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ABSTRACT

Recent earthquakes have induced significant damage on reinforced concrete
(RC) school buildings due to seismically deficient details, which can cause
bonding failure between steel reinforcements and surrounding concrete due
to low confinements. To mitigate the failure mechanism, a proper modeling
method to capture the bond-slip efifects is needed. This study aims to
investigate hysteresis behavior of finite element (FE) models with three
bonding modeling approaches (perfect, linear-elastic and nonlinear-inelastic
bonding models) ior a seismically vulnerable RC school building frame. The
models were developed through three-step processes: (1) column model; (2)
beam-column joint model; and (3) frame model. To quantify the simulation
variation of bond-slip effects for key parameters of hysteresis curves
(effective stiffness, maximum strength, and energy dissipation), the
simulated responses were compared to the experimental results measured
from quasi-static cyclic loading tests in each modeling process. While the
perfect bonding model used by structural engineers overestimated all key

parameters (e.g., 53.7 % in energy dissipation) of the hysteresis curves, the



nonlinear-inelastic bonding models reproduced the most accurate hysteresis
behavior (less than 5.0 %). Based on this investigation, uses of improper
bonding models can exaggerate the seismic performance of the seismically
vulnerable RC frames.

Keywords: reinforced concrete (RC) frame; seismically deficient detail;

bond-slip effects; finite element (FE) model; perfect bonding model; and
nonlinear-inelastic bonding model.



1. Introduction

On October 31, 2002, an M,, 5.9 earthquake hit the Molise region of
Southern Italy causing severe damage to school buildings with reinforced
concrete (RC) frame structures with seismically deficient details. An
elementary school in the San Giuliano area collapsed, which resulted in the
deaths of 27 students and one teacher; thus, there is an increasing need to
raise social awareness about the seismic safety of school buildings [1]. On
May 12, 2008, the My, 7.9 Wenchuan earthquake in China's Sichuan Province
led to approximately 69, 200 deaths, 18,000 missing persons, 374,000
injuries, and displaced approximately 4.5 million people with damage to
millions of buildings, thereby culminating in a large-scale disaster. Building
structure types identified in affecizd areas included RC, unreinforced
masonry (URM), and general masonry structures, with severe damage and
collapse reported in some RC buildings. Several school buildings collapsed,
resulting in significant casualties among students and staff. In the Xuankou
High School located in Yingxiu Town near the epicenter, three RC frame
buildings collapsed completely, while two collapsed partially. Buildings with
larger classroom spans experienced more concentrated damage, while
dormitories and office buildings with relatively smaller spans suffered less
damage [2, 3]. On November 15, 2017, an My, 5.4 earthquake occurred in
Pohang, Gyeongsangbuk-do, South Korea, causing property damage totaling
97.1 billion won (53.2 billion won across 404 public facilities and 44 billion

won across approximately 38,000 private facilities) [4]. Further, 1,797 and



135 people were displaced and injured, respectively. This earthquake not
only caused primary damage such as interior and exterior wall destruction,
fence collapses, and exterior material detachment but also frequent
secondary damage from aftershocks, with damage concentrated in school
buildings and low-to-mid-rise multifamily residential buildings with piloti-
type structures. In school buildings, various damages, including column and
wall damage, and the detachment of windows and exterior materials, were
identified. These damages were attributed to non-seismic details: (1) large
spacing of small-diameter transverse reinforcement, (2) 90-degree L-shaped
corner hooks for rectangular column ties, and (3) excessive cover thickness.
Previous numerical and experimental studies 5 11] demonstrated that such
seismically-deficient details led to brittie failure modes including significant
shear damage and bonding failure in columns and beam-column joints. In
particular, the low confining pressure produced from the low transverse
reinforcement ratio in beam-column joints can lead to reduction of shear
resistances in panel zones and bonding capacities between steel reinforcing
bars and surrounding concrete. These failure modes contributed to
significant reduction of the lateral resisting capacities and increase in story
drift in a specific zone [5, 6, 9]. Additionally, the seismically vulnerable RC
frames designed for gravity load only have weaker columns than adjacent
beams. This results in weak column-strong beam system (WCSB). The WCSB
system in the existing RC frame buildings is one of the main reasons leading

to a soft story mechanism (damage concentration in a specific story), which



has been widely observed from previous earthquake damage cases [12]. As
such, the failure modes observed in seismically vulnerable school RC frame
buildings need to be modeled and simulated to accurately estimate the

seismic performance assessment [13, 14].

Existing RC buildings are vulnerable against earthquakes caused by
inadequate seismic design provisions, with various issues in columns and
beam-column joints. The shear capacity reduces when column ties are not
properly arranged or have wide spacing, which can potentially cause brittle
failure before the designed flexural capacity can be achieved. Further, if
shear reinforcement is insufficient, it can decrease the buckling resistance
capacity of the columns, thereby reducing the stability of the entire structure
and accelerating column damage when exposed to high seismic loads [15-19].
The beam-column joints with non-seismic details include two major issues:
(1) inadequate transverse and vertical shear reinforcements leading to shear
failure of the joint core by diagonal tension, and (2) insufficient anchorage
capacity resulting in bond failure between surrounding concrete and steel
reinforcing bars. Previous studies conducted the seismic performance
assessment of RC structures with seismically deficient details. Many of these
studies employed macroscopic analysis-based methods. For example, Lowes
& Altoontash (2003) [20] proposed a modeling method for beam-column
joints using four-node 12-degree-of-freedom element to capture shear
failure in joint cores and anchorage failure of beam and column longitudinal

bars embedded in the joint. Sharma et al. (2011) [21] developed a principal



tensile stress-based modeling approach for poorly detailed exterior joints to
consider axial loads on columns. Khan et al. (2011) [22] simplified a joint
model using a zero-length link element and moment-rotation lumped
plasticity hinge introduced at the intersection between beam and column
elements. De Risi et al, (2016) [23] utilized a lumped plasticity approach
simulating shear behavior of the beam-column joint and calibrated it based
on their experimental results. They implemented the joint model to non-
ductile RC frame and investigated the effects of joint modeling approaches
(rigid joint model vs. proposed model) on the seismic responses. Although
macroscopic analysis-based methods can help understand the global behavior
of structures due to their computational efficiencies, they cannot effectively
reflect the nonlinear characteristics of individual members, shear-governed
members, and joint behavior without a modeling method with zero-length
springs derived through complicated calculation processes. These methods
make it difficult io predict shear strength and stiffness degradation
accurately and constrain the implementation of load redistribution and
hysteretic behavior following shear failure [24-26]. These limitations can be
overcome through finite element analysis (FEA), which uses a microscopic
modeling approach. The FEA can precisely model the behavior of individual
components, making it effective in capturing complicated nonlinear behavior

in RC structures.

Accordingly, research on earthquake-vulnerable RC structures focuses on

precisely modeling complicated nonlinear behavior, which includes shear



failure and beam-column joint interactions. For example, Kwak and Filippou
(2009) [27] established the foundation for joint modeling by presenting the
nonlinear behavior of beam-column joints as an FE model. Shin (2012) [13]
revealed the impact of the bond-slip effect on ductility degradation in
structures, whereas Amirkhani and Lezgy-Nazargah (2014) [28] improved the
accuracy of reinforcement modeling by analyzing the confinement effect of
reinforcement. Mu-Zi Zhao et al. (2020) [29] developed an FE model that can
precisely predict cyclic behavior by performing nonlinear static analysis on
RC columns and concrete-filled steel tube (CFST) using various concrete
models and comparing them with experimental results. Lucchini et al. (2017)
[30] simulated the shear failure of RC columns with nonductile details
through a 3D-FE model, reproducing the damage pattern of shear-controlled
columns’ shear failure by reflecting the process where stirrups deform after
the spalling of concrete cover, reinforcement becomes unstable, and the
confinement effect i1s lost. Xing et al. (2015) [31] proposed an FE model for
predicting the seismic performance of RC beam-column joints considering
the pinching effect, reduction in compressive strength, and changes in
strength and ductility according to confining pressure. Domizio et al. (2017)
[32] modeled the nonlinear dynamic response of RC structures using FE
models and compared and verified them with experiments, while Paudel et

al. (2021) [33] demonstrated that nonlinear analysis applying the continuous

surface cap model (CSCM) using LS-DYNA can more precisely predict load-

displacement relationships and failure patterns. Bhusal et al. (2023) [34]



presented methods for improving seismic performance to compare various
retrofit methods (CFRP, steel, and RC Jackets); they precisely modeled the
behavior of columns and beam-column joints of RC structures using FEA
methodology based on previous research and accurately analyzed the

complicated behavior of structures based on experimental results.

This study aims to investigate bond-slip effects between reinforcing bars
and surrounding concrete for seismically vulnerable RC frame models with
various bond-slip modeling methods. This is intended to demonstrate the
effects of bonding modeling methods on seismic performance of seismically
vulnerable buildings because structural engineers mostly model the RC
structures assuming perfect bonding conditions between the steel rebars and
the surrounding concrete. To accomplish this research goal, the FE frame
model was developed and validated with experimental results in three-step
development process. 'irst, the FE column model was developed to reflect
shear and flexural failure modes at an element level, and a complicated
failure mechanism was reproduced with a beam-column joint at a system level.
Subsequently, the proposed and validated modeling methods were
implemented in a two-story RC frame model. The frame model was modeled
with the three different bond-slip modeling approaches: (1) perfect bonding
model (merged node), which has been assumed by structural engineers in a
practice; (2) linear-elastic bonding model (constrained beam in solid penalty,
CBISP), which captures bond-slip effects in a linear-elastic region; and (3)

nonlinear-inelastic bond-slip condition (constrained beam in solid function,



CBISF), which captures realistic bonding behavior. The numerical results
simulated from the FE frame models with the various bonding modeling
methods were compared to the experimental results measured from the
quasi-static cyclic test of an RC frame specimen with respect to effective
stiffness, maximum strength, and energy dissipation capacity to quantify the

simulation variations for each bond-slip modeling approach.

2. Full-Scale RC School Building Experiment

2.1 Overview of the Physical Experiment
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Figure 1. Typical Non-Seismic Details of Columns and Beam-Column Joints
(unit: mm)

A quasi-static cyclic loading test was performed on a two-story one-bay
RC frame specimen designed with non-seismic details. The RC frames used
in the experiment were designed based on Korea School Building Standards
established in the 1980s [35], which did not include seismic design
requirements, thereby resulting in inadequate reinforcement details in

columns (e.g., small-diameter transverse reinforcements, large spacing



between column ties, and 90-degree L-shaped corner hooks leading to less
confining pressure) and beam-column joints (e.g., less transverse
reinforcements in panel zones leading to shear failure) [36]. The
reinforcement details of these specimens with seismically deficient details

are presented in Fig. 1.

Fig. 2 shows a schematic view of RC test frame. Fig. 2(a) presents details
of the specimen, where the strain gauge locations are marked. The test frame
was designed and fabricated at a 2/3 scale based on 1980 standard school
building drawings in Korea [35], which have no consideration on seismic
design (i.e., only designed for gravity loads). Due to laboratory conditions
(e.g., limitations in space and equipment capacity), the test frame was scaled
down as listed in Table 1. The table suminarizes structural details on the full-
scale and scaled-down structures. The boundary conditions were assumed to
be fixed. Response measurements during the experiment were performed
through six linear variable differential transformers (LVDTs), eight strain
gauges, and five load cells, with LVDTs measuring the overall behavior of the
structure and strain gauges precisely measuring the strain of reinforcement
in columns and beam-column joints. Strain gauges focused on the joints of
columns and beams to analyze strain changes in these areas. This study
mainly focused on the developing and validating the FE frame model with
various bond-slip modeling approaches, and thus, the experimental results
measured from the load cells and LVDTs were utilized. The displacement-

based loading protocol is shown in Fig. 2(b). Lateral load applied to the



specimen was applied through an installed actuator using a displacement
control method, with the loading displacement expressed as an inter-story
drift ratio. The load was applied according to the nine steps of the story drift
conditions set based on the height to the loading point (3,583 mm). Further,
the actuator was applied at 2/3 of the loading frame to simulate the first mode
for lateral load, which enables force distribution. The displacement cycles
were applied in terms of drift ratios of the total specimen height, at +0.25 %,
+0.50 %, *0.75 %, *£1.00 %, *1.35 %, *1.70 %, *2.15 %, *2.50 %, and
+3.00 %. During the cycling loading test, a vertical load (=337.5 kN) was
constantly applied to the test frame Table 2 lists material properties of the

test frame. More detail information can be found in [37, 38]

Table 1 Geometric and reinforcement properties of prototype and scaled
specimen

Prof_rttgfpe (Full- . Ratio
Parameter A scale) Specimen (Scaled) (%)
Span length (mm) 4,500 2,950 65.5
Story height (mm) 3,300 2,150 65.2
Column cross-section 400%350 400%350 100
(mm)
Beam cross-section 190x450 190x450 100
(mm)
Coh}ljmn lpngltudmal D19 D16 69.3
ar diameter
Beam lc(i)pgltudlnal bar D19 D16 69.3
lameter
Table 2 Summary of material properties for a test specimen
Material Property Value (MPa)

Concrete Compressive strength 16.5
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(a) Schematic view of scaled RC test frame (unit: mm)
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Figure 2. Experimental setup of the RC frame: specimen details and loading
protocol
2.2 Experiment Results

Severe damage occurred in first-story column bases where the maximum
moment was formed after load application. Flexural cracks, vertical cracks
(i.e., bonding failure between longitudinal reinforcements and surrounding

concrete), and diagonal cracks (i.e., shear failure) expanded at the column



base. Fig. 3 shows that diagonal cracks, concrete spalling, shear failure, and
rebar exposure are observed at the first-story beam-column joints. The
analysis of the reinforcement strain revealed that bond failure occurred in
the upper reinforcements of the first-story column and beam at the joint. Fig.
4 shows that the strain degradation occurred with significant damage in
beam- column joints before reinforcement strain reached the yield strain of
the reinforcements (ey = 0.0024), which implies the occurrence of bond
failure. A developed FE model that can precisely describe these effects were
developed and verified based on crack patterns observed through these cyclic
loading test results and measured data (story drift and reinforcement strain)

in Section 4.

(a) Damage location

Figure 3. Damage Inspection of Test Frame
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3. Development and Validation of FE models in Element and System
Levels

3.1 Development and Validation of the Column Element

The numerical model of RC columns is developed using LS-DYNA [39],
which is a nonlinear FEA program. The model is constructed based on the
details of RC columns used in previous experiments [40], and Fig. 5 presents
the developed RC column model (column height = 1,400 mm and mesh size
= 50 mm). The mesh size of the FE model was determined based on the mesh
sensitivity analyses conducted from previous studies [13, 41, 42]. The
previous studies tested mesh sizes from 25 mm to 100 mm for the concrete
solid elements. To consider the simulated responses and computational time,
the mesh size was set up 50 mm. The bottom boundary condition of the
foundation was fixed in all directions, and the contact between concrete and
reinforcement was defined through CBISP (linear-elastic bonding condition

with frictional forces) [43] because the bond failure was not significant.



Axial load

D19
Longitudinal
rebar

Displacement

/9

1400mm D6 @ 52mm
Transverse

rebar

400mm

. 400mm

A-A’ Section View

A ]
Boundary gs” 'jw
condition i '

Figure 5. RC Finite Element Column Model

The Winfrith concrete model (Material Model #84) provided by LS-DYNA

is utilized as the concrete material model. This is a plasticity concrete

material model based on the Mohr-Coulomb behavior, which can enable a

consistent analysis under triaxial coinpressive and tensile load states and
suitable for precisely reproducing the tensile and compressive damage
characteristics of concrete. This model records up to three orthogonal crack
planes within each element and implements tensile damage mechanisms
through parameters such as crack width, fracture energy, and aggregate size.
Further, the Winfrith concrete model provides two strain rate options, which
can be set through the RATE parameter (RATE = 0 activates the strain rate
effect and RATE = 1 deactivates it) [44]. In this study, the strain rate effect

was deactivated considering the quasi-static loading conditions.
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Figure 6. Stress-Strain Relationship of Winfrith Concrete Model

Fig. 6 shows the stress-strain relationship of concrete elements under

uniaxial loading. The compression model exhibits elastic-perfectly plastic
behavior with ultimate strain (e.,) at failure. The tension model shows an
elastic softening behavior with failure strain (gy). The tension softening
behavior is determined by the parameter fracture energy (FE). In addition, FE
is defined as the fracture energy when the strain rate effect is included. The
Winfrith concrete model is a smeared crack plasticity-based constitutive
model, which captures crack initiation and propagation through adjusting the
stress-strain relationship once a tensile stress is reached at a threshold value.
Thus, the model reproduces stiffness reduction and pinching effect on
structural behavior. For reinforcement modeling, the PLASTIC KINEMATIC
(MATO003) model is applied to describe the elasto-plastic behavior [45]. The
elasto-plastic characteristics of reinforcement were modeled using the
modulus of elasticity, yield strength, and hardening ratios defined through
material tests. The ultimate strain of the reinforcement is set at 15 %. Table

3 lists the material properties applied to the column model.



Table 3 Material Properties of Concrete and Steel Rebar for RC Column

Concrete Steel Yield Strength (MPa)
Material Compressive EFRE
Strength (MPa) Longét;lgnal Transverse Rebar
Column 27.12 497 459.5

LS-DYNA provides various modeling approaches to consider the bonding
effect between reinforcement and surrounding concrete [46]. The merged
nodes method uses the same nodes for interaction between reinforcement
and concrete, with reinforcement elements aligned along the boundaries of
concrete elements. This method forms a perfect bond by having
reinforcement and concrete share the same nodes, ensuring that the
movement and rotation of both materials are coordinated at the same points.
This modeling method is most used in structural analysis and design practice
by structural engineers, which assumes integrated behavior between
reinforcement and concrete. This has the advantage of a short computational
time; however, it considers the bond between reinforcement and concrete as
a perfect bond, and the stiffness and strength mostly are overestimated. Bond
failure can significantly affect the stiffness and strength degradation of the
structure. Therefore, it is difficult to accurately predict the behavior of the

actual structure if this is not considered.

Instead of the merged node modeling method (perfect bonding condition),
the constrained beam in solid (CBIS) method is configured such that

reinforcement elements are constrained by the movement of the Lagrangian



continuum to move together, with each element being discretized
independently without sharing nodes. Reinforcement is considered an
element embedded in concrete solid, and the displacement is set to match
the displacement of concrete elements, expressing a perfect bonding
condition between two materials. However, this method has limitations in

directly reflecting the bond-slip effect.

To address these limitations, bond-slip modeling methods such as CBISP
and CBISF can be used, enabling a more precise implementation of bond
performance [47]. The CBISP method is a penalty-based coupling approach
that implements the interaction between reinforcement and concrete
elements through spring elements. Penalty springs are inserted between the
coupling points of beam and solid elements, and the spring stiffness adjusts
the magnitude of the coupling force based on the geometric mean of the bulk
modulus of the two materials. The CBISF method implements bond
performance based on the axial stress of the reinforcement and relative
displacement and describes the axial shear force caused by the slip between
the reinforcement node and concrete solid element. This method employs
user-defined functions to set resistance characteristics based on the slip, and
the acceleration and velocity of reinforcement elements are controlled
through constraint-based coupling conditions. Within the FEA model,
reinforcement and concrete elements are defined as slave and master nodes,
respectively, and the spring elements arranged in the axial direction are

located between the slave and master nodes. The slip of the reinforcement



occurs after the strain reaches the peak bond stress, and this relationship is

expressed by Equation (1).

T = Syax X e EXPXD (1)

where s, EXP, and D represent the maximum elastic slip, damage curve
exponential coefficient, and damage parameter, respectively. In such
interaction models, the precise setting of the bond-slip relationship is
important, and CEB-FIP (2010) [48] presents a simple formula to explain the

static bond-slip relationship.

e Pull-Out

Tmax | — — — — Splitting

Bond Stress (1)

-
i

Slip (s')
Figure 7. Analytical Bond Stress-Slip Relationship

In Fig. 7, Tpmax, Tf, and s; — s; represent the maximum bond stress, residual
bond stress, and slip parameters, respectively, and they play an important
role in defining each stage of the bond-slip relationship. The detailed
parameters of the static bond-slip relationship are listed in Table 4, and they

are configured to precisely implement the bond performance (bond-slip effect)



between reinforcement and concrete elements based on the bond-slip

function proposed by CEB-FIP (2010) and effectively reflect the load transfer

mechanisms.

Table 4 Parameters of Static Bond-Slip Relationship [48]

CEB-FIP Model Code (2010)

Pull-out (PO) Splitting (SP)
£s < &y g5 < &y
Parameter Poor Bond . Poor Bond .
Unconfined Stirrups
Thmax 5.08 MPa 5.08 MPa 5.08 MPa
Thu,split - 4.51 MPa 4.96 MPa
Sq 1.8 mm 1.33 mm 1.71 mm
S, 3.6 mm 1.33 mm 1.71 mm
S3 5 mm 1.60 mm 2.5 mm
a 0.4 0.4 0.4
Tpf 2.03 MPa 0 MPa 1.98 MPa
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Figure 8. Comparison of Hysteresis Behavior between Experimental and
Simulation Results for RC Column

Table 5 Experimental vs. Simulated Responses for RC Column

Modeling . . . Variation
Methods Parameter Experiment | Simulation (%)
Perfect Effective Stiffness

Bonding (kN/m) 17.69 22.4 26.6




(Merged Maximum Strength
Node) (kN) 260.5 285.56 9.74
Energy Dissipation
(kN-m) 71.64 71.17 0.66
Strength reduction 34.12 16.39 51.92
ratio (%)
Effective Stiffness
(kN/m) 17.69 18.30 3.45
Linear- Maximum Strength
Elastic (kN) 260.5 259.77 0.28
Bonding Energy Dissipation
(CBISP) (kN-m) 71.64 67.22 6.17
Strength reduction 34.12 27.24 20.14
ratio (%)

Fig. 8 compares hysteresis responses measured from the FE column
models to the experimental results. The hysteresis curves of the FE column
models with perfect (see Fig. 8(a)) and linear-elastic bonding conditions (see
Fig. 8(b)) were respectively simulated under the same static cyclic loading
conditions as the previous experiment. The effective stiffness, maximum
strength, energy dissipation capacity, and strength reduction ratio of the
simulation response were compared to the experimental results. These four
key parameters gained from the hysteresis responses have been widely used
to determine the lateral capacities. The energy dissipation capacity was
defined as the cumulative area enclosed by the hysteresis loops of the load-
displacement curves. The strength reduction ratio (%) was calculated using

equation (2).

Strength reduction(%) = (M) x 100 (2)

max



where Fp., and Freqqua represent the maximum strength and residual
strength, respectively. The residual strength was assumed to be 80 % of F,,4x

as specified in FEMA 356 [49].

Table 5 lists the simulation variation between experimental and simulated
responses. The FE column model with the perfect bonding condition (merged
node) overestimated the effective stiffness, maximum strength, and strength
reduction ratio than the FE column model with the linear-elastic bonding
condition. This is because the perfect bonding modeling approach (called
merged node) does not allow no relative displacement between concrete and
reinforcement mesh nodes (i.e., sharing nodes between concrete and
reinforcement using infinite stiffness). As efiective stiffness plays a critical
role in determining the lateral displacement within an elastic range, the
perfect bonding modeling approach (overestimated 26.6 % of effective
stiffness than the experimental result) can exaggerate the lateral resisting
capacities of the coclumns under low to moderate seismic hazards. However,
the linear-elastic bonding condition (CBISP) simulated frictional force
between surrounding concrete meshes and reinforcements, and thus the
simulation variation of the FE model was less than 10 % for the effective
stiffness, maximum strength, and energy dissipation capacity compared to
those of the experimental results. This investigation indicates that the lateral
resisting capacity can be overestimated depending on the bonding modeling

approaches.



3.2 Development and Validation of Beam-Column Joint System

The numerical model of the RC beam-column joint was developed using
LS-DYNA and configured based on the detailed design of joints used in past
experiments [50]. In this model, the column height, beam length, and mesh
size were set as 2,460, 4,500 and 50 mm, respectively. The key material

properties of each component are summarized in Table 6.

Table 6 Material Properties of Concrete and Steel Rebar for Beam-Column
Joint

Concrete Steel Yield Strength (MPa)
Material Compressive Longitudinal Transverse
Strength (MPa) Rebar Rebar
Column 30.3 473 252
Beam 30.3 473 252

The material models were applied identically to the column element
model validated in Section 3.1. Concrete was modeled using the Winfrith
concrete model to represent nonlinear compressive and tensile behavior, and
the reinforcement was modeled using the PLASTIC KINEMATIC model for
reproducing elasto-plastic behavior. A previous test for the beam-column
joint specimens did not measure the bond-slip effect through observing the
rebar strains focused on the visible damage inspection and hysteresis
behavior. The contact model between concrete and reinforcement was
defined using the CBISP method, thereby assuming linear-elastic bonding
behavior without bonding failure. Boundary conditions were identically set to

the experimental conditions. The bottom of the column was configured as a



pinned support, and both ends of the beam were configured as simply
supported conditions to describe the experimental environment. In this model,
vertical and horizontal loads of 60.6 and 300 kN were applied using a
hydraulic jack. Rigid elements were placed at the top of the column to ensure
that vertical and displacement loads were transferred evenly, and the
deformation behavior of the joint was modeled to match the experimental
conditions. Fig. 9. provides details of the geometric configuration and

boundary conditions of the model.
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Figure 9. RC Beam-Column Joint Model Details
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Figure 10. Comparison between Experimental and Simulation Results for
RC Beam-Column Joint
Table 7 Experimental vs. Simulated Responses of Beam-Column Joint

Modeling . - . Variation
Methods Parameter Experiment | Simulation (%)
Effective Stiffness '
(kN/m) 1.85 2.34 26.49
Perfect Maximum Strength -
Bonding (kN) | 53.62 68.80 28.3
(Merged Energy Dissipation
Node) (kNm) _ 14.83 15.69 5.8
Strength reduction 14.29 10.03 29.82
ratio (%) ' ' '
Effective Stiffness
(kN/m) 1.85 2.12 14.59
Linear- Maximum Strength
Flastic (kN) 53.62 66.67 24.34
Bonding Energy Dissipation
(CBISP) (kN-m) 14.83 14.4 2.9
Strength reduction 14.29 10.45 26.84
ratio (%)

Fig. 10 shows comparison of hysteresis curves between simulated and
experimental results. Fig. 10(a) compares the simulated response gained
from the FE model with the perfect bonding condition (merged node) to the
experimental result. The simulated responses computed from the FE model

with the linear-elastic bonding condition (CBISP) were compared to the



experimental results in Fig. 10(b). Table 6 lists the simulation variation of
effective stiffness, maximum strength, strength reduction ratio, and energy
dissipation capacity for the perfect and linear-elastic bonding conditions. As
similar to the FE column model in Section 3.1, the FE beam-column joint
model with the perfect bonds has larger simulation variations in the effective
stiffness (21.08 %) and maximum strength (28.3 %) compared to the FE
model with the linear-elastic bonds. This is attributed to the bonding
characteristics of the perfect bonding conditions sharing mesh nodes
between surrounding concrete and reinforcement using infinite bonding
stiffness. Thus, the initial behavior of the FE model was exaggerated than the
real behavior. As shown in Fig. 10(b) and listed in Table 7, the FE joint model
with the linear-elastic bonding condition reproduced more realistic behavior
for effective stiffness, maximuin strength, energy dissipation capacity and
strength reduction ratio compared to the FE model with the perfect bonding
condition. However, the simulation variations in the effective stiffness
(14.59 %) and maximum strength (24.34 %) are still high, and these variations
can exaggerate the lateral resisting capacities. These simulation variations
were attributed to the bond performance between concrete and
reinforcement not being implemented sufficiently. A previous study
compared the numerical results between perfect bonding and proper bonding
conditions, and the perfect bonding condition overestimated the lateral
resisting capacities of structures, especially initial stiffness and maximum

strength [13]. The CBISP method utilized for the beam-column joint specimen



does not sufficiently reflect the actual slip of the reinforcement, only consider
interfacial frictions between reinforcements and surrounding concrete. This
is because the CBISP is a linear- elastic modeling method continuously
increased the bonding stress with the increase in the rebar slip, i.e., the
method cannot consider bond-slip failure (bond stiffness and strength
degradation) after reaching the maximum bond stress. Therefore, improving
the accuracy of the model by modeling the bond behavior more precisely and
clearly reflecting the slip effects of the reinforcement is necessary for the

frame model.

4. Development and Validation of the Frame Unit FEA Model

4.1 Development of the FEA Model
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Figure 11. RC Frame Model Details

The non-seismic RC frame FE model of a two-story scale developed in this

study was configured based on the experimental research mentioned in
Section 2. The geometric form of the numerical model was configured

identical to the test specimen, and the bottom of the foundation of the model



was set with fixed boundary conditions that restricted displacement and
rotation in all directions to reflect support conditions of the experiment. Fig.
11 shows the specific configuration of the two-story non-seismic RC frame
model developed using LS-DYNA. Material models used in the model were
configured to be identical to the concrete and reinforcement material models
used in Section 3. Concrete was modeled using solid elements with a 50 mm
mesh, and reinforcement was modeled with beam elements of the same size.
The Winfrith concrete model (Material 84) was applied to concrete, and the
PLASTIC KINEMATIC model (Material 003) was applied to the reinforcement.
The vertical load was set based on the axial load conditions used in the
experiment, and an axial load of 337.5 kN was applied to the top-floor beam.
The load was distributed evenly across the entire area of the top-floor beam
through rigid elements. The lateral load was applied based on loading device
displacement, and the initial lateral load started from an interstory drift ratio
of 0.25% (10.75 mm) and increased up to 3% (129mm) over nine steps. The
displacement magnitude of the lateral load for each step is presented in Fig.
12 In addition, the application of the lateral load is based on the first mode
shape, which is the same as in the experiment, and the loads are applied to

the first and second floor joints at a ratio of 1:2, respectively.

Three bonding modeling approaches provided by LS-DYNA (merged
nodes, CBISP, and CBISF) were applied to the frame model in this study for
investigating the bond-slip effect. A comparative analysis was conducted

based on the hysteresis curve. The merged nodes method assumed a perfect



bond condition by combining reinforcement and concrete with the same
nodes, effectively predicting initial behavior; however, it has limitations in
reflecting proper interfacial friction in the initial stiffness (infinite bonding
stiffness between reinforcements and surrounding concrete in the merged
node method) and bond strength reduction after bond failure and long-term
structural deformation. The CBISP method captures bonding effects with the
penalty spring between the beam and solid elements. This method only set
the stiffness of the penalty spring, and therefore the bond stress continuously
increases in accordance with the rebar slip without any bonding failure. The
CBISP method has limitations in precisely describing the bond failure

behavior observed in experiments.

To overcome these limitations, this study applied the CBISF method,
which can model the realistic bonding stress-slip relationship. The CBISF
method precisely modeis the interaction between reinforcement and concrete
and implements bond failure through the process of decreasing bond stress.
An appropriate definition of the bond-slip relationship is essential to model
such bonding behavior, and CEB-FIP (2010) [48] and Shi et al. [51] proposed
the bond-slip relationship explained in Section 3.1. Based on the relationship,
the bond-slip behavior was defined using the parameters specified in CEB-

FIP model code, and modeled using the CBISF model as shown in Fig. 11.

Fig. 12 shows the reinforcement location where the CBISF method is

applied, bond model implemented through LS-DYNA, and the bond stress-slip



relationships computed from the CEB-FIP model code (2010) and the CBISF
method. The bond stress-slip relationship was computed from the model code
assuming a splitting failure mode with a poor bonding condition (see Table
4). The CBISF model is applied to the main reinforcement of the first-story
columns because the previous experimental research showed that bond
failure occurring in the first-story columns significantly affected the stiffness
and strength degradation of the entire structure [37]. Precisely describing
the bonding effects in the first-story columns enabled increasing consistency
with actual structural behavior. The CBISP method was applied to the
remaining reinforcement except for the longitudinal reinforcements in the
first-story columns to secure computationa! efiiciency in the analysis. This
differential modeling approach considered the bond failure characteristics
based on the position of the reinforcement, and it aligned with the research
objective of more precisely predicting the structural behavior observed in
experiments. The mocel applied to implement the bond-slip effect is based on
the CEB-FIP model code (2010) explained earlier, and the resulting bond
strength increased proportionally with slip within the elastic range (slip in
elastic range = 1.71 mm) and decreased exponentially as the slip increased

after reaching the maximum value (Typax = 5.08 MPa).



1 = CBISP implemented to all rebars except for longitudinal rebars of the first-story columns
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4.2 FEffect of Bond-Slip Modeling Method
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Figure 13. Comparison between Experimental and Simulation Results for

RC Frame with Various Bonding Models
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Various bonding modeling approaches were applied based on the FE
model developed in Section 4.1, and the numerical analysis results were
compared to the experimental results. The modeling methodology that could
most appropriately reproduce the experimental behavior was derived based
on the comparison results. Fig. 13 compares the hysteresis curve obtained
from the experiment with the simulation results of the FE models with the
various bond-slip modeling methods. As shown in Fig. 13, the pinching
behavior for the simulated responses was underestimated than the
experimental results. This is mainly due to the characteristics of the Winfrith
concrete model utilized in this study. For the concrete model, the tensile
cracks opened due to tension forces were healed during subsequent
compression, and softening effects in the concrete material were not
considered after compression failure [29, 52]. Fig. 14 displays the envelope
curves of the experimental and simulation results to compute the energy
dissipation capacities. The energy dissipation capacity of a structure has a
considerable impact on energy-based seismic design and is one of the
elements representing structural performance. This value was affected by the

nonlinear behavior of individual structural elements that constitute the entire



system. Previous studies [53-57] verified that the structural performance was
consistently determined using energy-based damage limits rather than drift-
based damage limits. The energy-based limits were highly correlated to the
structural parameters. In this study, only one repetition was performed for
each step where periodic loading was applied to ensure the efficiency of
analysis time, thereby limiting the direct comparison between experiment
and analysis. Accordingly, as shown in Fig. 15, the total dissipated energy
was calculated by summing the areas of the outlines of the hysteresis curves.

The value was calculated according to a following equation.

E=XYo1P X4y, (3)

where P and A, represent the load on the outline and infinitesimal

displacement at that point, respectively.

Fig. 15 and Table £ summarized the quantitative comparison results of
the hysteresis curves between the experimental and simulation results for the

effective stiffness, maximum strength, and energy dissipation capacity.
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Table 8 Comparison between Experiment and Simulation for Bond-Slip
Modeling Method

Modeling

; . . Variation
Method Parameter Experiment | Simulation

(%)

Effective

Stiffness 7.95 7.31 8.05
(kN/m)

Merged Maximum
Nodes Strength (kN) 207.51 286.64 38.1

Energy

Dissipation 75.87 116.59 53.7
(kN'm)

Effective

Stiffness 7.95 8.09 1.76
(kKN/m)

Maximum
CBISP Strength (kN) 207.51 264.28 27.4

Energy

Dissipation 75.87 106.15 39.9
(kN-m)

Effective

Stiffness 7.95 7.69 3.27
(kKN/m)

Maximum
CBISF Strength (kN) 207.51 192.25 7.36

Energy

Dissipation 75.87 76.43 0.7
(kN-m)




Fig. 13(a) indicates that the merged nodes method showed a tendency to
significantly overestimate the maximum strength. The maximum strength
measured in the experiment was 207.51 kN; however, in the simulation, it
showed a value of 286.64 kN, which was approximately 38.1 % higher (see
Fig. 15 and Table 8). In addition, the energy dissipation capacity of the FE
model with the merged node modeling method was approximately 53.7 %
higher than experimental results shown in Fig. 16. This is because the
merged node method modeled the individual steel and concrete elements as
the integrated elements, and they were resisted altogether against the failure
without the bonding effects between two different ciements. The merged
node method showed that there was a possibility of inaccurately predicting

structural behavior attributed to the problem of excessive load transfer.

As displayed in Fig. 12(h), the CBISP method recorded a maximum
strength of 264.28 kN in the simulation results, which was a 7.8% decrease
compared to that of the merged node method, which showed results closer to
the experimental results. This method recognized reinforcing bars and
concrete as independent members, which were configured such that load
transfer to the other member was limited when one member was destroyed.
Consequently, the overall structural behavior showed patterns closer to the
experimental results compared to the FE model with the merged modeling
method. However, it showed maximum strength and energy dissipation of
27.4 % and 39.9 % higher than those of the experimental results, respectively

(see Fig. 15 and Table 8), which can be attributed to the excessive load



transfer compared to the experimental results because the stiffness of the
penalty spring expressing the bond between the reinforcing bars and
concrete was calculated based on the geometric mean of the bulk modulus of

the two elements.

The CBISF method showed the most similar response to the experimental
results compared to other modeling methods as shown in Fig. 13(c). The
effective stiffness showed an error of 3.27 % (see Fig. 15 and Table 8)
compared to the experimental value, and the maximum strength was
recorded at 192.25 kN, which was 7.36% lower than that of the experimental
value. The energy dissipation was very close to the experimental results with
0.7 % simulation variation (see Fig. 15 and Table 8). This can be interpreted
because of effectively reflecting the bond failure behavior (i.e., bonding
behavior with strength reduction). Based on the quantitative comparison of

the FE models, the CBISF method is the most suitable to capture the actual
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Figure 16 Comparison of crack patterns and stress contours for different
bond modeling approaches

Fig. 16 shows crack pattens and stress contours created from the FE
frame models with the perfect (merged node), linear-elastic (CBISP) and
nonlinear-inelastic (CBISF) bonding modeling methods. This is intended to
clarify the effect of the bonding modeling methods on the structural behavior.
The relevant images were captured at the identical loading step (2.14 % of
inter-story drift ratio, 7th loading step). In Fig. 16 (a), the FE frame model
with the merged node limitedly appeared concrete cracks and local stress
concentrations around the steel reinforcements because the perfect bonding

method shares identical nodes between concrete and reinforcement elements



using infinite stiffness. For example, small amounts of flexure and shear
cracks in the first story column bases and beam-column joints were
reproduced and lower stresses were uniformly distributed than other
methods. This is one of the reasons for exaggerating the effective stiffness,
maximum strength and energy dissipation capacity computed from the FE
model with merged node compared to the test results as listed in Table 6. The
linear-elastic bonding modeling approach (CBISP method) connects the
nodes of the beam elements (steel rebars) to the surrounding solid elements
(concrete)using the penalty spring. As the two different elements have
independent degree-of-freedoms, the stresses were locally concentrated
around the steel elements. As shown in Fig. 1¢ (b), extensive cracks were
reproduced in the first-story column bases and beam-column joints. However,
the penalty forces were linearly increased and transferred to the elements
after concrete cracking because the model cannot capture the softening
effects in the slip displacement-bonding stress relationships between the
rebar and the surrounding concrete. As a result, the stresses were distributed
over the entire structure without significant stress concentrations. This
bonding characteristic overestimated the maximum strength and the energy
dissipation by 27.4 %, and 39.9 %, respectively. The CBISF modeling
approach allows to simulate nonlinear-inelastic bonding relationships
computed from CEB-FIP model code [48]. Unlike the CBISP modeling method,
the model captures reduction of bonding stresses in accordance with the slip

displacement. As similar to the experiment, the FE frame model with the



CBISF bonding method clearly reproduced crack and stress concentrations
in the first-story column bases and beam-column joints (see Fig. 16 (c)). After
the bonding failure was initiated at the stress concentration regions, the load
carrying capacity between the rebars and the surrounding concrete elements
were reduced, and then the stress transfers were limited. This failure
mechanism contributed to significant reduction in the simulation variations
(7.36 % in maximum strength and 0.70 % in energy dissipation) compared to

other bonding modeling methods as summarized in Table 8.
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(d) Second-Story Beam-Column Joint (Top)

Figure 17 Comparison of Crack Patterns Between Experimental and
Simulation Results

Fig. 17 compares cracks and failure modes of the two-story RC frame
specimen with the numerical results computed from the FE frame model with
the CBISF method, which is the most similar to the experimental results. The
FE results showed similar behavior to the damage locations and crack
patterns observed in the experiment, accurately reflecting the damage

patterns and stress concentration distributions of the main members.

At the bottom of the first-story column shown in Fig. 17(a), the
experimental results showed that the initial flexure crack occurred at the
loading displacement ratio of the 0.75% stage (3rd step). Subsequently,
diagonal and vertical cracks expanded, eventually leading to concrete
spalling. In the simulation results, flexure cracks occurred at the same
loading stage, and the sequential expansion of diagonal and vertical cracks
in areas of concentrated stress was reproduced. The location and loading step
of crack occurrence matched the experimental results, and the crack
propagation process was implemented precisely. This suggested that the
proposed model reliably reflected the initial crack occurrence and

propagation behavior.

At the first-story beam-column joint (upper part) corresponding to Fig.
17(b), diagonal cracks occurred in the center of the joint in the experiment,

and shear cracks expanded at the corner areas, which resulted in concrete



spalling and rebar exposure. The simulation results showed diagonal cracks
and shear stress concentration at the same location, with particularly distinct
high stress concentration at the joint corners. Although the concrete spalling
phenomenon was not directly implemented in the numerical analysis, the
stress distribution in the area was reproduced very similarly to the

experiment.

At the second-story beam-column joint (lower part) shown in Fig. 17(c),
vertical cracks occurred along the direction of the main reinforcement in the
experimental results, and cracks spread throughout the joint. Further,
vertical cracks formed in the same area in the simulation results, and the
stress distribution showed a pattern similar to the crack paths confirmed in
the experiment. Diagonal cracks in the center of the joint and cracks at the
corner areas occurred together in the experiment at the second-floor beam-
column joint (upper part) in Fig. 17(d). Further, the simulation results showed
diagonal cracks and stress concentration in the corner areas at the same

location, which indicated high consistency with the overall experiment.

The FE model with the CBISF method effectively reproduced the main
damage patterns for each section and showed high agreement with the
experimental results in terms of the timing of crack occurrence, location, and
propagation patterns. Therefore, the proposed model has high reliability in

analyzing structural damage behavior.



5. Conclusions

This study investigated the effects of bond-slip modeling methods on
hysteresis behavior of a seismically vulnerable two-story school RC building
using finite element (FE) simulation. The modeling method verified in
element and system levels was implemented to FE frame models. The FE
frame models with three bond-slip modeling methods were developed, and
the simulated responses were compared the experimental results measured
from the quasi-static test of a 2/3 scaled two-story RC frame specimen. The
simulation variations for the bond-slip modeling methods were quantified.

The conclusions are as follows:

(1)The FE models reflected the failure types of columns and beam-column
joints measured from the previous experiments [26,33]. The numerical
results were compared to the previous experimental results (effective
stiffness, maximmum strength, and energy dissipation capacity) in a
step-by-step manner by dividing it into element and system levels.
Overall, the perfect bonding model overestimated the hysteresis
behavior (more than 25 % in effective stiffness and maximum strength),
but the linear-elastic bonding model reproduced the hysteresis

behavior with slight variations less than 15.0 %.

(2)Comparing the results of three bonding modeling approaches (merged
nodes, CBISP, and CBISF) revealed that the frame model with the

merged node method (perfect bonding condition) showed the most



exaggerated initial stiffness and maximum strength compared to that
of the experiment (maximum strength 38.1 %, effective stiffness 8.05 %,
and energy dissipation capacity 53.7 %). In practice, structural
engineers assume that reinforcing bars and concrete are in perfectly
bonding condition (unified behavior) when analyzing and designing the
structure of buildings, which is the same as the merged nodes modeling
method in this paper. This indicates the need for a design methodology

that considers the impact of bond failure.

(3)The frame model with the CBISP method (linear-elastic bonding
behavior) showed a reduced simulation variation compared to that of
merged nodes (7.8 % improvement based on maximum strength);
however, it still showed an error of up to 27.4% when compared to the
experimental results. This can be attributed to the fact that the linear-
elastic bonding model defines the interaction between reinforcing bar
and concrete elements only with linear bonding stiffness without
consideration of bonding failure, thereby failing to reflect the strength

degradation after bond failure.

(4)The frame model that modeled the bonding effect as close as possible
to reality using the CBISF method (nonlinear-inelastic bonding
condition with bonding failure) produced results most similar to the
experimental results compared to that of the other modeling methods.
Comparison with experiments showed that major crack patterns and

occurrence locations appeared similar, which indicated that vertical



and diagonal cracks occurring in the first-story columns and beam-
column joints matched the trends in the experiments. Further, the
frame model appeared the smallest variations-in effective stiffness
(3.27 %), maximum strength (7.36 %), and energy dissipation capacity

(0.70 %)

(5)As compared to other bonding models, the numerical model with the
CBISF method representing realistic bond-slip behavior accurately
reproduced the main crack patterns observed in the experiment both
quantitatively and qualitatively, including the loading step of crack
occurrence, location, and propagation paths. The loading step and
propagation pattern of flexural cracks at the bottom of the first-story
column, and the stress concentration and diagonal crack development
process in the beam-colurihn joints showed high consistency with the
experimental results. The stress concentration areas and damage
patterns appeared consistently with the experiment in the simulation.
This confirmed that the CBISF-based model can effectively describe the

damage concentration and failure patterns of structures.

(6)The differences of the simulation variations in hysteresis responses
were observed due to the bond-slip modeling methods. The modeling
method used in practice (perfect bonding condition) can produce
exaggerated numerical results for initial stiffness, maximum strength,
and energy dissipation capacity. This indicates that the seismic

performance of RC building structures can be overestimated in



practice. Thus, a simplified bond-slip modeling approach to simulate

more accurate responses is needed.

(7)This study mainly focused on investigating the effects of bond-slip
modeling approaches on seismic responses for a specific RC frame
model with inadequate structural details. The FE simulations were
conducted for the frame model with a single concrete material model
and a specific seismic deficient detail type. To generalize the findings,
further numerical studies with various concrete constitutive models
and seismically deficient detail types will be needed. In addition, the
well-validated FE model will be extended to address multi-hazard

scenarios (e.g., earthquake-fire events).
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