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Effect of Modeling Beam-Column Joints on Performance
Assessment of Columns in Non-Ductile RC Frames

Sadik Can GIRGIN!

ABSTRACT

Seismic performance evaluation of non-seismically detailed reinforced concrete (RC)
buildings requires proper analytical modeling approaches for beam-column joints which are
most vulnerable parts. This study investigates the influence of beam column joint modeling
assumptions on performance evaluation of non-ductile RC buildings. Numerical simulation
model includes truss-based elements for beam-column connections and fiber-based elements
for beams and columns. Two-dimensional four- and six- story reinforced concrete frames of
an existing RC building are designed and analyzed by conducting incremental dynamic
analyses. Column chord rotations and corresponding strains are compared with code
provisions for performance assessment of non-ductile RC frames.

Keywords: Beam-column joints, non-ductile frames, hybrid model, performance limits.

1. INTRODUCTION

Beam-column joints in reinforced concrete (RC) buildings are expected to transfer flexure
and shear forces without significant strength and stiffness degradation in modern construction
practice. However, older-type RC buildings constitute a significant portion of the building
inventory designed only considering gravity loads before 1970’s in earthquake-prone regions
(Figure 1a). Field observations after earthquakes revealed that brittle failure modes may
occur at the vicinity of beam-column joints in reinforced concrete frames those non-
conforming the design requirements. Observed failure modes in RC beam-column joints are
reported due to non-seismic detailing such as insufficient anchorage of beam rebars, lack of
transverse reinforcement in the joint and discontinuity of beam and column rebars (Figure
1b). There has been a significant amount of experimental research on cyclic behavior of
exterior beam- column joints with respect to axial load ratio, transverse reinforcement ratio,
anchorage detailing of beam rebars and drift histories [1-5]. Bedirhanoglu et al. (2010) [6]
tested exterior beam-column joints representing construction practice deficiencies in Turkey
before 1970°s. Main test variables were the effect of displacement history, axial load,
presence of transverse beam in the joint and amount of joint reinforcement. They concluded
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that presence of lateral beam didn’t have significant effect on bond of reinforcing bars in the
joint. Gokdemir and Tankut (2017) [7] tested 4 reference and 7 strengthened exterior beam-
column joints with diagonal steel bars. Reference specimen without shear reinforcement
showed significant strength degradation at small drifts. On the other hand, for interior beam-
column joints without transverse reinforcement, significant stiffness degradation will occur
due to insufficient development length of beam longitudinal bars [8]. Interior beam-column
joint specimens were tested by Alire (2002), and damages were observed with a combination
of bond-slip of reinforcing bars and shear cracks in the joint [9].

insufficient anchorage insufficient lap splice of
~ of beam rebars column rebars .

No transverse
reinforcement in the joint

|[_,‘ panel zones |- 31

(@) (b)

Figure 1 - (a) Typical detailing of beam-column connections built before 1970’s, (b)
Damage to beam-column joint from August 17, 1999 Kocaeli Earthquake
(nisee.berkeley.edu)

Although beam-column joints characterize the seismic behavior of existing RC buildings,
rigid joint assumption is generally considered in design-oriented analyses [10]. Analytical
models ignoring joint flexibility using rigid joint assumption may lead to underestimation in
damage levels of RC members [11]. Hence, seismic performance assessment of existing RC
buildings requires refined analytical tools accounting for damage states of non- seismically
detailed beam-column joints. Modeling approaches for numerical simulation of beam-
column joints can be classified as (i) lumped plasticity models, (ii) distributed plasticity
(fiber-based) models, and (iii) truss-based models. Lumped plasticity models are employed
to simulate nonlinear behavior of structural elements with concentrated nonlinearities in a
finite length. Zero-length rotational springs or moment-curvature relations within a specified
length, which follow nonlinear hysteretic rules, can be assigned to the ends of beam-column
elements [12-15]. These models also include springs representing shear, bond slip and rigid
links at the vicinity of the connection [11, 15-18]. Distributed plasticity models with fiber-
based beam-column elements provide sufficient estimation for local response parameters
such as curvature and strains. Element cross section is discretized into fibers at integration
points along the element length. Force-based formulation for nonlinear beam-column
elements has advantages over the displacement-based formulation, because equilibrium is
satisfied at each section and end node for force interpolation function [19].

Truss-based modeling approaches have been studied for design and analysis of RC members
subjected to shear, flexure and axial forces [20-23]. Panagiotou et al. (2012) [24] improved
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existing truss modeling approaches by including mesh size effects and biaxial effects for
diagonal elements in compression. Moharrami et al. (2015) [25] enhanced the truss model
for analysis of shear-critical RC columns including the contribution of aggregate interlock
effects. Bowers (2014) [26] and Xing et al. (2018) [27] proposed a hybrid numerical model
for beam-column joints of non-ductile frames including nonlinear cyclic truss model for
connection region and distributed plasticity model for beams and columns.

This study investigates the influence of beam column joint modeling assumptions on
performance evaluation of non-ductile RC frames. For this purpose, a hybrid analytical
model is validated by using test results of exterior beam-column joint specimens representing
joints in existing buildings. Two-dimensional structural models of four- and six- story
buildings were modeled using the hybrid model and analyzed by incremental dynamic
analyses. Rotation-based and strain-based performance limits of RC members are
investigated and compared with the code provisions.

2. NUMERICAL SIMULATION OF BEAM-COLUMN JOINTS
2.1. Numerical Simulation Model

In this study, all numerical analyses are performed by using OpenSees computer program
[28]. Bowers (2014) [26] proposed a numerical simulation model for shear critical interior
and exterior beam-column joints and validated cyclic behavior of joint tests representing
existing buildings. The numerical model includes nonlinear cyclic truss model for connection
region and distributed plasticity model for beams and columns as shown in Figure 2.
Nonlinear truss model is established by assignment of location of horizontal elements
including longitudinal rebars for beams and diagonal element angles. Truss model herein
uses elements in the horizontal, vertical and diagonal directions representing steel
reinforcement and concrete areas. Nonlinear concrete trusses for diagonal elements account
for biaxial effects on the compression behavior while tension stiffening effects are considered
in the vertical and horizontal directions. Nonlinear force-based beam-column elements with
Gauss-Lobatto quadrature and two integration points with linear transformation are used for
beams and columns.

2.2. Material Models

Giuffré-Menegotto-Pinto (GMP) steel material model is used to define the stress-strain
relationship for the reinforcing steel. A GMP model is shown in Figure 3, where fj is the
yield strength, the corresponding yield strain &, E; the elastic modulus, and B; the post-yield
hardening ratio — the monotonic envelope for this material model is bilinear.

The stress-strain law for concrete proposed by Lu and Panagiotou (2014) [29] which is
schematically presented in Figure 4 where f.” is the compressive strength at £,=0.2% strain
for unconfined concrete. Ultimate strain (&,) of concrete is adjusted by accounting for the
mesh-size effects due to the procedure outlined by Lu and Panagiotou (2014) [29]. For
horizontal and vertical concrete truss elements, tensile strength is s _¢ 33 Jfx (MPa) with a

softening portion in accordance with tension stiffening by Stevens et al. (1991) [30]:
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[=fla=M)e" ) 1M | (1)
M = c,% )
2=220 (3)

where p; is steel ratio in the horizontal and vertical truss elements, M is tension stiffening
parameter, dy is rebar diameter and C; = 75 mm.

The concrete material model for the diagonal elements considers for the reduction of
compressive strength due to transverse strains described by Vecchio and Collins (1986) [31].
Compressive stresses are multiplied by a reduction coefficient () at each analysis step based
on calculated transverse strains using fictitious strain gauge elements. Figure 5 shows the
relation between stress reduction factor, B, and normal strain, €,. The values of Bin = 0.3 and
Bres = 0.1 are considered for the analyses.
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Figure 2 - Numerical simulation model for an exterior beam-column joint
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Figure 3 - Stress-strain relationship of the GMP steel material model
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Figure 4 - Stress-strain relationship of concrete material models [29].
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Figure 5 - Relation between reduction factor and normal strain

3. CASE STUDIES

Experimental research studies on non-seismically detailed beam-column joints conducted by
Misir and Kahraman (2013) [32] and Pantelides et al. (2002) [33] are considered in this study.
Geometry and reinforcing details of 2/3 scale S1 specimen [32] and full-scale Unit 4 [33] are
shown in Figure 6. One reference (S1) and two exterior beam-column joints strengthened
with SIFCON blocks were tested by Misir and Kahraman (2013) [32]. For S1 specimen,
average concrete strength was 10 MPa for beam-column joint at the test day. Beam and
column longitudinal rebars with 8- and 10-mm diameters had 402 MPa and 411 MPa yield
strengths, respectively. Axial load was applied under 15% of column axial load capacity
during cyclic reversals. Lateral cyclic displacements were applied at the top of the column
with increasing amplitude from 0.15% to 3.5% drift ratios. During the test, first flexural and
diagonal cracks were observed at 0.15% and 0.75% drift ratios, respectively. Shear cracks
increased and expanded in the joint panel at 1% drift ratio. At 1.75% drift ratio, concrete cone
developed, detached from the specimen and severe pinching was observed following 0.75%
drift ratio due to shear deformations. Lateral strength of the specimen was reached at 0.5%
drift ratio and test was continued up to third the cycle of 3.5% drift ratio at which specimen
showed heavily damage state.

Figure 7 shows the hybrid models with different mesh sizes as Model-A and Model-B for
beam-column joint specimen (S1). Nonlinear concrete trusses in the vertical and horizontal
directions account for tension stiffening effects. Inclination angle of diagonal elements with
respect to horizontal axis is considered as 46°. Nonlinear truss model is connected to force-
based beam-column elements with rigid elements as shown in Figures 7 (a) and (b). The
lateral force— displacement responses for experimentally measured and cyclically computed
using numerical simulation model are compared in Figure 8 (a) and (b). Both models
computed stiffness degradation as well as pinching in a good agreement with cyclic behavior
of specimen (Figure 8c) and the failure mode is captured with the diagonal concrete crushing.
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Figure 6 - Geometry and reinforcing details of unreinforced beam- column joint for (a)
S1 specimen tested by Misir and Kahraman [32], and (b) Unit 4 tested by Pantelides et
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Figure 7 - Numerical simulation models for S1 specimen (a)Model A and (b) Model B
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Figure 8 - Comparison of measured and computed responses for S1 specimen and (a) Model-
A, and (b) Model-B and (c) lateral load-drift ratio relationships for S1 specimen [32]

Pantelides et al. (2002) [33] tested six exterior full-scale beam-column joints with different
details of beam reinforcement and axial load ratios. For Unit-4 specimen shown in Figure 6b,
average concrete strength was 31.6 MPa at the test day and beam and column longitudinal
rebars with 25- and 29-mm diameters had 469 MPa and 458.5 MPa yield strengths,
respectively. Axial load was applied under 25% of column axial load capacity during cyclic
reversals. During the test, first yield in longitudinal reinforcement was observed and initial
significant cracking in the joint was observed at at 0.5% and 1.5% drift ratios, respectively.
Shear cracks increased and expanded in the joint panel at 2% drift ratio. At 5% drift ratio,
significant spalling in concrete occurred. Figure 9 (a) shows the hybrid models for Unit-4
beam-column joint specimen tested by Pantelides et al. [33]. The lateral force— displacement
responses for measured and monotonically and cyclically computed using numerical
simulation model are compared in Figure 9(b). The failure mode observed in the case study
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is captured with the diagonal concrete crushing. The peak strength in numerical model is 1.2
times the experimentally measured.

Horizontal load (kM)

Model (Cyclic)
Model(Mono)
— ——Unit4

5 4 3 -2 1 0 1

Drift ratio(%)

2 3 4 H 6

(b)

Figure 9 - (a) Numerical simulation model, and (b) Comparison of measured and
computed responses for Unit 4 specimen (Pantelides et al., 2002) [33].

4. ANALYSIS OF FRAME STRUCTURES

Seismic performance of existing reinforced concrete buildings with unreinforced beam-
column joints is investigated by analyzing hybrid models (H) and a rigid model (R) using
incremental dynamic analysis (IDA) approach by Vamvatsikos and Cornell [34]. Incremental
dynamic analysis approach (IDA) relates damage measures (inter-story drift ratios (Omax),
rotations etc.) with corresponding intensity measures such as 5% damped spectral
acceleration at first-mode period (Sa (Ti, 5%)). In this approach, one or more unscaled
ground motion records (accelerograms) are selected and multiplied by a scale factor S, (T,
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5%). Accelerograms are scaled so that S, is increased by 0.1g and IDA curves are obtained
by plotting (Omax; Sa (T1, 5%)) pairs. In this study, incremental dynamic analyses (IDA) were
performed by using Duzce (Turkey, 1999), Parkfield (USA, 1966) and Imperial Valley
(USA, 1979) unscaled earthquake records shown in Figure 10 (PEER Strong Ground Motion
Database, 2019) [35].
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Figure 10 - Unscaled earthquake records for the incremental dynamic analyses [35]

Structural analysis models have similar longitudinal bar ratios and material strengths with S1
specimen and structural plan of the buildings as well as geometric details are shown in Figure
11. Calculated expected design loads based on tributary areas for a 4- story frame model is
shown in Figure 12. Rayleigh damping corresponding to 5% critical damping in the first and
second modes is applied. Floor masses are assigned to the intersections of joint nodes and
truss model and equal dof is assigned to the nodes at each story level. Four-story hybrid (H4)
and six-story hybrid (H6) models have 1.16 sec and 1.72 sec fundamental periods (T1),
respectively.
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IDA curves are obtained with respect to the nonlinear dynamic analysis results. IDA
procedure is repeated based on FEMA 350 (2000) [36] until the slope between consecutive
points on IDA curve is less than 0.2 S., where S. is the slope in elastic part. IDA curves in
Figure 13 depict the relation between maximum inter-story drift ratios and spectral
acceleration of the building for the amplitude scaled earthquake records. R4-P model with
rigid joints reached a relatively lower drift ratio (2.5%) than H4-P model (4.2%) at same
spectral acceleration (Sa (T;) = 0.37 g). Figure 14 shows the roof displacement and
corresponding base shear for structural models. Calculated maximum base shear for 4- and
6- story hybrid models are 106.5 kN and 86.1 kN, respectively. However, 4-story model with
rigid joint assumption (R4-P) computed the maximum base shear as 198 kN which is
approximately 2 times the base shear for hybrid models.
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Figure 13 - IDA curves for 4- and 6 story structural models
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Figure 14 - Base shear- roof displacement relation for 4- and 6- story structural models
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5. EVALUATION OF PERFORMANCE LIMITS

Performance-based seismic design approach provides numerical estimation of damage in
structural elements subjected to earthquake loading. Acceptable damage limits are stipulated
to be compatible with the anticipated performance levels for different intensity levels of
earthquakes by codes. Performance levels for a structural element are defined as immediate
occupancy (10), life safety (LS) and collapse prevention (CP) for rotation-based defined in
ASCE/SEI 41 (2006) [37] or strain-based limit states in Turkish Building Earthquake Code

(TBEC-2018) [38].
The generic normalized force-deformation ratio relation and the performance limit states

corresponding to certain deformations for a ductile structural element are shown in Figure 15

[37]. In this figure, line AB is the linear response up to effective yield point B while line BC
represents the increase in strength due to strain hardening up to strength of the element C.
Significant strength degradation is represented by line CD and residual strength at point E.
The values in life safety (LS) performance level should be 0.75 times the deformation at point
C which corresponds to collapse prevention (CP) performance level as given in [37].

A (@] LS
¢ ﬁ cP
B —-——}-C

8 — \
e | \
o I|I I'\II

s \

@ I|I I\I

E | \

2/ \ E

IIII DI
A Deformation or deformation ratio

Figure 15 - Generalized component force-deformation relations [37]

Normalized moment- column rotation relationships of a ground story column for 4- and 6-
story hybrid and rigid structural models are shown in Figure 16. Plastic chord rotations for
performance levels of columns are summarized in Table 1. Besides, column performance
limit states corresponding to axial load ratios for 4- and 6- story models are defined by Table
6.8 in ASCE/SEI 41 [36] and include only plastic rotations as shown in Table 1. Models with
hybrid connections predicted lower plastic rotations for RC columns than ASCE/SEI 41
(2006) provisions for IO and CP performance levels. Model with rigid joints have 2.5 times
higher plastic rotation values for RC columns compared to ASCE/SEI 41 (2006) limits. In
hybrid models, based on the strength degradation of beam-column joints with diagonal
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cracking, lateral loads of the structural system as well as column moment capacity are
reduced.

Table 1 - Comparison of predicted RC column rotation-based limits for models and
ASCE/SEI 41 [37] provisions

Plastic rotations (rad

Model Plastic rotations (rad) (Models) (ASCE/SEI 4 1() )
10 LS CcP 10 LS cpP

H4-pP 0.003 0.010 0.017 0.004 0.0135 0.017
H4-D 0.003 0.009 0.015 0.004 0.0135 0.017
R4-P 0.008 0.033 0.048 0.004 0.0135 0.017
H6-P 0.003 0.008 0.013 0.003 0.012 0.015
H6-D 0.0025 0.006 0.010 0.003 0.012 0.015

*10: immediate occupancy, LS: life safety; CP: collapse prevention performance level

o
oo
T

3
£ o6
= —%—H4-P
—b—H6-P
047 —8—H4-|
e H-|
02 H4-D
H6-D
—6—R4-D
B . : . . .
0 0.01 002 003 004 0.05

Column plastic rotation

Figure 16 - Normalized moment-column chord rotations

Strain-based performance limits for seismic evaluation of reinforced concrete members are
stipulated by Turkish Building Earthquake Code (TBEC-2018) [38]. Concrete and
reinforcing bar strains for collapse prevention limit state are expressed by the equations
below:
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£ =0.0035+0.07Jw_, <0.018 @)

_ ome
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where «, is the coefficient of effectiveness for transverse reinforcement, O, . is the

minimum volumetric ratio of transverse reinforcing bar, /. and /., arethe expected yield

ywe

strength of the transverse reinforcement and concrete, respectively.

Bl
‘ 6b, )\ 28, )\ 2k,

£ =045, %)

For life safety (LS) and immediate occupancy (IO) limit states concrete and reinforcing bar
strains are defined as [38]:

" =0.75¢, " and g =0.75¢," ®)

.19 =0.0025 and £”=0.0075 ©)

Strain-based performance limits for column shear force ratios greater than 1.3 should be
decreased by 50% of the strain limits defined in TBEC (2018) [38]. The tabulated maximum
strains in Table 2 for hybrid and rigid models are computed using the strain-column chord
rotation plots shown in Figure 17 and were compared with the strain limits with the decreased
limits in TBEC (2018) for columns at the ground story. Computed strains for models with
rigid beam-column joint assumption (R4-P) have higher values than hybrid models.

Table 2 - Computed maximum strains in hybrid and rigid joint models for corresponding
performance levels

Performance| Cover concrete|Core concrete| TBEC (2018) |Reinforcing bar| TBEC (2018)
levels Hybrid| Rigid |Hybrid| Rigid Concrete Hybrid | Rigid |Reinforcing bar
10 0.0013] 0.002 {0.0011|0.0016 0.00125 0.00120.0022 0.0037
LS 0.001810.0049{0.0014|0.0048 0.00675 0.00150.0079 0.018
cp 0.0023| 0.005 (0.0019| 0.007 0.009 0.0019| 0.011 0.024
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Figure 17 - Predicted column chord rotations and corresponding strains for (a) cover
concrete, (b) core concrete and (c) reinforcing bars

6. CONCLUSIONS

This paper has presented a hybrid numerical model for performance-based seismic evaluation
of columns of existing reinforced concrete buildings with non-seismically detailed beam-
column joints. Hybrid numerical model including truss and fiber-based models has been
validated with two exterior beam-column joint tests subjected to cyclic loading. Numerical
model has simulated the observed joint behavior with crushing of diagonal elements at the
joints. Developed four and six story frame models have been analyzed by performing
nonlinear incremental dynamic analyses. Rotation-based performance limit states for RC
columns of non-ductile frames have been investigated and compared with ASCE/SEI 41
(2006) provisions. Besides, strain-based limits have been obtained for cover concrete, core
concrete and reinforcing bar strains of reinforced concrete columns at the ground story and
compared with TBEC (2018) provisions. The results showed that plastic rotations and
corresponding concrete and reinforcing bar strains of columns have relatively lower values
than the code provisions for life safety (LS) and collapse prevention (CP) performance limits.
Modeling non-ductile RC frames with rigid joint assumption has led to an underestimation
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in damage levels of members. Further numerical studies should be performed considering
bond slip of beam reinforcing bars in interior joints and reinforcing material models
accounting for buckling and rupture. Also, performance limit states for beams and joints
should be performed by increasing the number of ground motion records in the scope of
future studies.

Symbols

a; = distance between axes of longitudinal bars which are supported with a tie leg [mm]
b = cross-section dimension between axes of ties confining the core area [mm]
B = post-yield hardening ratio

dp = longitudinal bar diameter [mm)]

Es = Young Modulus of reinforcing steel material [MPa]

fe’ = Compressive strength of unconfined concrete [MPa]

Jfee = Average (expected) compressive strength of concrete [MPa]

Jfex= Characteristic compressive strength of unconfined concrete [MPa]

Jfi= Tensile strength of concrete [MPa]

Jfy=Yield strength of longitudinal bar [MPa]

fywe= Average (expected) yield strength of transverse bar [MPa]

ho= cross-section dimension between axes of ties confining the core area [mm]
M = tension stiffening parameter

s =tie spacing [mm]

S (T1) = spectral acceleration at first-mode period [m/sn?]

T1= period corresponding the fundamental mode (sn)

ase = coefficient of effectiveness for transverse reinforcement

J =reduction coefficient

go= Compressive strain of unconfined concrete at maximum strength

&P = Compressive strain limit of concrete at collapse prevention limit state
& P = Strain limit of reinforcing bar at collapse prevention limit state
&n=normal strains in concrete

&= Ultimate compressive strain of unconfined concrete at maximum strength
&= Yield strain of longitudinal bar

Omax = maximum inter-story drift ratios
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Pshmin = minimum volumetric ratio of transverse reinforcing bar

pi = longitudinal reinforcing bar ratio

Wee =

mechanical reinforcing bar ratio of effective confinement
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