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Oz

Dolgu duvarlar, diizlem i¢i ve diizlem dis1 etkiler altinda kisa siirede hasar alarak yapisal sistem igerisindeki
etkinliklerini kaybetmektedir. Bu nedenle, son yillarda arastirmacilar, dolgu duvarlarin yapisal sistem {izerindeki
etkilerini daha iyi anlamak ve bu elemanlarin sebep oldugu olumsuzluklari minimize edebilmek amaciyla alternatif
baglant1 detaylarma odaklanmigtir. Bu ¢alisma, Tiirkiye Bina Deprem Yo6netmeligi-2018 (TBDY-2018)’de
Onerilen esnek derz baglanti detaymi, ozellikle diizlem i¢i davranis agisindan sayisal olarak incelemeyi
amagclamaktadir. Bu detayin, diisiik goreli kat 6telemesi seviyelerinde dolgu duvarlarinin hasar gérmesini dnlemesi
ve yapisal sistem {izerindeki olumsuz etkilerini azaltmasi hedeflenmektedir. Bu kapsamda, biri duvarsiz (BF), biri
rijit baglt (IF-R) ve ikisi farkli kalinlikta esnek derz baglantili (IF-F30 ve IF-F60) olmak iizere toplam dort
betonarme ¢er¢eve modeli olusturulmus; dogrusal olmayan Dynamic/Implicit (Quasi-Static) analizlerle tekrarli ve
tersinir yatay yiikler altinda performanslart degerlendirilmistir. Elde edilen bulgular, esnek derz baglantilarinin
gerilme ve hasar dagilimini daha yayili hale getirerek plastik sekil degistirmeyi geciktirdigini ve biiyiik goreli kat
otelemelerinde dahi sistemin tasima kapasitesini korudugunu gostermektedir. Ayrica, esnek derz kalinliginin
artirtlmasinin siinekligi olumlu etkiledigi ve rijit dolgu baglantisina kiyasla daha kararli ve dengeli bir davranig
sagladigr goriilmistir. Bu sonuglar, esnek derz detaylarinin yapisal tasarim siirecinde dikkate alinmasinin,
performans agisindan 6nemli katkilar sunabilecegini ortaya koymaktadir.
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Abstract

Infill walls quickly become damaged under in-plane and out-of-plane effects, losing their effectiveness within the
structural system. Therefore, in recent years, researchers have focused on alternative connection details to better
understand the effects of infill walls on the structural system and to minimize the negative effects caused by these
elements. This study aimed to numerically investigate the flexible joint connection detail recommended in the
Tiirkiye Building Earthquake Code-2018 (TBEC-2018), focusing on in-plane behavior. This detail was intended
to prevent damage to infill walls at low interstory drift levels and to mitigate their negative effects on the structural
system. In this context, a total of four reinforced concrete frame models were created: one without walls (BF), one
with rigid connections (IF-R), and two with flexible joint connections of varying thicknesses (IF-F30 and IF-F60).
Their performance was evaluated under repeated and reversible lateral loads using nonlinear Dynamic/Implicit
(Quasi-Static) analyses. The findings indicate that flexible joint connections delay plastic deformation by more
evenly distributing stress and damage, while maintaining the system's load-bearing capacity even with large
interstory drifts. Furthermore, increasing the flexible joint thickness was found to positively impact ductility and
provide more stable and balanced behavior compared to rigid infill connections. These results demonstrate that
considering flexible joint details in the structural design process can significantly contribute to performance.
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1. Introduction

Infill walls are generally not considered part of the structural system and are included only as additional loads
on the structure [1]. This approach can lead to inaccurate estimation of structural periods and, consequently,
to the design of structures under unrealistic seismic loads. However, when the interaction of infill walls with
the structural system is considered, numerous studies demonstrate their positive contribution up to collapse
[2]. Some studies have determined that infill walls reduce the displacement of the frame system and column
shear forces, while increasing the structure's lateral load-bearing capacity, overall strength, and base shear
force [2-3]. In this context, numerous experimental and numerical studies examining the effects of the
presence and absence of infill walls on the structural system are available in the literature. Dolsek and Fajfar
[4] as well as Sattar and Liel [5] revealed that infill walls significantly increase the structural stiffness. Baghi
et al. [6] similarly experimentally confirmed this increase in stiffness. Nwofor and Chinwah [7] stated that
the displacement rates decreased in frames with infill walls. Ning et al. [8] investigated the effect of infill
walls on the shear forces and plastic hinge formation in columns. Baghi et al. [6] emphasized that infill walls
increase the bearing capacity and overall structural strength, and stated that this contribution should be
included in structural models. Cavdar et al. [9] stated that different infill densities directly affect the seismic
response of the structure. Usta et al. [10] investigated a building that had been subjected to an earthquake and
showed that infill walls positively affected parameters such as building period, ground-floor shear, column
bearing capacity, and interstory drift ratio, while also increasing base shear. These studies reveal only a partial
impact of infill walls on structural behavior. Infill walls can lose their function due to in-plane and out-of-
plane damage during earthquakes. Furthermore, even in small-scale earthquakes, damage to these walls can
cause not only financial losses but also psychological effects by damaging users' confidence in the building.
Following the devastating earthquakes, most notably the one centered in Kahramanmaras on February 6,
2023, numerous studies have specifically focused on the damage observed in infill walls and masonry
structures [11-18]. Tan et al. [19] noted that while infill walls increase structural rigidity, performance
indicators such as inter-story drifts can be negatively affected depending on earthquake records. Binici et al.
[11] found that infill walls constructed with different block materials similar damage and that these materials
did not have a significant advantage in terms of seismic performance. ince [20] determined that serious
damage occurred, especially on floors with large inter-story drifts and in walls that were not adequately
connected to the frame. Yon et al. [21] stated that the lack of infill walls can lead to the formation of soft
stories or weak stories, and that the degradation and thinning of the wall material lead to in-plane cracks.

In order to reduce the vulnerability of infill walls and increase their contribution to the structure, different
strengthening techniques have been proposed in the literature [22]. Applications for strengthening infill walls
are generally based on two basic approaches. The first approach aims to increase the structural strength of
the walls, while the second approach is based on limiting the interaction between the wall and the supporting
frame. Applications aimed at increasing the strength consider walls as active structural elements and
generally provide significant gains in stiffness and bearing capacity. However, these methods can complicate
the behavior of the system by increasing the interaction between the wall and the frame. Cases where the
wall-frame interaction is ignored can lead to unexpected damage mechanisms and performance losses [23].
Tan et al. [24] stated that before the Kahramanmaras earthquakes, a structure strengthened as a hybrid with
Fiber Reinforced Polymer (FRP) fabric and shear wall elements survived the earthquake without collapsing.
Zargaran et al. [25] showed that walls strengthened using textile-reinforced mortar increased in-plane
capacity by 53%. Triller et al. [26] reported that reinforcement with glass fiber-reinforced polyurethane
provided strength up to 3.6% drift ratio without serious damage. Karimi and Mirjalili [27] compared different
systems to increase out-of-plane capacity and emphasized that Glass Fiber Reinforced Polymer (GFRP) mesh
and welded wire mesh systems are effective in high seismic regions. Shen et al. [28] reported that
strengthening mud-filled walls used in traditional Chinese village houses with polypropylene mesh resulted
in up to a 162% increase in out-of-plane capacity and improved ductility properties. Asad et al. [29] showed
that spider web-like reinforcement systems provided a 31% increase in out-of-plane capacity and a 2.7-fold
improvement in displacement. The second method, reducing the interaction between the infill wall and the
frame, was included in the Tiirkiye Building Earthquake Code-2018 (TBEC-2018) [30], which came into
force in Tiirkiye in 2018, after being included in the New Zealand [31] and United States [32] codes. Zhou
et al. [33] experimentally investigated the out-of-plane mechanical behavior of flexibly connected masonry
infill walls and reported that the best performance was achieved in the grid-beam form with a column spacing
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of 2.5-3.0 m. Zhang et al. [34] aimed to reduce the frame-wall interaction with a flexible connection system
and showed that in-plane damage was reduced and out-of-plane strength increased by over 100%. Zhang
[35] compiled studies in this field, identified the main technical problems, and offered guidance for future
research. Bayrak et al. [36] developed a flexible joint system, designing and numerically analyzing a structure
where infill walls are independent of the frame. Analyses showed that the walls are independent of the frame
in-plane and subjected to stress out-of-plane.

A review of the existing literature reveals that studies comprehensively addressing the effects of flexible
connection details on in- and out-of-plane behavior are limited. This study numerically investigates the
effects of flexible joint connection details, as defined in TBEC-2018, on in-plane behavior. Four different
models were created using the finite element-based ABAQUS/CAE program: an empty frame, a rigidly
connected frame with infill walls, and a frame with infill walls having two different flexible joint thicknesses.
The models consisted of single-span, single-story reinforced concrete (RC) frames. Nonlinear dynamic
implicit (quasi-static) analyses were performed for all models, and the analysis results were comprehensively
evaluated in terms of lateral load bearing capacity, damage distribution, and stress behavior.

2. Wall Damages

Field observations reveal that infill walls in RC buildings are frequently damaged by earthquakes. Figure 1
presents various types of wall damage observed following the February 6, 2023 Kahramanmarag-centered
earthquake. Figure 1c illustrates a typical short column failure caused by discontinuity between the wall and
the column due to the ribbon window configuration. Additionally, one of the most frequently observed
damage types, in-plane cracking, is shown in Figure 1b—f, while out-of-plane damages are exemplified in
Figure la—d—e. Cracks form at the frame-wall interfaces, particularly at low ground accelerations (PGA <
0.1 g); oblique cracks between 0.5 and 2 mm are observed in moderate ground motions. Under high ground
accelerations, the combined in-plane and out-of-plane demands have led to wall collapse [11].

Infill walls exhibit similar behavior to RC shear walls under shear. However, reducing wall thickness and
using low-strength materials like gypsum plaster reduces the shear capacity of these elements, facilitating
crack formation. Furthermore, connecting wide-span and thin-section walls to the frame solely with mortar
increases the risk of out-of-plane collapse, especially in the absence of beam support.

Infill walls, typically constructed of non-ductile materials, are among the earliest structural components to
suffer damage during an earthquake. However, walls constructed with quality materials and good
workmanship can contribute to the initial rigidity of the structure and absorb seismic energy, albeit to a
limited extent. Otherwise, these elements pose a weak link in the structural system, threatening its integrity.
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Figure 1. Wall damages

3. Flexible Joint Connection Detail Specified in TBEC-2018

Various structural separation strategies have been developed to simplify structural system behavior by
reducing the interaction between the load-bearing system and infill walls and to prevent undesirable
mechanisms such as soft stories, weak columns, and short columns. In this regard, the literature has suggested
the separation of infill walls from the frame with horizontal or vertical sliding or deformable connections
[37-39], the elimination of vertical connections [40], the use of plastic connectors in horizontal joints [41]
and the use of polyurethane materials with high deformation capacity instead of mortar [42]. These
approaches aim to limit the impact of infill walls on the structural system by reducing wall-frame interactions.
However, if infill walls are completely separated from the structural system, there is a risk that these elements
will separate from the frame and collapse during an earthquake. To prevent this risk and limit wall damage
in small-scale earthquakes, TBEC-2018 [30], which entered into force in 2018, proposes a special solution
that includes a flexible joint connection detail. In this detail, the first row of the wall is partially fixed to the
frame with C-type profiles, providing out-of-plane stability and reducing wall-frame interaction. This
prevents the wall from rigidly absorbing earthquake energy while also controlling the risk of collapse.

A schematic view of this connection detail proposed under TBEC-2018 [30] is presented in Figure 2. The
regulation encourages the separation of infill walls from the structural system, provided their out-of-plane
strength is maintained. If this connection type is used, the limit values specified by the regulation for relative
story drifts can be relaxed by up to a factor of two.
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Figure 2. lllustration of the flexible joint connection detail as specified in TBEC-2018 [30]
4. Numerical Study
4.1. Finite element model

In this study, numerical analyses of RC frame systems were performed using ABAQUS/CAE [43] software.
The models included a bare RC frame without an infill wall, a frame with a traditional infill wall, and flexible
jointed walls of varying thicknesses. To ensure comparability, the same modeling approach and assumptions
were applied in all cases.

RC elements, including their reinforcement, were modeled under full bond conditions. This bond definition
was implemented with the "embedded region constraint” command. The infill walls, which were the focus
of the study, were represented with a macro modeling technique. This approach enabled observation of
overall system behavior rather than detailed local effects. The contact between the RC frame, the infill
material, and the substrate (mineral wool-rock wool) was modeled using a surface-to-surface interaction
definition. This allowed simulation of the compression behavior occurring within the flexible infill material.
In the contact relationships, the RC frame and wall surfaces were defined as the master surface. The mineral
wool interfaces were defined as the slave surface.

A nonlinear dynamic implicit (Quasi-Static) analysis method was applied in all analyses. The general
geometric properties of the numerical models are presented in Figure 3. Each frame system was modeled as
a single-story, single-span structure with dimensions of 3 m wide and 3 m high. Column and beam section
dimensions were determined as 30 cm % 30 cm based on the TBEC-2018 regulation. The wall thickness,
including plaster, was assumed to be 10 cm. The lower ends of the frame were defined as fixed supports; the
foundation element was not included in the model to avoid increasing the mesh density. The thicknesses of
the mineral wool layers placed between the infill wall and the frame were set to 30 mm and 60 mm. These
corresponded to 1% and 2% of the story height, respectively. Thus, samples of the flexible joint system with
different deformation capacities were evaluated together with their effects on the structural system response.
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To improve model accuracy and maintain computational efficiency, a frequency-based convergence study
was conducted on the RC frame system. In this context, the optimal element size was determined by
comparing the natural frequencies corresponding to different mesh densities. To avoid unnecessary increases
in computational time, mesh refinement was limited to levels that ensured adequate accuracy without
excessively increasing the analysis duration. Figure 4 presents the graph of frequency values corresponding
to the number of elements, while Figure 5 illustrates the meshed configuration of the model. As a result of
the evaluations, C3D8R type eight-node reduced integration volume elements were preferred in the
modeling. In the applied mesh layout, the RC frame has 5340 nodes and 3500 finite elements, with a selected
mesh size of 60 mm.
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4.3. Boundary conditions and loading protocol

The foundation system was not included in the model to minimize analysis time and mesh density. Instead,
the column bases were assumed to be fully fixed, and the support conditions were defined. Loading was
applied horizontally at the midpoint of the beam and was repeated and reversible. To ensure consistency with
the literature, the internationally widely used FEMA 461[44] standard was chosen as the loading protocol
(Figure 6). Additionally, axial loads were applied to the tops of the columns, and these loads were determined
to be approximately 15% of the load-bearing capacity of each column. This aimed to provide a realistic initial
stress state for the frame.
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Figure 6. Loading protocol (FEMA 461 [44])

4.4. Material models and properties

In all models, the concrete strength of the RC system was assumed to be 30 MPa. The Concrete Damage
Plasticity (CDP) material model was used to represent the nonlinear behavior of concrete and infill wall
elements. The CDP model describes the plastic deformation, crushing under compression, and cracking
under tension of concrete. Although initially developed to model the nonlinear mechanical response of
concrete [45,46], it is reported in the literature that it can also be widely used in masonry wall elements with
appropriate parameter adjustments [47]. The CDP model is based on two basic collapse mechanisms in
concrete: cracking in tension and crushing under compression. Uniaxial tension and compression behavior
are defined by two separate variables representing the damage that develops with plastic deformation: dt
(tensile damage) and dc (compressive damage). These variables take values between 0 (undamaged state)
and 1 (complete damage), depending on the equivalent plastic strain. The nonlinear behavior of the
reinforcing steel was described with the Plasticity material model. The mineral wool layers used within the
flexible joint were described with the Hyperfoam material model. This model is suitable for representing the
nonlinear elastic behavior of ductile materials with high deformation capacity and was used to model the
energy dissipation effect of the flexible joint system. The properties of the materials used in the structural
models are presented in Tables 1-4.

Table 1. Elastic material properties

Young’s Poisson's  Density

Material type modulus ratio (t/mm?3)
(MPa)

RC frame concrete 31800 0.2 2.4E-9

Wall 1612 0.2 2.2E-9

Reinforcement 210000 0.3 7.85E-9
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Table 2. CDP material parameters [48]

Dilation Eccentricity fpo/fco K Viscosity
Angle Parameter
35 0.1 116 0.667  0.0058

Table 3. CDP material parameters of RC frame concrete

Compression behavior Tension behavior
Yield stress Inelastic ~ Damage Inelastic Yield stress Cracking Damage Cracking
(MPa) strain strain (MPa) strain strain
12 0.0 0.0 0.0 1.9200 0.0 0.0 0.0
24.3762 0.000123  0.5959 0.004067 0.4451 0.000523 0.7070 0.000365
30 0.000681  0.6635 0.004811 0.2906 0.000998 0.8530 0.001037
19.1250 0.002486  0.8508 0.009741 0.2201 0.001511 0.9290 0.003053
3.1717 0.013175  0.9381 0.021361 0.1937 0.001827 0.9500 0.005149

Table 4. CDP material parameters of infill wall

Compression behavior Tension behavior
Yield stress  Inelastic Damage Inelastic Yield Cracking Damage Cracking
(MPa) strain strain stress strain strain
(MPa)
1.2 0.0 0.0 0.0 0.6797 0.0 0.0 0.0
2.4928 0.000174 0.5782 0.004791 0.7809 0.000046 0.6564 0.000959
3.0 0.001189  0.8085 0.010358 0.2785 0.001078 0.8168 0.003022
0.5745 0.010358 0.8715 0.015188 0.1162 0.005005 0.8649 0.005006
0.3004 0.019321  0.9098 0.021387 0.0875 0.007862 0.9000 0.007862

5. Results

In this study, four numerical models were developed to investigate the in-plane behavior of RC frames with
and without infill walls and flexible joint details. The first model (BF) consists of a bare RC frame without
any infill wall or joint detail. The second model (IF-R) represents a frame with a fully rigidly connected infill
wall. The third (IF-F30) and fourth (IF-F60) models include infill walls with flexible joint thicknesses of 30
mm and 60 mm, respectively, as specified in TBEC-2018. These models were subjected to nonlinear analysis
to evaluate their lateral load-carrying capacity, damage distribution, and stress behavior. The defined
abbreviations will be used throughout the remainder of this section to distinguish between the models.

5.1. Lateral load-displacement behavior

The lateral load-displacement graphs of the models are shown in Figure 7, and the lateral load values and
percentage changes obtained at 0.50% and 1% relative story drift ratios are given in Table 5. The reference
model (BF) reached a lateral load bearing capacity of 4.92 kN at 0.50% drift and 6.65 kN at 1% drift. The
IF-R model, in which the infill wall was incorporated into the frame with a rigid connection, reached the
highest load bearing capacity of 45.92 kN at a 0.50% drift ratio, which was approximately 832.7% higher
than the BF model. However, this value decreased to 39.58 kN at a 1% drift ratio, corresponding to an
increase of 495.5% compared to BF. This shows that although the rigid infill connection is quite effective at
low drifts, there is a relative decrease in bearing capacity as the deformation level increases.

When the models with flexible joints were investigated, the IF-F30 model with a 30 mm joint thickness
showed increased by 583.8% in load capacity at 0.50% drift with 33.67 kN compared to the BF model, and
increased by 503.4% in load capacity at 1% drift with 40.10 kKN. These values demonstrate that the IF-F30
model can carry greater lateral loads than the rigid model at high drift ratios. On the other hand, the IF-F60
model with a 60 mm joint thickness showed increased by 399.6% in load capacity at 0.50% drift with 24.60
kN, and increased by 356.6% in load capacity at 1% drift with 30.34 KN. These results indicate that increasing
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the flexible joint thickness significantly reduces the lateral load bearing capacity of the system. A thicker
flexible joint limits the force transfer between the frame and the wall, reducing the contribution of the infill
wall and therefore reducing the load bearing capacity of the structure.

Comparatively, the highest lateral load capacity was achieved in the IF-R model at a 0.50% drift ratio, while
the highest capacity was observed in the IF-F30 model at a 1% drift ratio. This demonstrates that rigid
connections are more advantageous for small deformations, but models with flexible connections can exhibit
more stability as the drift increases. Furthermore, the load values closest to those in the BF model at both
drift ratios were observed in the IF-F60 model, demonstrating that systems using thicker flexible joints
behave almost like unfilled frames.

Since variations in lateral load capacity are directly linked to damage accumulation in the structural elements,
the following section discusses the damage mechanisms of the frames under different infill configurations.

Table 5. Lateral load values at different drift ratios and percentage changes

Load values Load values increase rates
Model Drift ratios Drift ratios
9%0.5 (kN) %1 (kN) %0.5 (%) %1 (%)
BF 4.92 6.65 0.0 0.0
IF-R 45.92 39.58 832.74 495.49
IF-F30 33.67 40.10 583.79 503.39
IF-F60 24.60 30.34 399.63 356.56
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Figure 7. Load-displacement curves

5.2. Damage mechanism

This section only considers damage to RC frame elements; damage to infill wall materials is excluded.
According to the findings presented in Table 6, 134 and 135 damaged elements were identified in the BF
model, which consists of a plain frame. Comparisons made using this model as a reference revealed that the
rigidly connected infill wall model (IF-R) exhibited damage increased by approximately 9.7% at 0.5%
relative drift and increased by 56.3% at 1% drift. The 30 mm flexible joint model (IF-F30) exhibited damage
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increased by 15.7% at 0.5% drift and increased by 40.7% at 1% drift. For the 60 mm flexible joint model
(IF-F60), these increased by 11.2% and increased by 40.0%, respectively.

The results reveal that flexible joint details, compared to rigid connections, have a limiting effect on damage
accumulation in frame elements, especially at the 1% drift ratio. Additionally, increasing the flexible joint
thickness from 30 mm to 60 mm partially reduced the damage at the 1% drift ratio. This indicates that flexible
joint thickness may be a determining parameter on structural behavior and damage formation at larger story
drifts.

Table 6. Tensile damage in RC frame elements at different drift ratios and percentage changes

Number of damaged elements Damage increase rates
Model Drift ratios Drift ratios
%0.5 %1 %0.5 (%) %1 (%)
BF 134 135 0.0 0.0
IF-R 147 211 9.7 56.3
IF-F30 155 190 15.7 40.7
IF-F60 149 189 11.2 40.0

Figure 8a presents the tensile damage distributions obtained for four different models. The color scale
indicates the severity of the tensile damage, with red tones indicating high damage regions. In the BF model,
damage occurred in limited areas at 0.5% drift, with low-level damage observed particularly at the top
connection and bottom ends of the column. At 1% drift, damage progressed to the bottom ends of both
columns and the beam-column connection, concentrating on the plastic hinge regions of the system. In the
IF-R model, at 0.5% drift, damage initiated at the wall-frame interaction zones, particularly at the bottom
ends of the columns. At 1% drift, significant damage accumulation occurred at the bases of both columns,
and mesh deterioration was observed in these areas. In the IF-F30 model, at 0.5% drift, damage initiated at
the bottom ends of the columns and the bottom corner areas of the wall and spread to a limited extent. At 1%
drift, the damage intensity in these regions increased. Damage was also observed at the wall corners and top
joints. In the IF-F60 model, at the 0.5% drift ratio, damage was limited to the column base and the bottom
corner of the adjacent wall. At the 1% drift ratio, increased damage was observed at the bottom ends of both
columns and the bottom wall corners. Limited damage also occurred at the top wall joints. In the flexible
joint models IF-F30 and IF-F60, a different damage distribution pattern was observed compared to the rigidly
connected IF-R model. While the IF-R model exhibited concentrated damage initiating at the column base
and rapidly propagating in that region, leading to severe localized failure, the flexible joint details allowed
for a more uniform stress distribution. This prevented damage from accumulating at the column base and
instead caused it to spread toward the beam ends, thereby reducing local damage intensity and enabling a
more stable deformation behavior in the system.

Figure 8b presents the distribution of compressive damage in the RC members of the four models. In the BF
model, no compressive damage occurred in the frame members at either drift ratio. In the IF-R model, limited
compressive damage developed at the bottom ends of the columns at 1% drift. In the IF-F30 and IF-F60
models, no damage occurred at the column bases, while limited damage was observed at the beam ends.
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Figure 8. Damage developments

PEEQT (Tensile Equivalent Plastic Strain) represents plastic deformations occurring solely under tension.
High PEEQT values reveal areas of the structure weakened by tension. Figure 9 shows the PEEQT
distributions for four different models at 0.5% and 1% drift ratios. While no tensile plasticity occurred in the
BF model at the 0.5% ratio, there were increases in plasticity at the 1% ratio, but these increases were limited.
In the IF-R model, plasticity was observed at the frame-wall connections at both drift ratios. In the IF-F30
and IF-F60 models, the initial plasticity in the IF-R model was inhibited, and plasticity accumulation occurred
at the 1% level, particularly at the column ends, but this did not reach significant levels.
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Figure 9. PEEQT distributions

PEEQ (Equivalent Plastic Strain) represents the equivalent plastic strain occurring at a material point. It
indicates the amount of permanent deformation and is used to identify plastic hinge regions. High PEEQ
values indicate regions where the structure begins to deform and dissipates energy through plastic
deformation. Figure 10 shows the PEEQ distributions. In the BF model, plasticity is negligible at both drift
ratios. In the IF-R model, local plastic strain occurred at the column bases and wall connections at a level of
1%. In the IF-F30 and IF-F60 models, plasticity was observed to be more limited and balanced, with local
accumulation, particularly in frame elements, decreasing.
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Figure 10. PEEQ distributions
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5.3. Stress behaviors

This section discusses the instantaneous stress states and values of the models at 0.5% and 1% drift ratios
under the loading effect. The values given in the tables represent the maximum stress in the local region at
the moment of the relevant drift, not the entire system.

S, Mises, is the equivalent stress measure used to assess whether the material has reached its yield point under
multiaxial stress conditions. It is an important indicator for identifying plasticization and structural strain
zones. Table 7 and Figure 11 present the maximum S, Mises stress values for four different models at 0.5%
and 1% drift ratios, along with their percentage increases compared to the BF model. In the BF model, stress
values of 2.27 MPa and 1.85 MPa were obtained at 0.5% and 1% drift ratios, respectively. In the IF-R model,
due to the effect of the rigid infill wall, S, Mises values increased by 127.3% at 0.5% drift and 174.6% at 1%
drift. Significant stress accumulation was observed in the frame members in this model. In the IF-F30 model,
stresses increased by 44.0% and 55.5% at 0.5% and 1% drift ratios, respectively. These increases were
significantly lower than in the rigid model. In the IF-F60 model, the increased by were 42.3% (0.5%) and
57.8% (1%), which were similar to the IF-F30 model.

Table 7. S, Mises stress values and percentage changes

Maximum stress value Stress increase rates
Model Drift ratios Drift ratios
%0.5 (MPa) %1 (MPa) %0.5 (%) %1 (%)
BF 2.27 1.85 0.0 0.0
IF-R 5.16 5.08 127.3 174.6
IF-F30 3.27 2.88 441 55.5
IF-F60 3.23 2.92 42.3 57.8

S, Mises
(Avg: 75%)

c¢) IF-F30) 0.5% 1 % d) IF-F60 0.5 % 1%

Figure 11. S, Mises stress distributions

S, Max Principal, indicates the stress accumulation in the regions of the structure subjected to tensile effect.
It is particularly important for crack initiation and propagation. Table 8 and Figure 12 show the maximum
principal stress (S, Max Principal) values at 0.5% and 1% drift ratios for four different models and their
increased by percentages compared to the BF model. In the BF model, a stress of 1.32 MPa occurred at 0.5%
drift, and 1.20 MPa occurred at 1% drift. In the IF-R model, these values increased by 5.3% (0.5%) and
22.5% (1%). In the IF-F30 model, the increased by 26.5% (0.5%) and 55.8% (1%), indicating a significant
increase in tensile stress. In the IF-F60 model, similar increased by of 26.5% (0.5%) and 44.2% (1%)
occurred. The instantaneous high tensile stresses observed in flexible joint models can be explained by the
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delay in load transfer due to the absence of rigid connections and the increased relative movements in the

frame elements.

Table 8. S, Max Principal stress values and percentage changes

Maximum stress value

Stress increase rates

Model Drift ratios Drift ratios
9%0.5 (MPa) %1 (MPa) 9%0.5 (%) %1 (%)
BF 1.32 1.20 0.0 0.0
IF-R 1.39 1.47 5.3 22.5
IF-F30 1.67 1.87 26.5 55.8
IF-F60 1.67 1.73 26.5 44.2
S, Max. Principal S, Max. Principal
(Avg: 75%) (Avag: 75%)
1.32 1.39
1.00 1.00
0.91 0.84
0.81 0.68
0.72 0.52
0.63 0.36
0.54 0.20
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Figure 12. S, Max principal stress distributions

S, Min Principal, indicates the regions where the compressive effect is highest in the structure. The risk of
crushing or local compressive damage is evaluated based on this component. Table 9 and Figure 13 show
the minimum principal stress values at 0.5% and 1% drift ratios for four different models and their percentage
increases compared to the BF model. In the BF model, values of -1.54 MPa were obtained at 0.5% drift, and
-1.31 MPa at 1% drift. In the IF-R model, these values were -4.81 MPa and -4.82 MPa, respectively,
increased by 212.3% and increased by 267.9% compared to the BF model. In the IF-F30 model, compressive
stresses increased by 115.8% (0.5%) and 94.2% (1%). Similar increases were recorded in the IF-F60 model
117.5% (0.5%) and 126.7% (1%).

Table 9. S, Min Principal stress values and percentage changes

Minimum stress value

Stress increase rates

Model Drift ratios Drift ratios
%0.5 (MPa) %1 (MPa) %0.5 (%) %1 (%)
BF -1.54 -1.31 0.0 0.0
IF-R -4.81 -4.82 212.3 267.9
IF-F30 -3.32 -2.54 115.8 94.2
IF-F60 -3.35 -2.97 117.5 126.7
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Figure 13. S, Min principal stress distributions
6. Conclusion

In this study, the effect of infill wall connection details on the in-plane behavior of RC frame systems was
investigated using numerical methods. Four different structural systems were modeled and evaluated under
nonlinear dynamic analyses: a bare RC frame (BF), a rigidly connected infill wall model (IF-R), and models
with 30 mm and 60 mm flexible joint thicknesses (IF-F30 and IF-F60). The analyses were based on lateral
load-carrying capacity, damage formation, and stress distribution at 0.5% and 1% drift ratios.

The findings indicate that rigidly connecting the infill wall to the frame provides a significant increase in
lateral load capacity at low drifts, but this reduces the ductility of the system. In models with flexible joint
connections, energy dissipation capacity was observed to develop in a more balanced and controlled manner.
The IF-F30 model, in particular, performed better than the IF-R model at high drift ratios, demonstrating that
flexible connections gain advantages as the deformation level increases. Additionally, it was understood that
the increase in joint thickness reduces the bearing capacity of the system but positively affects the spread of
damage and stress distribution.

The damage observed in models with flexible joints was more evenly distributed and controlled, with this
effect becoming increasingly evident as joint thickness increased. In the rigid-connected model, the damage
from compression was more localized and concentrated, while this effect was found to be more homogeneous
throughout the frame in flexible details. In terms of plastic deformation behavior, it was determined that
flexible joint models reduced local stress concentrations by dispersing plasticity due to tension, contributing
to more stable system behavior.

Stress level assessments revealed that rigid infill connections caused significant stress concentrations in the
frame elements, while flexible joint details distributed these stresses, contributing positively to the overall
stability of the system. Mises stress levels were limitedly affected by changes in joint thickness, but flexible
details made the stress distribution more homogeneous. No significant difference was observed in the
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principal stress levels between the IF-F30 and IF-F60 models. In compressive stresses, the rigid model
reached the highest values, while the flexible models limited these effects.

The results revealed that flexible joint connection details had a positive impact on in-plane structural
behavior. These details were found to increase system safety and delay plastic deformation by more
effectively dispersing stress and damage. Furthermore, it was observed that with the use of flexible joints,
the structural behavior approached that of a bare frame, and even with larger inter-story drifts, the system
maintained its load-bearing capacity, demonstrating stable performance. For future research, it is
recommended to extend this investigation to multi-story buildings and to consider out-of-plane effects as
well as long-term performance under repeated loading. Experimental validation of the proposed models
would also strengthen the applicability of the findings.
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