beam column models in their analytical research.

Elmorsi et al. [2000] proposed an inelastic plane stress element to represent the beam-
column joint. This element was connected to the beams and columns with inelastic plane
stress transition elements. The beams and columns were modeled with elastic beam line-
elements, and inelastic truss elements. Contact elements were also used on the beam
longitudinal reinforcement at the joint to represent the bond-slip effects. A smeared crack
approach was used for the concrete model, and the hysteretic models were further devel-
oped to account for the shear deformations in the joint. This model successfully considered
both bond-slip and shear deformation effect on beam-column subassemblies.

Limkatanyu and Spacone [2003] also studied the modeling of beam-column subassem-
blies. The contributions of each member to the joint were modeled separately, and members
were connected with rigid links. Failure mechanisms involving shear deformations of the
joint panel were neglected, and only cases with bond-slip loss within the joint were consid-
ered in this study. However, excessive shear deformations in the joint panel region were
found to be critical in the seismic performance of gravity-load designed beam-column
subassemblies under different frequency excitations, and it was suggested that both shear
deformations and bond-slip effects should be considered, especially for medium- or low-
confined joints or gravity-load designed beam-column subassemblies [fib, 2003; Dhakal
et al., 2005]. Celik and Ellingwood [2008] also developed a joint model based on the joint
panel shear behavior for gravity-load designed RC frames, and validated their model with
full-scale tests. The modeling of both joint panel shear deformations and bond-slip effects
within the joints were found to be critical in the design of gravity-load designed RC frames.

Calvi et al. [2002] and Pampanin et al. [2003] suggested a section-based model
that accounts for inelastic behavior mechanisms within the joints. Hysteretic response
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models were refined and used for modeling a series of non seismically designed exterior
beam-column subassemblies tested by Chen [2006]. Favvata er al. [2008] also proposed a
rotational spring element to model exterior beam-column joints, and pointed to the inaccu-
racy of designing and modeling RC frames with the assumption of beam-column joints as
rigid elements.

Lowes and Altoontash [2003] considered shear deformations and bond-slip effects
within a two-dimensional beam-column joint model. Various inelastic response mecha-
nisms such as the shear failure of the joint core, the loss of shear load transfer due to
cracking at the beam-column interfaces, and the failure of the bond on the longitudinal
reinforcement were also taken into account. Mitra and Lowes [2004] revised the bond-
slip material and geometric behavior modeling of the previous model. Subsequent results
showed that additional improvement was required with respect to bond-slip strength, par-
ticularly for the shear response of joints with low shear reinforcement ratios. Later, Mitra
and Lowes [2007] improved this model to capture joint shear response, strength loss,
load mechanisms, and anchorage response of interior beam-column joints. Their study
also revealed the importance of bond-slip response as well as joint core response for
beam-column joints.

Shiohara [2001] proposed a new model to assess the resistance mechanisms of beam-
column subassemblies under seismic loading, based on a series of tests on members
seismically designed according to AIJ Guidelines. This model simulated the moment
effects of the beams and the columns with four triangular segments. As observed dur-
ing tests, the joint shear deformations were mainly due to the diagonal cracking of the
joint in the opposite directions. Two deformation modes were inherently considered: Joint
Shear Mode and Beam Flexural Mode. The model was found to successfully simulate both
exterior and interior seismically designed beam-column subassemblies.

Baglin and Scott [2000] and Heger er al. [2004] also reported successful finite ele-
ment modeling of beam-column connections. These works were limited, however, to the
consideration of monotonic loading conditions only. Other notable works in the field were
reported by Fleury et al. [2000], Park [2002], Shin and LaFave [2004], and others. Most
recently, MASA, a finite element code based on a microplane material model for concrete,
was used in three-dimensional modeling of non seismically designed beam-column joints
[Eligehausen et al., 2006, 2008]. The results of the analyses were successful in capturing
the general behavior, but also indicated that significant challenges still remain with the
modeling of cyclically loaded shear-critical joints.

Thus, considerable progress has been made in recent years in the modeling of seismi-
cally and non seismically designed beam-column subassemblies. However, many of these
studies require detailed and complex modeling processes, and are mostly applicable to
specific types of beam-column joints. A need still exists for simple and generally appli-
cable finite element procedures for the analysis of beam-column joints subjected to load
reversals.

4. Guidelines for Finite Element Modeling of Beam-Column Subassemblies

The modeling and analyses of beam-column subassemblies presented herein were car-
ried out using the program VecTor2, a two-dimensional nonlinear finite element analysis
program for reinforced concrete structures developed at the University of Toronto. An
overview of the details and features of the program is provided by Wong and Vecchio
[2002]. Similar advanced modeling capabilities for concrete structures are available with
other specialized programs such as DIANA, Atena, COM3, FEMOOP, and MASA.
(It should be noted, however, that VecTor2 is based on a smeared rotating crack model
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for reinforced concrete, formulated consistent with the Disturbed Stress Field Model
[Vecchio, 2000], and employs a total-load secant-stiffness algorithm. As such, it repre-
sents a substantially different procedure for finite element modeling of cyclically loaded
beam-column subassemblies relative to those employed in previous studies and in the
other software programs listed.) Guidelines for the general modeling of beam-column sub-
assemblies can be distilled from the modeling techniques used in this study, discussed
below.

A typical beam-column subassembly test specimen is illustrated in Fig. 1. An appropri-
ate finite element model developed for computing the anticipated response of this specimen
is shown in Fig. 2. Accurate meshing of the structure is always an important component
in any finite element modeling study. It is advisable to start the modeling with a relatively
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FIGURE 1 Details of typical beam-column subassembly.
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Link
Elements

Perfectly
Bonded
Nodes

(b) Modeling of Bond-Slip Using Link Elements.

FIGURE 2 Typical finite element model of test specimen.

coarse mesh while staying true to the geometrical nuances of the structure such as rebar
locations, support conditions, and loading points. This approach will lower the computa-
tion time, and will also ease the interpretation of the results. After careful examination of
the results, the number of elements can be increased by using progressively finer meshes
until results stabilize. Recognize that the joint panel region is where much of the governing
deformation, bond-slip, yielding, and concrete damage typically occur, and it is therefore
important to assign a sufficiently fine mesh to this region. In the analyses conducted in
this study, where the elements used were standard plane stress rectangles (i.e., 8 dof), it
was found that utilizing 12 to 15 elements through the horizontal and vertical thicknesses
of the joint region provided sufficient accuracy. The concrete regions of the beam-column
subassemblies were also subsequently modeled using higher-order quadrilateral elements,
to allow for the consideration of nonlinear geometry effects. A comparison of the results
showed no significant differences in the analysis results, and hence the simpler rectangular
elements were deemed to be adequate.

Reinforcement in the specimens can be modeled using either a smeared or discrete
representation. If bond-slip of the longitudinal reinforcement is to be considered, the use
of discrete truss bars for the modeling of the flexural reinforcement in the beam, columns,
and joint is unavoidable. If the tie reinforcement in the joint and column stubs, and the
shear reinforcement in the beam, are sufficiently well distributed, then these reinforcement
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components can be modeled as smeared with appropriate average reinforcement ratios
defined for each particular zone of the subassembly. However, more reliable results were
obtained when the transverse reinforcement, particularly in the joints, were individually
represented using discrete truss bar elements. Smeared reinforcement was found to be
effective in modeling out-of-plane confinement effects provided by the closed ties and stir-
rups, and also when modeling well-confined sections of the specimens such as where the
loads or restraint conditions were introduced.

Beam-column subassemblies are subjected to severe reversed cyclic loading conditions
under seismic effects. Concrete-reinforcement interactions, under these conditions, play an
important role in the load transfer mechanisms that prevail. Previous research on bond-slip
effects and on the seismic performance of the beam-column subassemblies have shown that
“perfect bond” conditions are typically unrealistic, especially for non seismically designed
structures. Therefore, an additional element at the interface between the concrete and the
reinforcement elements is needed for the accurate estimation of this imperfect bonding
condition. The interface element typically used is the “link” element developed by Ngo
and Scordelis [1967]. Link elements are two-node non dimensional elements which con-
sist of two orthogonal springs that connect the concrete and reinforcement elements. These
two nodes can displace independently from each other, simulating the relative displace-
ment (i.e., slip) of the reinforcement within the concrete. For example, in the typical
finite element mesh shown in Fig. 2, link elements are applied to the beam longitudinal
reinforcement within the column anchorage zone.

In modeling a hooked bar, a determination has to be made as to whether the hook
is well anchored or not. If sufficient tie reinforcement is provided to confine the hook
within the joint, then the longitudinal reinforcement can be terminated at the start of the
hook and there connected with a node having “perfect bond”; i.e., the truss bar element is
directly attached to the concrete at the termination point. If the hook is not well confined,
as is the case in the “non seismically designed” specimens later discussed, then the imper-
fect bond condition modeled using link elements should be preserved at the termination
point.

In all test specimens examined except Specimen S2, the seismic loading conditions
were experimentally simulated using a displacement-based loading scheme with variable
axial load applied to the top of the column. The restraint conditions imposed allowed the
movement of the columns in the horizontal direction, but limited the vertical movement
of the beams. Specimen S2 was subjected to constant axial load at the top of the column,
and variable beam tip displacement. In modeling these specimens, the beam ends were
restrained with pinned rollers, and steel loading plates were included on the top and bottom
(see Fig. 2a). In regions where a support or load was introduced, stronger concrete was
utilized to prevent any unrealistic local failure mechanisms.

5. Guidelines for Constitutive Modeling

Appropriate modeling of the constitutive response of the concrete and reinforcement, and
proper consideration of important behavior mechanisms such as bond-slip and confine-
ment, are crucial to the accurate simulation of the response of beam-column subassemblies
subjected to cyclic loading. The analysis platform utilized in VecTor2 is based on a
secant-stiffness total-load methodology that assumes the smeared rotating crack concept
for concrete, although successful strategies can also be based on other approaches such as
fixed-crack or microplane models. Here, the constitutive modeling was done according to
the Disturbed Stress Field Model (DSFM) [Vecchio, 2000], which is an extension of the
Modified Compression Field Theory (MCFT) [Vecchio and Collins, 1986]. Aspects of the
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material modeling that were significant to the computed responses of the subassemblies
examined will be briefly identified.

In elements where insufficient transverse reinforcement exists or where concrete strut
action is vulnerable due to high stresses or damage, as may be the case in the joint regions of
beam-column subassemblies, compression softening effects due to transverse cracking may
play a significant role in limiting the strength and ductility. In addition, when attempting to
accurately capture the deformation response and energy-dissipating characteristics of the
overall subassembly, tension stiffening effects will play a key role. Both the compression
softening effects and tension stiffening effects were modeled as presented in the DSFM.

In zones where the concrete is subjected to bi-axial or tri-axial compressive stresses,
either due to the reinforcement provided or as a consequence of the loading and inter-
nal stress conditions, confinement effects will have a significant influence on the strength,
ductility, failure mode, and energy-dissipation characteristics of the component. Such
influences are particularly important when modeling well-confined joints. In the analy-
ses undertaken, strength enhancement due to confinement was modeled according to the
Kupfer-Richart criteria, which is a combination of a biaxial compression model by Kupfer
et al. [1969] and a model that considers the effect of spiral reinforcement in columns by
Richard et al. [1928]. The post-peak response was modeled according to the “modified
Park-Kent model” which is the modified version of the Kent and Park [1971] stress-strain
curve by Park et al. [1982].

Under seismic loading conditions, a proper representation of the loading/unloading
behavior and the cyclic-load induced damage sustained by the concrete is critical in deter-
mining the strength and energy-dissipation capacity of the subassembly. The hysteretic
model for the concrete employed here was that proposed by Palermo and Vecchio [2003]
(see Fig. 3a).

Concrete cracking was evaluated according to the Mohr-Coulomb criterion with ten-
sion cut-off. Pre-peak compression response was represented using the simple Hognestad
parabola, and concrete tension softening effects were modeled using a linear decay based
on a fixed fracture energy of 75 N/m. Shear slip on crack surfaces were modeled accord-
ing to the Walraven [1981] formulation. Tensile cracking, tension softening, crack shear
slip, and pre-peak compression response of the concrete were not significantly influencing
factors.

The reinforcement response was modeled using an elastic-plastic function with strain
hardening. Bauschinger effects, critical in the proper evaluation of energy dissipation in
subassemblies experiencing extensive yielding of the flexural reinforcement, were modeled
according to the Seckin [1981] formulation (see Fig. 3b). Dowel action of the reinforcement
is important in the determination of the shear strength and post-peak ductility of rein-
forced concrete elements containing low amounts of shear reinforcement; here, the Tassios
model [1987] was used. Reinforcement compression buckling was modeled according to
the Asatzu [Asatzu ef al., 2001] formulation.

The performance of the beam-column subassemblies are highly influenced by the
bond-slip behavior of the beam longitudinal reinforcement. Modeling of the bond behavior
between the concrete and the reinforcement is one of the most critical elements in a suc-
cessful finite element simulation of seismic behavior. For deformed reinforcing bars, the
reversed cyclic curve proposed by Eligehausen ef al. [1983] was used (see Fig. 3c). In this
model, the effects of confinement (through the use of a confinement index § calculated and
input by the user), and strength damage due to cycling (through a damage index continually
calculated and updated in the model) are taken into account.

The non seismically designed subassemblies modeled in some cases consisted of
smooth bars as beam longitudinal reinforcement. A provisional monotonic bond stress-slip
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FIGURE 3 Constitutive models.

formulation was derived from the work of Fabbrocino et al. [2004] and adapted to the cyclic
loading/unloading model of Eligehausen.

All of the material models identified above and used for the analyses to follow, except
for the Palermo concrete hysteretic model and the Fabbrocino bond-slip model (for smooth
reinforcement), are the default options in VecTor2 (see Table 1). (The analysis results
of load-deformation behavior with the default option for the concrete hysteretic model
resulted in higher stiffness values compared to the experimental results. The effects of
previous loading conditions, which typically result in significant plastic deformation and
strength decay, were more successfully captured with the ‘Palermo (w/Decay)’ option.)
Otherwise, the default models are recommended as basic constitutive models appropri-
ate for modeling beam-column subassemblies. No attempt was made to “fine-tune” or
“optimize” the analyses by selecting or implementing alternative models. Full details of
all behavior models cited are provided by Wong and Vecchio [2002].
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TABLE 1 Material behavior models used in modeling with VecTor2

Material Property Model

Concrete Compression Pre-Peak Response Hognestad Parabola
Concrete Compression Post-Peak Response Modified Park-Kent
Concrete Compression Softening Vecchio 1992-A (el /e2-Form)
Concrete Tension Stiffening Modified Bentz 2003
Concrete Tension Softening Linear

Concrete Tension Splitting Not Considered
Concrete Confined Strength Kupfer/Richard Model
Concrete Dilation Variable Kupfer
Concrete Cracking Criterion Mohr-Coulomb (Stress)
Concrete Crack Slip Check Vecchio-Collins 1986
Concrete Crack Width Check Agg/5 Max Crack Width
Concrete Hysteretic Response Palermo 2002 (w/Decay)*
Reinforcement Hysteretic Response Seckin Model (Bauschinger)
Reinforcement Dowel Action Tassios Model (Crack Slip)
Reinforcement Buckling Asatzu Model

Bond Model Eligehausen Model

*non-default model.

6. Exterior Beam-Column Subassemblies with Deformed Reinforcement

Four exterior beam-column test specimens, constructed using deformed longitudinal rein-
forcement, were considered. These included: S2 tested by Bond [1969] and Goyal [1969],
B2 [Shiohara and Kusuhara, 2006], TDD1 and TDD2 [Chen, 2006].

Specimen S2, a full-scale model from a multi-story moment resisting frame, was
designed according to the seismic requirements of ACI 318-77. (For this specimen, the
loading and restraint conditions were slightly different from typical; the subassembly
was subjected to constant axial load at the top of the column, and varying beam tip dis-
placement.) The second specimen, B2, was taken from a Benchmark Study conducted by
Shiohara and Kusuhara [2006]. This specimen was seismically designed according to the
AIJ 1999 code specifications, and represented a %-scale exterior beam-column subassem-
bly of a typical moment resisting reinforced concrete framed building. Specimens TDD1
and TDD2 were tested by Chen [2006] at the University of Canterbury, New Zealand.
These two specimens were 2/3-scale exterior beam-column subassemblies designed with
structural deficiencies such as unconfined beam-column joints and low-quality concrete.
Also, they did not adhere to the weak beam-strong column design philosophy for ductile
failure mechanism, reflecting typical pre-1970s non seismically designed structural mem-
bers. All specimens were subjected to complex loading protocols that involved variable
axial loads in the columns and cyclic column tip displacements of progressively increasing
amplitudes [Pampanin et al., 2002]. Complete specimen details and loading conditions can
be found in Sagbas [2007].

The experimentally observed failure of Specimen S2 involved extensive shear cracking
at the beam-column joint. The first shear cracking was reported to have occurred during the
2" cycle in the positive loading direction. These cracks gradually propagated through the
upper and lower column, and the specimen failed with extensive cracking and concrete
cover spalling in the joint [Bond, 1969; Goyal, 1969].
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Specimen B2 experienced flexural cracking at the beam-column interface, and shear
cracking in the joint. The first flexural and shear cracking was reported at the end of the
1.0% drift ratio cycle. The yielding of beam longitudinal reinforcement occurred between
1.0% and 2.0% drift ratios. At the 2.0% drift cycle, flexural cracks were observed at the
upper and lower column ends. Horizontal cracks were reported between the two steel
anchorage plates at the end of the 3.0% drift ratio cycle. Later, these cracks propagated
and joined the shear cracks at the center of the joint, accompanied by the concrete cover
spalling and the anchorage plate pushing off the concrete [Shiohara and Kusuhara, 2006].

Specimen TDD1 experienced large flexural cracking at the beam-column interface and
concrete spalling from the back of the column at the joint. The hooked longitudinal bars lost
all anchorage capacity at this point. In Specimen TDD?2, a brittle joint failure mechanism
was observed at the end of the testing. According to the experimental results, the first
shear crack within the joint was observed at 0.65% drift in both loading directions. Later, a
concrete wedge mechanism formed with the propagation of individual shear cracks at 3.0%
drift [Chen, 2006].

The test specimens were modeled according to the meshing guidelines and mate-
rial models discussed previously. Typical specimen details and finite element meshing are
illustrated in Fig. 4. All material properties, reinforcement details, loading conditions, and
support conditions were modeled consistent with the test specimen details.

The finite element analyses were able to provide accurate simulations of the behavior
and sequence of damage for all four test specimens. Comparisons of the observed and cal-
culated load-displacement responses are given in Fig. 5; in general, good correlations were
obtained although the accuracy was better with the two seismically designed specimens
(i.e., S2 and B2). The sequences of cracking, yielding, spalling, and bond-slip, and the final
failure modes, were typically predicted with a high degree of accuracy (e.g., see Fig. 6).

Further comparisons of calculated to observed responses are given in Table 2. With
respect to strength capacity (Vmax), the ratio of the calculated to measured peak shear force
in the positive loading direction had a mean of 1.04 and a coefficient of variation of 2.3%;
in the negative direction, it was 1.02 and 4.3%, respectively. Ultimate displacement duc-
tility ratios (u), based on the relative column tip deflections at the time of first flexural
yielding, were equally well estimated. The ratio of calculated to measured total energy dis-
sipation (X E), based on the total areas contained in the force-displacement hysteresis up to
termination of testing, showed somewhat more scatter. But, given that an accurate estimate
of total energy dissipation in elements taken to advanced stages of post-peak behavior is
exceedingly difficult to achieve, particularly when two of the specimens were inadequately
designed, the mean ratio of 0.98 must be considered highly satisfactory.

7. Interior Beam-Column Subassemblies with Deformed Reinforcement

The four Y-scale interior beam-column subassemblies tested by Shiohara and Kusuhara
[2006] were selected for analysis; namely, Specimens Al, A2, A3, and B1. These sub-
assemblies were seismically designed according to the AIJ 1999 code revisions, and tested
under displacement-controlled reversed cyclic loading conditions. Longitudinal reinforce-
ment and loading protocols were the primary test variables. The finite element meshes
employed in modeling these specimens were of the configuration shown in Fig. 7. Note that
although the beam longitudinal reinforcement was continuous through the joint regions,
the possibility of bond-slip was retained in the modeling through the use of bond-link
elements.

Specimen Al experienced large shear deformations and a highly pinched hysteretic
response indicative of a shear failure. Bulging of the concrete cover and crushing at the
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FIGURE 4 Typical model of exterior beam-column subassembly.

beam end, near the joint, became apparent at 2.0% column drift. Concrete cover spalling
occurred at 3.0% column drift, and severe joint deformation was visible during the last
cycle at the 4.0% column drift. Extensive shear deformations were observed in the joint
region, but no plastic hinging of the beams was noted [Shiohara and Kusuhara, 2006].

With Specimen A2, the main crack formation consisted of flexural cracking at the
beam column interface. Flexural cracks were first seen at the beam-column interface, later
followed by diagonal shear cracks in the joint region. In the latter stages of loading, the
widths of the flexural cracks increased rapidly compared to those of the shear cracks at the
joint. The hysteretic response of this specimen showed a symmetric and stable behavior,
indicative of a flexural hinging failure [Shiohara and Kusuhara, 2006].

Specimen A3 also exhibited a stable hysteretic response indicative of a flexure-
dominated failure mechanism. Both flexural and shear cracking was observed, and these
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FIGURE 6 Comparison of final failure mode of Specimen S2 [Bond, 1969; Goyal, 1969]
(color figure available online).

cracks gradually increased during testing. As a result of this flexural cracking, concrete
spalling at the corner of the specimen was observed [Shiohara and Kusuhara, 2006].

The column shear force versus column drift response of Specimen B1 showed a mod-
erately pinched hysteretic behavior as the specimen sustained heavy damage in the joint
region. The first diagonal shear cracks were observed during the first 0.5% drift loading
cycle; these cracks opened significantly during the 1.0% drift cycle. The first flexural cracks
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FIGURE 7 Typical finite element mesh for interior beam-column subassembly.

were seen at the end of the 1.0% drift cycle. Crushing of the concrete was severe at the
beam-column joint and at the inner corners of the beam-column connection. Deformations
and residual deflections increased significantly after yielding of the beam longitudinal
reinforcement [Shiohara and Kusuhara, 2006].

The observed column shear vs. column drift responses for the four specimens are
reproduced in Fig. 8. Also shown are the corresponding calculated responses obtained
from the finite element analyses; highly accurate correlations to the experimental results
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FIGURE 9 Comparison of failure mechanism for Specimen Al at 3% drift.

are seen. The ratio of the predicted to the observed peak shear force results had a mean and
coefficient of variation of 1.00 and 2.1% in the positive loading direction, 0.97 and 6.3%,
in the negative loading direction (see Table 2). The displacement ductility ratios and the
total energy dissipations were also well simulated (see Table 2), as were the sequences of
damage and final failure mechanisms (e.g., see Fig. 9).

8. Beam-Column Subassemblies with Smooth Reinforcement

Three beam-column subassemblies constructed using non deformed (smooth) reinforcing
bars for the main reinforcement were also examined: two exterior joint subassemblies
(Specimens TDP1 and TDP2) tested by Chen [2006], and one interior joint subassem-
bly (Specimen C2) tested by Pampanin et al. [2002]. These specimens are representative
of some buildings currently in use in various seismic regions (Figs. 10, 11). They were
non seismically designed; in addition to the use of smooth bars, problems existed with the
reinforcement detailing such as inadequate anchorage lengths and poor confinement in the
joints. For the two exterior subassemblies, the beam longitudinal bars were anchored into
the joint with hooked ends but an inadequate amount of shear reinforcement was included
in the joint.

In the testing of Specimen TDPI1, a joint shear failure was observed in the positive
loading direction, while a flexural failure at the beam-column interface was observed in the
negative loading direction. In the positive loading direction, the first joint shear cracking
was observed at 1.33% column drift, and the shear resistance of the member decreased after
this cracking occurred. Later, the shear strength of the specimen recovered to its previous
values, but then started decreasing gradually with the opening of the diagonal cracks in the
joint. Beam hinging was observed only in the negative loading direction. The hysteretic
response showed a pinched behavior which indicated slippage of the reinforcement [Chen,
2006].

With Specimen TDP2, a brittle joint shear failure was observed by Chen [2006]. The
first joint shear cracks occurred during the 1.0% drift cycles, and gradually increased in
the positive and the negative loading directions. Similar to Specimen TDP1, the hysteretic
response showed a pinched behavior indicating shear-dominated behavior and likely slip-
page of the reinforcement. A concrete wedge failure mechanism was observed in this
specimen [Chen, 2006].

The interior beam-column subassembly, Specimen C2, showed a pinched hysteretic
response and failed with shear cracking at the joint. Shear cracking was first observed
in the joint, followed by a drop in stiffness, at the 0.8% drift ratio. After reaching the
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FIGURE 10 Non seismically designed subassemblies with smooth reinforcement.

ultimate shear force value at 3.5% drift, a softening in the hysteretic response was observed.
However, the specimen continued to carry a significant portion of the peak load up to the
end of the experiment [Pampanin et al., 2002].

These specimens were modeled in the same manner as the seismically designed spec-
imens previously considered (see Fig. 11a), using the same material models and mesh
characteristics, with one major exception. A monotonic bond stress-slip model was inferred
from the work of Fabbrocino ef al. [2004], as shown in Fig. 11b, and this model was adapted
to the loading/unloading rules and damage index defined within the Eligehausen model.
No cyclic bond stress-slip model for smooth bars currently exists in the literature, and the
model implemented here can only be considered as cursory at best given the scarce data
and tenuous assumptions on which it is based.

Generally, the analysis results provided a reasonably accurate simulation of the
observed behaviors, albeit with somewhat more scatter than previously observed. The
highly pinched hysteretic responses obtained, heavily influenced by shear deformation
and damage in the joints and slip of the beam longitudinal reinforcement, correlate suf-
ficiently well with the experimental responses shown in Fig. 12. The strength decay at
later stages of loading was underestimated for the exterior joints and overestimated for
the interior joint. In all cases, the displacement ductility was marginally overestimated,
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FIGURE 11 Bond-slip modeling of smooth bar reinforcement.

and the total energy dissipation underestimated. These deficiencies were likely the result
of the bond-slip response of the smooth bars under cyclic loading not being well cap-
tured by the Eligehausen model which was developed for deformed rebars. Nevertheless,
the correct cracking patterns and modes of failure were obtained from the analyses; for
example, as seen in Fig. 13, a concrete wedge failure mechanism with punching out of the
beam top reinforcing bars was correctly determined for Specimen TDP2. Comparisons of
the predicted-to-observed shear capacities, ductility ratios, and total energy dissipation are
given in Table 2.

9. Retrofitted Exterior Beam-Column Subassembly

The final specimen examined, Specimen THR, was an exterior beam-column subassembly
retrofitted in accordance with a new technique developed by Pampanin et al. [2006]. The
retrofit technique was developed with the aim of transforming the unwanted brittle failure
mechanism common in non seismically designed beam-column subassemblies to a more
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FIGURE 13 Concrete wedge failure mechanism for Specimen TDP2 [Chen, 2006] (color
figure available online).

desirable ductile mechanism. In this technique, haunch bars are added to the joint panel
region of the structure. The stress flow around the joint is redirected, and a designated
plastic hinge region in the beam is developed [Pampanin and Christopoulos, 2003]. The
brittle failure mechanisms around the joint panel regions can be prevented with the proper
selection of the geometry and stiffness of the haunch elements, but capacity design con-
siderations must be followed properly in order not to have shear failures in the structural
elements. (Note: Specimen THR, prior to retrofit, was similar in design to Specimen TDP2
examined previously.) The specimen configuration and test set-up for THR is shown in
Fig. 14a; the finite element model used for the analysis is illustrated in Fig. 14b.

In the experiment, plastic hinging was successfully diverted to the beam. Minor
cracks were reported around the joint by Chen [2006], but the flexural crack on the beam
outside the haunch area dominated the failure mechanism. (Recall that companion spec-
imen TDP2 sustained a brittle failure mechanism with severe shear cracking in the joint
panel zone.) The hysteretic response of the member was changed from a pinched behavior
to a ductile and stable response; see Fig. 15a. The failure mechanism was successfully trans-
formed from a brittle shear mechanism in the joint to a much more ductile flexural-shear
mechanism in the beam.

Although this specimen contained smooth reinforcing bars for which an adequate
cyclic bond-slip model does not exist, the VecTor2 analysis was able to capture the behav-
ior of the retrofitted subassembly with a reasonably accurate load-deformation response,
as seen in Fig. 15a. The progression of damage and the final failure mechanism were also
accurately calculated (see Fig. 15b), as were the shear strengths and displacement ductility
ratios (see Table 2). The experimental response did exhibit a more pinched response than
calculated, arising from more pronounced shear damage at the location of the beam collar,
and the total energy dissipation was somewhat underestimated. However, it is important
to note that the finite element model used for the retrofitted THR specimen was identi-
cal to that used for the original TDP2 specimen except for the addition of the elements
representing the diagonal haunch bars and collars. That the model, without modification,
was able to capture a complete reversal of the beam-column joint strength hierarchy is
significant.
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FIGURE 14 Details of retrofitted specimen THR.

10. Conclusions

An analytical investigation was carried out to investigate the effectiveness of nonlinear
finite element modeling procedures in capturing the nonlinear cyclic response of beam-
column subassemblies. A total of 12 experimentally tested beam-column subassemblies,
spanning a range of design and loading conditions, were modeled using program VecTor2.
The computed responses were examined with particular attention paid to the effects of shear
deformations in the joint regions and bond-slip of the beam longitudinal reinforcement on
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online).

the hysteretic response, energy dissipation capacity, cracking and damage patterns, and
failure mechanism of each specimen.
The results of the investigation suggest the following conclusions.

1. Nonlinear finite element analysis procedures can be an accurate and reliable tool
in assessing the seismic performance of seismically designed and non seismically
designed beam-column subassemblies. Both interior and exterior units can be
modeled effectively.

2. Aspects of behavior such as hysteretic load-deformation response, strength capac-
ity, ultimate ductility, total energy dissipation, cracking and damage progression,
and failure mode can be accurately calculated. For the specimens examined,
strengths and ductilities were calculated to within means of 5%, and energy
dissipation to within a mean of 10%, with reasonably low scatter.

3. For accurate simulations to be achievable, the finite element package employed
must contain formulations for comprehensive and realistic constitutive modeling of
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various importance second-order mechanisms prevalent in the behavior of cracked
reinforced concrete. Of particular importance is the rigorous modeling of concrete
compression softening (for capturing joint shear damage and strength capacity),
concrete tension stiffening (for energy dissipation and ductility calculations), bond
slip (for anchorage loss mechanisms), confinement effects (for strength and duc-
tility calculations), and hysteretic response of concrete and reinforcement (for
energy dissipation). Most of the large multi-purpose finite element packages cur-
rently available will not have this capability, but a number of specially developed
programs do.

4. The smeared rotating crack model employed in VecTor2, incorporated into a
total-load secant-stiffness algorithm, represents a simple and accurate alternative
procedure for the finite element modeling of cyclically loaded beam-column sub-
assemblies. Most other programs are based on a fixed crack or microplane model
for concrete, and employ an incremental-load tangent-stiffness based computation
procedure.

5. An improved cyclic bond-slip model for smooth reinforcement is required in
order to obtain improved simulations for non seismically designed subassemblies
containing such reinforcement.

6. Finite element analysis procedures can provide accurate simulations of seismi-
cally retrofitted subassemblies, and can thus be an effective tool in investigating
alternative retrofit schemes.

General guidelines for effective finite element modeling of beam-column subassemblies
were established based on the outcomes of the analyses conducted. These recommenda-
tions, presented and discussed within the article, are applicable regardless of the software
being used.
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