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AsstrRACT: This paper presents a nonlinear finite element analysis of non-seismically detailed reinforced concrete
(RC) beam-column connections under reversed cyclic load. The test of half-scale nonductile reinforced
concrete beam-column joints was conducted. The tested specimens represented those of the actual mid-rise
reinforced concrete frame buildings designed according to the non-seismic provisions of the American
Concrete building code (ACI). The test results show that the specimens representing small and medium
column tributary area failed in brittle joint shear while the specimen representing large column tributary
area failed by ductile flexure though no ductile reinforcement details were provided. The nonlinear finite
element analysis was applied to simulate the behavior of the specimens. The finite element analysis employed
the smeared crack approach for modeling beam, column and joint, and employed the discrete crack approach
for modeling the interface between beam and joint face. The nonlinear constitutive models of reinforced
concrete elements consisted of coupled tension-compression model to model normal force orthogonal and
paralleled to the crack and shear transfer model to capture the shear sliding mechanism. The finite element
model (FEM) shows good comparison with test results in terms of load-displacement relations, hysteretic
loops, cracking process and the failure mode of the tested specimens. The finite element analysis clarified that
the joint shear failure was caused by the collapse of principal diagonal concrete strut.

Keyworps: beam-column connection, nonlinear analysis, joint shear failure, diagonal compressive strut,

reinforced concrete plate element.
INTRODUCTION

Although many cities in South East Asia are
considered asbeinglocated in low to moderate seismic
zone due to arelatively long distance from active earth
faults, they are not absolutely exempt from seismic
hazard. Bangkok, for example, is founded on a soft
basin of marine clay of several ten-meter depths. This
soil characteristic hasa potential to amplify the seismic
wave up to 3-4 times'. The soft ground condition is
quite similar to that of Mexico City, which was devastated
by 1985 Mexico earthquake with almost 10,000 death
toll. Recently, the 2004 Sumatra earthquake in the
Andaman Searecorded atamagnitude of 9.3 on Richter
Scale, caused violent shaking of many highrises in
Bangkok though the epicenter was more than 800
kilometers away. The quake has prompted a serious
public concern on seismic safety of buildings. Many tall
buildings, thoughnot designed for seismicloads, usually
have shear walls to resist wind forces, and consequently
may not be vulnerable to the overall collapse under the
earthquake?>. On the contrary, many low-rise and mid-

rise buildings of up to 10 stories are rigid frame without
shear walls. The frame structures mainly resist lateral
forces through bending of beams and columns. Most
of these frame structures were designed for gravity
load onlyaccording to the American Concrete building
code (ACI)in Thailand, and British code (BS) in Singapore
and Malaysia®.

As a result of the lack of seismic consideration in
structural design, the reinforcement details of these
frame buildings are usually weak against earthquake
loading. As shown in Fig. 1, the deficiencies of
reinforcement details are characterized by (a) little orno
confining reinforcement in beam-column joint, (b) lap
splice of longitudinal column bars immediately above
floorlevel, and (¢) widely-spaced column tiesand beam
stirrups. Under lateral force, the joint hasto carry alarge
horizontal shear force (Fig. 2(a)) in order to equilibrate
moments acting on the joint in the same direction by
framingbeams. Concurrently, the longitudinal beam bar
inthejointisalso subjecttoalarge bond stress. Asaresult
of these forces, the joint commonly fails by either joint
shear or bar pull-out failure.
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Recently, the authors have conducted a survey of
existing reinforced concrete (RC) buildingsin Thailand’.
The building database was compiled for mid-rise RC
buildings having the number of stories in the region of
5 to 15. All buildings were beam-column rigid frame
without shear wall. They were designed according to
the non-seismic provisions of ACI building code
considering only gravity load. The buildings were
grouped into 3 categories based on their column
tributary area as shown in Fig. 2(b). The beam-column
connections in each category were studied in terms of
structural designs and reinforcement details. Three
half-scale beam-column specimens that represented
eachbuilding category were prepared and tested in the
laboratory under reversed cyclicload. Since buildings
were designed in accordance with the ACI building
code, the experimental findings are supposedly
applicable to not only buildings in Thailand, but also
buildings designed and detailed according to the ACI
code in other countries.

The experiment showed a sudden shear failure in
the joint region of specimen representing connection
of buildings with small and medium column tributary
area (9-30 m?) and a ductile flexural failure of beam
sections near the joint in the specimen representing
connection of building with large column tributary
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Fig 1. Typical non-seismic reinforcing detail of RC frame
designed for gravity load only.
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area (40-48 m?). In this paper, the authors presented
the nonlinear finite element method asatool to simulate
reversed cyclic behaviors of these specimens. The
beam-column joint specimens are modeled with two-
dimensional plane stress elements in line with the
smeared crack approach. The interface between beam
and columnis modeled with one-dimensional discrete
jointelement to simulate reinforcement pull-out. The
finite element method isused to investigate the cracking
process, the failure mode, the global load-displacement
behavior and the principal load resistant mechanism.

NONLINEAR FINITE ELEMENT ANALYSIS OF
ReiINFORCED CoNCReTE (RC) INTERIOR BEAM-
CoLumN CONNECTION

Finite Element Model (FEM)

Fig. 3(a)illustrates a finite element model of a typical
reinforced concrete (RC) interior beam-column
connection of a rigid frame. The cruciform-shaped
specimen is normally preferred for laboratory testing.
It consists of the beam-column joint core with beams
and columns extending horizontally and vertically to
their mid-length where moments are assumed to be
zero, i.e., point of inflection. The beam, column and
beam-column regions are modeled with two-
dimensional 8-node plane stress RC elementsasshown
inFig. 3(b). The interfaces between beam and column
are modeled with one-dimensional 6-node joint
element as shown in Fig. 3(c).

The two-dimensional reinforced concrete element
is constructed by combining the constitutive laws of
concrete and reinforcing bar. Here, cracks and
reinforcing bars are assumed to be distributed or
smeared over the entire element. The bond between
concrete and reinforcementis considered to be perfect,
that is, concrete and reinforcement are subject to
identical strains throughout the entire loading. The
total stress carried by the reinforced concrete element
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(a) Horizontal shear force in joint core

(b) Definition of column tributary area

Fig 2. Horizontal shear force in joint core (a) and definition of column tributary area (b).
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(a) Finite element model of RC interior beam-column connection
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Fig 3. Finite element model of RC interior beam-column connection and Types of RC element.

is the sum of concrete and reinforcement stresses. In
the smeared crack approach, the constitutive models
of reinforcement and concrete are formulated in terms
of relations between average stress and average strain
as follows,
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where {GT Q} {6( rL} and {o rc} are total stresses,
concrete stresses and reinforcement stresses of RC
plate elementrespectively, {6,,6,,T_}and{e e v, }are
global stress and strain respectlvely, and f. "and g.

represent constitutive laws of concrete and
reinforcement, respectively. The joint element is one-
dimensional with zero thickness. It represents the
interface between two elements with different sectional
stiffness where local discontinuities, such as
reinforcement pull-out may occur. Similar to two-
dimensional RC plate element, the total stresses of the
jointelementare the sum of concrete and reinforcement
stresses. However, the constitutive laws of the joint
element are formulated in terms of average stresses
and relative displacements, i.e., crack opening and
sliding.
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where {0}, {GCJO} and {(7J } are total stresses,
concrete and.J reinforcement stresses of RC joint
element, respectively; {c_, 1} is the vector of joint
normal and shear stress, {®, 8} is the vector of joint
opening and sliding; and, [ and g represent
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constitutive laws of concrete and reinforcement of
joint element, respectively.

Essentially, the constitutive laws for plate and joint
element describe the same physical behaviors of
concrete and reinforcement. However, the kinematic
variables used in the constitutive formulations are
different as previously explained.

The constitutive laws of concrete consist of the
compressive stress model under crack closure, the
tensile stress model upon crack opening and the shear
stressmodel upon crack sliding (Fig. 4). The constitutive
law of reinforcement includes the elastic-hardening
model under tensile yielding, and the elasto-plastic
model under compressive yielding. These laws
represent major non-linearity of reinforced concrete.
The combined nonlinearity of all elements subject to
different stress states constitutes the entire nonlinear
behavior of the specimen. In the next section, only the
average stress-average strain constitutive laws of the
RC plate element are presented.

Constitutive Models of Concrete and Reinforcing Bars

Cracked concrete

The local strains of cracked concrete are defined
with respect to the crack axis. They consist of strain
normal to a crack, strain parallel to a crack and the
shear strain along a crack face as shown in Fig. 4. Input
variables for constitutive laws are local strains defined
above as well as relevant path-dependent parameters.
The constitutive laws are formulated for both envelope
and hysteretic loops. Under cyclic load, two sets of
diagonal cracks are generated and alternate between
opening and closing in accordance with the load
direction. At any load step, however, only a set of
cracks is active and principally contributes to the
nonlinearity of the element. The active crackis defined
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Fig 4. Local stresses and strains of cracked concrete.

asthe one that has the largest normal tensile strain. The
constitutive laws are expressed with respect to the
active crack. In the following, the three previously
mentioned constitutive laws are described.

(a) Combined compression-tension model for normal
stress orthogonal and parallel to a crack.

The constitutive law for computing normal stress
orthogonal and parallel toa crack is shown in Fig. 5. On
the tensile side, the model covers both tension softening
and tension stiffening behavior. After crack occurs, the
tensile stress sharply drops in the un-reinforced element
while it gradually decreases in the reinforced element
as a result of bond between concrete and steel bar. To
represent both behaviors under the same formulation,
the following equation is adopted for concrete tensile

stress. ¢
o —ﬁ[‘%] (5)

&

t

where 6 and € is the tensile stress and strain
orthogonal to a crack, respectively, fl is the concrete
tensile strength, € is the cracking strain, and c is a
softening/stiffening parameter. By varying the
parameter ¢, the above model can cover both softening
and stiffening behavior. In this paper, the parameter c
is set to 2.0 and 0.4 for un-reinforced and reinforced
elementstorepresent softening and stiffening behaviors
respectively.

To compute the compressive stress parallel to a
crack, the following elasto-plastic fracture model ° is
used

o =0 KE,(s —gp) (6)
where 6_and € is the compressive stress and strain
parallel to a crack, respectively, o is transverse tensile
strain factor, K is the fracture parameter, E | is the
initial stiffness, and € is the compressive plastic strain.
The fracture parameter (KO) and compressive strain
(e ) are the key parameters of the model. They are
empirically formulated as °.

K, = exp[—0.73%[1 - exp(—us%)n 7
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where €’is the concrete strain at peak compressive
strength.

The model combines the nonlinearity caused by
plasticity through plastic strain and fracturing damage
through fracture parameter. These parameters account
for the permanent deformation and irrecoverable loss
of elastic strain energy, respectively. In addition, the
concrete compressive strength is reduced owing to the
presence of transverse tensile strain®®. This is taken
into account by an additional damage factor () in
equation 6. The lower limit of ® depends on the
compressive strength of concrete. It varies linearly
from 0.4 to 0.6 as concrete compressive strength
increases from 20 to 100 MPa. The relation between ®
and transverse tensile strain is shown in Fig. 5.

(b) Shear stress transfer model

For computing shear stress transmitted along a
crack face, the contact density model ° is adopted as
shown in Fig. 6. The equation of the shear envelope
may be expressed as,

2

= bt ©

where f_isinterface shear strength along the crack
and may be expressed as,

f,=38(f)"", MPa (10)
B is the normalized shear strain defined as,
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Model of reinforcing bars
Local strains of reinforcing bar are defined with
respect to the bar axis. For reinforcing steel, local
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Fig 5. Combined compression-tension model for normal stress
parallel and orthogonal to a crack.
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yielding at the vicinity of cracks has to be taken into
account in the constitutive formulation. Since
reinforcement sections close to cracks are subject to
yielding first whereas others are still elastic, all
reinforcement sections are not simultaneously yielding
throughout the entire length. This causes the apparent
reduction in the average yield strength of reinforcing
bars. The average yield strength of reinforcing bars
embedded in concrete may be expressed as ?,

Tofod
T=h =55

where f? is an average yield strength of reinforcing
bar embedded in concrete, { is the yield strength of
bare bars, fl is the tensile strength of concrete and p is
the reinforcement ratio.

The model of reinforcing bar for both envelope and
hysteretic loops® is shown in Fig. 7. The figure also
shows that of bare bar for comparison.
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Fig 7. Modeling of reinforcing bar.
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Numerical Simulation of RC Beam-Column
Connection

Test of Non-Seismically Detailed Interior Beam-
Column Connection

The authors conducted the reversed cyclic test of
three half scale interior beam-column joint specimens.
These specimens represented those of actual buildings
designed and detailed according to the non-seismic
provisions of ACI building code. The database of ten
reinforced concrete mid-rise buildings in Bangkok was
compiled. These buildings have 5-15 stories and were
constructed asreinforced concrete frame without shear
wall. The types of buildings cover university, school,
apartment and hospital. The buildings were grouped
into three categories based on the sizes of the column
tributaryarea (Fig. 2(b)), asbuildings with large, medium
and small column tributary area. Based on the collected
data, the arearange is set to 40-48 m?, 20-30 m?and 9-
18 m? for the large, medium and small categories,
respectively. In order to characterize the structural
behavior of the beam-column connection, the
structural indices were defined for the beam, column
and beam-column joint. The structural indices of the
beamincluded tension and compression reinforcement
ratio, shear span-to-depth ratio, flexural capacity-to-
shear capacity ratio, and transverse reinforcement ratio.
The structural indices of the column included axial
force ratio, shear span-to-depth ratio, flexural capacity-
to-shear capacity ratio, longitudinal reinforcementratio,
and transverse reinforcement ratio. The structural
indices of the beam-column joint included column
depth-to-bar diameter ratio, column width-to-beam
width ratio, column depth-to-beam depth ratio,
confinement reinforcement index, column flexural
capacity-to-beam flexural capacity ratio, and joint
shear-to-joint shear strength ratio.

These structural indices were calculated for each
buildingin each category. Three half-scale beam-column
specimens, namely, JL, JM and JS were constructed to
represent those of each building category. The structural
indices of these specimens were designed to be as close
aspossible to the mean values calculated from the actual
building in each category. The reinforcement detailsand
the construction methods were also as similar as possible
to the actual construction. The specimen dimensions
and reinforcement details are illustrated in Figs. 8 and
9. The 12-mm diameter reinforcing bar was used as
longitudinal reinforcements in the beam and column.
The average tested yield and tensile strengths of the bar
were 499 and 615 MPa, respectively. The 3-mm diameter
plain mild steel was used as transverse reinforcements
in the beam and column. The tested yield and tensile
strengths of the bar were 291 and 339 MPa, respectively.
The average tested cylindrical compressive strength of
concrete was 26.7 MPa.
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The test set-up and boundary conditions are shown
inFig. 10(a). The lateral forced displacement was applied
at the top of the column through a 500 kN hydraulic
actuator. The ends of the beam were supported by
rollers that allowed free horizontal movement to
simulate lateral drift. The bottom end of the column
was supported by a hinge which allowed no movement
inall directions. The axialload 0f 12.5% of column axial
capacity was applied to the column by means of vertical
prestressing. The column was pushed forward and
pulled backward in a reversed cyclic pattern with the
target lateral drifts 0£0.25%,0.50%,0.75%. .. asshown
in Figs. 10(b) and 10(c). The target loop was repeated
twice for each drift level. The load was continued until
and beyond the peak load to trace the post-peak
behavior. The experimental results shall be presented
and discussed in conjunction with the numerical
analysis in the next section.

2PCstrands of 15.2

1500 1500

Fig 8. Geometry, dimension and reinforcement of all
specimens (unit: mm).
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Finite Element Analysis

The typical finite element mesh of the specimen is
shown in Fig. 3. For each specimen, the mesh is
composed of 733 nodes, 216 two-dimensional RC plate
elementsand 12 one-dimensional joint elements. Loads
acting on specimens include self-weight, column axial
load and horizontal forced displacement. The
comparison between experiment and analysis is given
in Table 1. The failure is defined as the point where the
applied load drops more than 80%.

Table 1. Comparison between analytical (FEM) and
experimental force and displacement (drift)

relations.
Specimen Force / Drift FEM analysis Experiment
JL Maximum force (kN) 90 92
Drift (%) 4.6 4.6
™M Maximum force (kN) 73 72
Drift (%) 2.0 1.75
]S Maximum force (kN) 70 68
Drift (%) 1.5 1.5

The analytical deformed shape and cracking
pattern of specimen JL are compared with the
experimental results in Fig. 11. The FEM
demonstrates an extensive deformation at the ends
of beam framing into the joints, indicating a flexural
failure. The evident opening of the discrete joint
element indicates pull-out of the beam reinforcing
bars. The FEM also shows concentration of vertical
cracksnear the ends of the beams. This crack pattern
indicates that bending moments act on the beam

Member Specimen JL Specimen JM Specimen JS
400 350 300
Column |- —| |- |—
s=chiam . 26-DR12 = 18-DB12 = 24-DB12
-] ﬁ STIRRUP & ﬁ STIRRUP & ﬁﬁﬁ STIRRUP
- ~ 4-63 @ 100 x A 3-63 @ 100 x x 3-43 @ 100
SECTION A-A SECTION A-A SECTION A-A
200 |_175 175
=] 6-DB12 6-DB12 — | S-DE12
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- 3-03@100 - 3-03@100 & 3-p3@100
Beam 4-DB12 4DE12 6-DE12
. SECTION B-B SECTION B-B SECTION B-B
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=

. 6-DB12
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Fig 9. Cross section of beams and columns (unit: mm).
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Fig 10. Laboratory test set-up (a) and Displacement histroryr of each specimen (band o).

ends in the same direction. On the contrary, the FEM
predicts little distortion and cracking in the elements
of the jointregion. Hence the failure does not originate
from the joint. Moreover, no major cracks are computed
in the column adjacent to the joint core. The failure is
therefore categorized as ductile strong column-weak
beam. Inabuilding with alarge column tributary area,
the size of the columns is usually large, whereas the
span of the beams is long. This configuration leads to
a large column flexural capacity, a high joint shear
strength and a low beam flexural strength.

The comparison between analytical and experiment
load versusapplied displacement is shown in Fig. 12(a).
Areasonable match is obtained for both envelope and
hysteretic loops. The hysteretic loops are wide,
indicatinglarge energy dissipation. In the experiment,
concrete crushing and subsequent spalling occurred
in the beam and consequently exposed longitudinal
and transverse reinforcements. This was followed by
buckling of compression reinforcement. The spalling
and reinforcement buckling are not included in the
present constitutive models, hence the numerical loops
are relatively wider than the experimental ones. The
FEM predicts ductile yielding with long yield plateau up
to 4.6% drift which is the same as the experimental

value. It shall be noticed that the sub-standard beam-
column joint in buildings with large column tributary
areais quite ductile though it was designed and detailed
without considering seismic loads in accordance with
the ACI building code. The ductility can be enhanced
by providing closed stirrups near the beam’s end to
prevent concrete spalling and reinforcement buckling.
The analytical deformed shape and cracking pattern
of specimen JM and JS are compared with experimental
resultsin Fig. 11, respectively. In contrast to specimen
JL, themesh of JM and JSisextremely distorted, showing
a large shear deformation in the joint region. The
analytical cracks are mostly inclined and concentrated
in the joint zone. Two sets of intersecting diagonal
cracks alternate opening and closing in accordance
with the change in the load direction. These cracks
form the dominant X-shape pattern. The analytical
joint damage and development of diagonal cracks
closely follow experimental results. Some small flexural
cracksare computed in the beamsand columns but do
not cause the failure. The failure originates from the
joint zone as a result of excessive joint shear force.
The comparison between experimental and
numerical load versus applied displacement relation is
showninFigs. 12(b) and 12(c) for specimen JM and JS,
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Fig 11. Comparison arﬁong Analytical deformation (a), Arnalyticalrcréckring pé&em (b),and experimehtal failure of each specimen (¢).

respectively. The maximum experimental drifts at peak
load are 1.75% and 1.5% for specimens JM and ]S,
respectively. The corresponding computed drifts are
2.0% and 1.5 %, respectively. The hysteretic loops are
narrow and pinched towards the origin, indicating small
energy dissipation. This may be associated with sliding
of diagonal cracks in the joint. However, the analytical
loops are wider than experimental ones. This is
supposedly caused by the concrete spalling in the joint
area which is not included in the present analytical
model. Itisalso observed that the attained lateral drift
tends to be smaller for a substandard beam-column
jointin RC frame with a smaller tributary column. This
is probably because the frame is likely to have smaller
column dimensions, just sufficient to carry gravity load.

The joint shear failure is undesirable because it is
brittle and catastrophic. The tendency of brittlenessis
more evident for the beam-column connection with a
smaller column tributary area. To analytically identify
the failure mechanism of the joint region, the principal
compressive stresses of concrete are computed from
the FEM stress outputs. The development of
compressive struts is compared among the three
analyzed specimens in Fig. 13.

Before peak, the formation of compressive strut is
dominantinall specimens. As the lateral driftincreases,

the compressive stress rapidly intensifies in specimen
JS. The collapse of compressive struts generally
coincides with the failure point of the specimens. As for
specimen JL, the compressive strut is maintained
throughout the entireloading. At4.6% drift when failure
took place, the strut remains stable, indicating that the
joint is sound and does not cause failure. This
observation agrees with the experimental result. This
analytical results show that the diagonal strut formation
is the principal load resistant mechanism for the joint
of specimens JM and JS and the beam flexural yielding
is the main load resistant mechanism for specimen JL.

CONCLUSION

The paper presents the non-linear finite element
analysisasatool to evaluate the reversed cyclic behavior
of the sub-standard RC beam-column connections in
mid-rise frame building designed and detailed
accordingto the non-seismic provisions of ACI building
code in a low to moderate seismic region. The finite
element analysis includes the nonlinearity of cracked
concrete intension, compression and shear, and yielded
reinforcement in line with the smeared crack approach.
It is shown that the FEM can satisfactorily reproduce
the load-displacement envelope as well as hysteretic
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loops of the tested specimens. As for the failure mode,
the finite element analysis predicts a ductile beam
flexural failure for specimen JL representing actual
frame with a large column tributary area, and brittle
jointshear failure for specimens JM and JS representing
actual frame with a small and medium column tributary
area, respectively. The collapse of compressive diagonal
strut is verified to be the principal failure mechanism.
The analytical failure modes, damage zones and
cracking process compare well with the experimental
results. However, the analytical hysteretic loops are
comparatively wider than experimental ones since the
nonlinearity due to concrete spalling and reinforcement
buckling hasnot been taken into accountin the present
analysis.
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