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Abstract

One-way joist slab floor systems are commonly favored in modern residential building
applications due to their efficiency in architectural and structural design processes. How-
ever, a significant number of such buildings experienced heavy damage or collapse mech-
anisms during the catastrophic earthquakes in Tiirkiye since they are more vulnerable due
to some uncertainties in the design and construction stages. In this regard, although well-
known seismic codes such as Eurocode, IBC, and ASCE do not impose additional require-
ments for the design of structural systems with joist slabs, the seismic codes of some Med-
iterranean basin countries regulate the ductility levels, use of shear walls, and mem-
ber/system-based specific requirements. In the present study, the impact of shear wall
quantity on the seismic behavior of reinforced concrete buildings with one-way joist slabs
was investigated in five-story structural systems, which were basically similar in terms of
the slab properties and layout but have different overturning moment ratios (awm = 0.75,
0.60, 0.45, 0). In this context, a total of 88 bi-directional nonlinear time history analyses
were conducted on four structural systems, which were highly representative of buildings
in the earthquake zones of Tiirkiye, under real earthquake ground motions. Hence, the
seismic behavior demands—including story displacement, inter-story drift and plastic de-
formations, distributions of plastic hinges, and member-based performance levels—were
discussed by the overturning moment ratio that is directly associated with the shear wall
quantity in the system. It can be concluded that when these buildings are jointly designed
with the shear walls and frames of a high ductility level —through the capacity design
principles —the stipulated performance objective can be successfully achieved. While the
shear wall quantities ranging from 0.45 to 0.75 did not have a significant impact on the
member-based damage across all floors, the frame-only system was found to be inade-
quate for controlling the lateral deformations due to insufficient stiffness under design-
based seismic events.

Keywords: one-way joist slab; overturning moment; shear wall; seismic performance;
plastic deformation demand; nonlinear time history analysis

1. Introduction

Joist slab systems are increasingly preferred in modern residential reinforced con-
crete (RC) building applications due to their ability to provide aesthetically pleasing, er-
gonomic, and functional interior volumes for architectural design demands, as well as
their fast construction process. This floor system consists of thin slabs, wide beams with a
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width greater than their height, and equally spaced joists (ribs) in one or two directions
between these beams (shown in Figure 1). The slab between the joists is cast directly atop
the blocks. The heights of the wide and joist beams are chosen the same to achieve a flat
slab appearance inside the apartments, and the voids are filled with materials such as hol-
low bricks, lightweight gas concrete, or Styrofoam to enhance thermal and acoustic insu-
lations. This particular one-way joist slab system is called “asmolen” in Turkish, with a
typical slab thickness of 32 cm (comprising 25 cm block and 7 cm slab) in construction
practice.
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Figure 1. A typical one-way joist (asmolen) slab system and its dimensions.

In RC structural systems featuring joist slabs, some uncertainties—such as story drift
and stability problems that may arise due to the relatively limited strength and stiffness
compared to conventional deep-beam systems, as well as increasing inertia forces and P-
A effects caused by excessive story weight, and reinforcement forces to be transferred in
the beam—column joint panel —come to the forefront in seismic behavior. In this sense,
some seismic codes impose specific requirements, such as the compulsory selection of low
or limited ductility levels, the use of a particular amount of shear walls, and limitations
on the structural behavior factor, to have a safe side against the drawbacks and uncertain-
ties in the structural systems, unlike the deep-beam systems.

The analytical studies on the existing RC buildings with either unfilled (bare) or filled
(asmolen) one-way joist slabs showed that they did not meet the stipulated performance
objectives [1-3]. In contrast, the buildings designed in accordance with the modern seis-
mic codes where the capacity design principles were applied and where the columns had
sufficient lateral strength and stiffness exhibited a structural behavior close to that of the
deep-beam system [4-6].

After the devastating and deadly earthquakes in Tiirkiye (Adana-Ceyhan 1998, Mar-
mara 1999, Van 2011, Kahramanmaras 2023), a large number of buildings with one-way
joist slabs experienced heavy damage or collapse mechanisms in different modes. The
main causes of partial/total collapses for such buildings in the earthquake-affected cities
may be summarized under the following headings: insufficient lateral and rotational col-
umn stiffnesses; excessive deformation demands on ground story columns; lack of inter-
nal forces transfer from the wide beam to the column; and low material quality and con-
struction deficiencies [1,7-14].

Although well-known seismic design codes and standards such as Eurocode-8 [15],
UBC [16], IBC [17], NZS 3101 [18], and ASCE 41-17 [19] do not provide specific guidance
regarding the ductility levels and/or system configurations for the design of RC buildings
with joist slabs, the seismic codes of Mediterranean basin countries such as Tiirkiye, Italy,
Spain, and Greece [20-23] regulate the ductility level of lateral force-resisting systems, the
amount of shear walls, and member/system-based particular requirements [4].
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Karaaslan [24] and Donmez et al. [25] stated that the frame buildings with one-way
joist slabs designed in accordance with the current and previous Turkish Seismic Codes
(TEC-2007 and TEC-2018) [20,26] are more vulnerable than those of the deep-beam sys-
tems due to the reduced lateral stiffness and, consequently, the large displacement and
drift demands under seismic loads. Accordingly, they recommended the construction of
such structural systems with shear walls. However, Lalaj et al. [6] reported that the design
requirements concerning one-way joist slab systems in TSC-2018 result in overly con-
servative drift demands. In Dominguez et al. [3], the seismic performances of RC build-
ings with wide beams featuring one-way joist slabs under the 2011 Spain-Lorca earth-
quake demonstrated that while three- and six-story buildings designed without any seis-
mic consideration collapsed in one or both directions with the weak-column-strong-beam
mechanisms, even with the cooperation of infill walls, the buildings with seismic provi-
sions resisted the seismic loads with no or moderate damage in the beams and columns.
Based on the studies conducted by Gémez-Martinez et al. [4,5] on a total of 72 buildings,
such structural systems with wide beams showed at least as much ductile behavior as the
deep-beam systems. The authors concluded that the wide-beam systems can be designed
at high ductility levels and have no need for a reduction in the structural behavior factor.
Vielma et al. [27] concluded that the most appropriate solution to improve the seismic
behavior of waffle slab buildings was to increase the depth of the ribs. The material prop-
erties and confinement did not have a significant influence on the overall building perfor-
mance.

In the recent literature studies, the significance of incorporating shear walls in the
structural systems with wide beams was discussed in a numerical manner to overcome
potential strength, stiffness, and deformation shortcomings under seismic loads. Burak
and Comlekoglu [28] recommended a minimum shear wall ratio of 1.0% —indicating the
percentage of the total shear wall area to the floor area—for wide-beam buildings. It was
noted that exceeding this ratio of 1.5% did not have a positive influence on the seismic
performance of these structures since most of the lateral seismic loads were effectively
resisted by the shear walls. Giinel [29] similarly emphasized that an area-based ratio of
1.0% for shear walls incorporating compression and tension boundary zones effectively
limited the story drifts, and the vertical structural members behaved as almost linear—
elastic with increasing shear wall ratios despite the beams not being affected by the in-
creases. However, Akyildiz and Girgin [2] reported substantial plastic deformations in the
columns and collapse damage levels in the wide beams of an eight-story building with
one-way joist slabs. Turker and Gungor [30] found that while a four-story frame-only
building with one-way joist slabs designed in accordance with TSC-2007 [26] achieved the
life safety performance level, the seven-story building system failed to meet the stipulated
performance. They pointed out that the target performance objective could be achieved
by incorporating shear walls of 1.2%. Still, there is a lack of additional studies addressing
the seismic performances of the buildings with joist slab systems fulfilling the code re-
quirements.

Beyond traditional reinforced concrete systems, recent research has explored inno-
vative lateral load-resisting mechanisms to enhance seismic resilience. Shahzad et al. [31]
numerically investigated the seismic performance of mega-subcontrolled structural sys-
tems (MSCSS). Their study on various system configurations demonstrated the effective-
ness of an optimized shear wall configuration in limiting plastic strains and residual story
drifts under seismic excitation. Furthermore, Behzadinia and Erfani [32] evaluated the
seismic demand on columns at the intersection of steel plate shear walls (SPSWs) with
aspect ratios of 0.775, 1.0, and 1.525. Through nonlinear analyses of three- to twenty-story
structures, they highlighted that while bending moments remained within capacity limits,
the tensile axial forces in the columns were found to be critical and often governed the
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overall design process. In addition to the global configuration of lateral resistance systems,
the in-plane stiffness of the floor diaphragm plays a pivotal role in the seismic response
distribution. Ruggieri et al. [33] evaluated the impact of floor deformability on the seismic
performance of low-rise RC buildings featuring joist slabs. They demonstrated that while
the rigid diaphragm assumption may have a negligible effect on the seismic fragility of
bare frame configurations, it can lead to non-conservative results in retrofitted structures.

The base shear ratio and the overturning moment ratio resisted by the shear walls
under seismic loads decrease significantly as the number of stories increases, even if the
shear wall area remains constant [28,29,34-37]. Thus, a fixed wall ratio of 1.0% can provide
adequate resistance for a low-rise building but may fall short for mid-to-high-rise build-
ings. While a constant shear wall ratio of 0.85-1.0% roughly corresponds to an overturning
moment ratio of 75%, these values fluctuate based on different shear wall placement as
well as the building’s dynamic characteristics. Unlike the base shear ratio, which is closely
tied to the cross-sectional area, the overturning moment ratio is highly sensitive to build-
ing height and wall placement. Therefore, relying on a “fixed geometric ratio” is an over-
simplification that does not accurately capture the seismic demand distribution.

The present study evaluates the impact of shear wall quantity on the seismic behavior
of RC buildings with one-way joist slabs and examines the corresponding design provi-
sions in TSC-2018. In this sense, a typical five-story RC building, representative of build-
ings in earthquake zones of Tiirkiye, was considered by four structural systems that are
basically similar in terms of the slab properties and layout but have different overturning
moment ratios (ay = 0.75,0.60,0.45,0). The seismic response demands—including story
displacement, inter-story drift and plastic deformation demands, distributions of plastic
hinges, and member-based performance levels —were evaluated through 88 bi-directional
nonlinear time history analyses conducted under the spectrum-compatible real earth-
quake record sets.

2. Design Provisions for Joist Slab Structural Systems in Turkish
Seismic Codes

In the previous TSC-2007 [26], no design limitations were imposed for the RC build-
ings with bare or filled one-way joist slab floors when employing the structural system of
a high ductility level. However, in the case that any of the design criteria for the high
ductility class is not fulfilled, the structural system should be modeled at normal ductility
(see Figure 2). Herein, the sum of shear forces (ZV,4s.) developed at the bases of uncou-
pled structural walls under seismic loads should not exceed 75% of the total base shear
for the entire building (as = ZVja5e/2Vy < 0.75). Otherwise, the structural behavior fac-
tor (R) is reduced in the range of 0.75 < a; < 1.0 (see Figure 2).

The current seismic code TSC-2018 [20] has introduced stricter design-oriented crite-
ria for buildings featuring joist slabs compared to earlier versions. In the seismic design
classes SDC =1 and 2, where the seismic effects are significant (Sps> 0.50), the use of either
uncoupled or coupled shear walls is not only compulsory but also the selection of the
structural systems with mixed ductility level is required (Figure 2). For the SDC =3 and 4
(Sps < 0.50), the limited ductility systems are required unless the seismic loads are not
jointly resisted by the shear walls. Nevertheless, these structural systems can be designed
as mixed ductility systems by forming them together with high ductility shear walls. In
the mixed ductility systems for all SDC classes, as illustrated in Figure 2, the sum of over-
turning moments (XM,q;.) developed at the bases of the shear walls, considering both
gravity and seismic loads, should exceed 75% of the total overturning moment for the
entire building (ay = ZMpase/2Mp = 0.75).
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Figure 2. Summary of seismic design requirements and restrictions for RC buildings with one-way
joist slabs according to TSC-2007 and TSC-2018.

3. Numerical Analyses of RC Building Systems
3.1. Description and Numerical Modeling

For the quantitative simulations, five-story RC buildings with five equal span lengths
of 500 cm in both directions were selected to investigate the impacts of shear wall quantity
and ductility level on the deformation-based seismic response demands. All the structural
systems are basically similar in terms of slab properties and layout but have different
overturning moment ratios. The one-way joist slabs are evenly spaced in the plan and
feature dimensions of 15 cm x 25 cm x 7 cm (web width x height x flange thickness). The
clear spacing between the ribs is equally 70 cm and the voids are filled with hollow bricks
that have a self-weight of 1.19 kN/m2 The overall height of the beam is 32 cm.

In the numerical analyses, the first structural system, referred to as “5KPC_0.75", was
designed as the mixed ductility system in accordance with TSC-2018 [20], in which the
seismic loads are jointly resisted by limited ductility frames and uncoupled shear walls of
high ductility levels (see Figure 3a). In this configuration, the overturning moment ratio
is ay = XMyqse/EZMy = 0.75, and the shear wall ratio is 0.86% for each story. The second
system “5KPC_0.60" comprising the shear walls and frames of high ductility levels (see
Figure 3b). This design is no longer permitted in the current TSC-2018 despite the fact that
the previous versions, TSC-1998 [38] and TSC-2007 [26], had allowed the use of high duc-
tility levels for the buildings with joist slabs. For the 5KPC_0.60, the overturning moment
ratio is ay = 0.60, and the shear wall ratio is 0.96% for each story. The structural system
“5KPC_0.45" is very similar to that of 5KPC_0.60, but it has an overturning moment ratio
of ay = 045, and the shear wall ratio is at a lower level of 0.60 (see Figure 3c). It can be
noted that this configuration corresponds to the lower bound of 0.40 for highly ductile
shear wall-frame systems in TSC-2018.

Lastly, the reference system “5KC” consisted of highly ductile frames only (a;, = 0)
as shown in Figure 3d. This model was considered to reveal the necessity of shear walls
in the joist slab structural systems subjected to seismic loads. While the previous code
versions allowed for the use of high ductility frames in such buildings, the limited ductil-
ity systems can be selected in only SDC =3 and 4 classes in accordance with TSC-2018 [20].
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Figure 3. Structural floor plans and 3D analysis models of buildings: (a) 5KPC_0.75; (b) 5KPC_0.60;
(c) 5SKPC_0.45; and (d) 5KC.

The general design characteristics of the buildings are given in Table 1, and floor
plans and three-dimensional analysis models are presented in Figure 3a—d. More details
about the design considerations for the structural systems, including cross-section dimen-
sions, longitudinal/transverse reinforcements, and further information may be found in
Kurt [39].

In the numerical modeling of structural systems, a full bond interaction was assumed
between concrete and reinforcing steel, ensuring strain compatibility across the section.
To realistically capture flexural stiffness degradation under seismic demands, effective
(cracked) section stiffness values were assigned to beams, columns, and shear walls in
accordance with the requirements of TBDY-2018 [20]. The uniaxial compressive stress—
strain relationship provided by Mander et al. [40] was applied to both confined and un-
confined concrete. It should be noted that the tensile strength of concrete was neglected.
Furthermore, a simple bilinear constitutive model with kinematic hardening was used to
simulate the nonlinear behavior of longitudinal reinforcement. The characteristic stress
and strain values for these materials are provided in Table 1.

In the construction of elastic and inelastic components using the SAP2000 software
(version 21) [41], the beams and columns were modeled with one-dimensional frame
members, with zero-length plastic hinges based on the lumped plasticity concept [42]. In
this approach, inelastic deformations are lumped at the end regions while the member
responses in other zones are linear elastic. The inelastic behavior of the beam plastic
hinges was characterized by user-defined bilinear moment—plastic rotation (M-0,) rela-
tionships, which were obtained from moment—curvature analyses conducted for each de-
sign configuration. These hinges were defined as zero-length M3 hinges and placed at the
mid-point of the plastic hinge lengths at both ends of the beams. For column plastic
hinges, three-dimensional yield surfaces (P-M2>-Ms) were prepared to account for the
combined effects of axial force and biaxial bending moments. At this point, the plastic
hinge length (Ly) was considered to be half of the height of the beam and column cross-
sections (Ly = 0.5 h) in accordance with TSC-2018.
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Buildings 2026, 16, 1684 7 of 22
Table 1. Summary of design parameters for RC buildings.
Earthquake Ground Motion Level DD-2 10% Probability of Exceedance in 50 Years
Seismic design class sDC 1
Soil class Z zC
Importance factor I 1
Building height class BHC 6 (Hv=15m)
Mapped spectral acceleration coefficients Sp(g) Sps=1.054 Sp1=0.329
Concrete and rebar classes C30, B420C
Characteristic strengths for concrete and rebar fe) ffu f, = 42](}1\4—1)2? lf\;II:aS,SO MPa
Story 1to 4 G (kN/m?) B Q=20
Slab loads Roof story Q (KN/m?) G=5.81 0-15
Infill wall loads Interior//Exterior 10 cm//20 cm 5.21 kN/m//8.87 kN/m
Spectrum corner and transition periods T (s) Ta=0.062 T5=0.312 Tt=6.0
Ductilitv level 5KPC_0.75 Mixed R=5 D=25
Structural beha}:zior factor (R) SKDC_0.60 High R=7 D=2>
5KPC_0.45 High R=7 D=25
Overstrength factor (D) -
5KC High R=8 D=3.0

In the nonlinear time history analyses, as specified in TSC-2018 [20], the lumped plas-
ticity model may be utilized for beams and columns. However, the distributed plasticity
model is required to capture the inelastic behavior of both uncoupled and coupled shear
walls. Thus, the solid shear walls were modeled using nonlinear layered shell elements,
incorporating both concrete layers and rebar, as shown in Figure 4. The mesh size for the
wall finite elements was maintained at approximately 25 cm x 25 cm. This discretization
level was determined through a preliminary convergence analysis, ensuring that further
mesh refinement did not significantly alter the member- and system-based structural de-
mands. Initial analyses conducted for these systems revealed that the shear wall elements
entered the inelastic range only on the entire first floor and extended to the mid-point of
the second floor. It should be noted that this level roughly corresponds the critical shear
wall height (H.,), which is defined by 2L,, = H., = max[L,,; Hy/6] in the code. Hence,
the nonlinear shell model was employed to account for the inelastic behavior up to a
building height of Hy = 4.5 m, and the regions above this height, defined by 15m > Hy >
4.5 m, were characterized by linear—elastic material behavior.

Fiber cross—section

; v =
i T3
/ IEI 1 2 ry Py . a B
= Unconfined concrete
Confined concrete
{ e o o o . e o c o o o S e
A o Longitudinal
e e e o o o o o o e e Vreinforcements
| ek
. {0 e Ec
— i Tension zone (& T
Y i fiber sectiol ; - X
T T i NA i C()ITI Ipression zone
Shear wall — frame system
- -1

e &

Figure 4. Nonlinear layered shell model for a typical uncoupled shear wall.

To evaluate member-based damage, the limit states defined in TSC —namely Limited
Damage (LD) (commonly known as ‘serviceability’), Damage Control (DC) (‘life safety’), and
Pre-Collapse Damage (P-CD) (‘collapse prevention”)—were applied to the beams, columns,
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and shear walls. The summarizing deformation thresholds (concrete/reinforcement
strains and plastic rotations) for both distributed and lumped plasticity approaches are

given in Table 2.

Table 2. Deformation-based thresholds for distributed and lumped plasticity concepts in TSC-2018.

Limit State Distributed Plasticity Concept Lumped Plasticity Concept
Limited damage & = 00075 6,"" =0
& e,'0 = 0.0025 P

£57¢ = 0.75 ,° =P ngc — 075 epP—CD

Damage control

g ¢ =0.75 PP

Pre-collapse

g0 =04 ¢,

damage

,F=P = 0.0035 + 0.04,/w,,, < 0.018

6," 7" = g[(% —¢y)L, (1 - 0.52—2’) + 4.5¢udb]

wa: mechanical reinforcement ratio for transverse reinforcement, ¢.: ultimate curvature, ¢y: equiv-
alent yield curvature, Ls: shear span, Lp: plastic hinge length, di: diameter of longitudinal reinforce-

ment.

3.2. Selection and Scaling of Earthquake Ground Motions

To simulate the nonlinear dynamic responses of the structural systems with joist
slabs, a total of eleven real earthquake ground motions were extracted from the PEER
Ground Motion Database [43] considering the parameters of shear wave velocity, magni-
tude, peak value, fault distance, and rupture mechanisms, as summarized in Table 3. TSC-
2018 allows two scaling procedures: (a) the simple scaling procedure, which involves am-
plitude scaling of the individual record to the target spectrum keeping the frequency con-
tent of acceleration time history; and (b) the spectral matching procedure, which aims to
as perfectly as possible fit between the response spectrum of the ground motion record
and target design spectrum [20].

In the study, the simple scaling procedure was used for conducting three-dimen-
sional dynamic analyses. A graphical illustration of this application was given in Figure 5
for the shear wall-frame systems. Accordingly, the acceleration spectrums related to two
horizontal components of each ground motion record were combined with the SRSS rule.
Subsequently, the amplitudes of the combined spectrums, ranging from 0.2T, to 1.5Ty,
were individually scaled for each record adhering to the rule of being no smaller than the
target design spectrum amplified by a factor of 1.3 (see Figure 5). It is also noteworthy that
the calculated scaling factors were applied to both horizontal components of the ground

motion records, as detailed in Table 3.

.57, e 1. Whittier Narrows
2. Big Bear
3. Kobe-Japan

----------- 4. Imperial Valley
- 5. Loma Prieta_AND
- 6. Loma Prieta_UCSC

o Scaled spectrum

Target spectrum (1.3xDD-2) .. 7. Palm Springs
----------- 8. Morgan Hill
----------- 9. Northridge

10. San Fernando

----------- 11. Landers

Design spectrum (DD-2)

Spectral accerelation S,, (g)

0 0.5 1 1.5 2 25 3 35 4
Period — T (s)

Figure 5. Scaling of earthquake ground motions by the simple procedure.
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Table 3. Selected ground motion records and scaling factors.

Horizontal . Magni- Rupture PGA (V)50 Scale Factors

No Earthquake Year Compo- Station tude Me.zcha- (m/s)  (m/s) 5KPC_0.75 5KC
nents Mm,,) nism _0.60_0.45

EQI I‘\’If:::;rs 1987 % Be"eig’;ﬂls_ 599  Reverse % 5456 689 1185
EQ2 BigBear 1992 % M;Ei:gl_sie 646  Strike slip % 447 1683 2653
EQ3 KO;’;]a' 1995 % Chihava 69  Strike slip % 3520 520 879
EQ4 Ir\rf‘sﬁzi;l 1979 %ﬁﬁg Parads‘i‘ize Test (53 Strike slip % 348.6 162 234
EQ5 Lon;?apri' 1989 %chcvaﬁfbser' 693  Reverse % 713.5 118 1.76
EQ6 Lon:apn- 1989 % ‘?ij;isge[:;? 693  Reverse % 4887 126 222
EQ7 gpiilgsl 1986 % Fun Valley 6.06 Reverse % 388.6 4.46 6.71
EQ8 M;Iri%an 1984 % Gilroy Array 6 619  Reverse % 6633 143 221
EQ9 Northridge 1994 % (I:{?Zt;CI; Stlj 68  Reverse % 4502 061 082
EQ10 Sg:ﬂzeg' 1971 % Pea;zlrf;om 661  Reverse % 529.0 491 834
EQI1 Landers 1992 %ﬁgg Yerm‘;gge S 708 Strike slip % 3536 083  1.09

3.3. Nonlinear Time History Analyses of Structural Systems

During the numerical analyses, both horizontal components of the earthquake
ground motions were jointly applied to X and Y principal directions of the buildings.
Given the symmetry and asymmetry in the building floor plans and structural members,
the nonlinear time history analyses (NTHA) were performed only in the +X and +Y direc-
tions. All NTHAs were conducted using the SAP2000 software [41]. The numerical inte-
grations of the equation of motion were simulated by the Newmark-beta method (with y
=1/2 and g = 1/4), and the Rayleigh damping, which relates to the mass and stiffness pro-
portional matrices, was implemented into the structural models for the first and second
periods. P-A effects were incorporated into the equilibrium equations to account for sta-
bility-sensitive responses, while their influence on compatibility conditions was neglected
for computational efficiency. The inelastic cyclic behavior of the beam plastic hinges was
modeled by the Large Takeda model, which accounts for changes in stiffness, whereas the
hardening rigid plastic model was applied to the column plastic hinges where the defor-
mations are relatively limited (see Figure 6). The masses transferred from the slabs and
beams at each floor level were transferred to the joints with six degrees of freedom. A
nonlinear static analysis was performed under a load combination of 1.0G + 0.3Q to form
the initial step of the NTHA, during which no plastic deformation occurred in the poten-
tial zones.

https://doi.org/10.3390/buildings16091684
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Figure 6. (a) Large Takeda model for beams; (b) hardening rigid plastic model for columns.

4, Evaluation and Discussion of Deformation Demands

The member- and system-based response demands, which include the story displace-
ment, inter-story drift, plastic rotation, and strain demands, as well as plastic hinge distri-
butions and performance levels, were determined through the total of 88 bi-directional
NTHA conducted in both the X and Y directions. Thereby, the seismic performances of
buildings were evaluated and discussed by average values of the response demands. The
individual nonlinear analyses confirmed that the shear force and torsional moment de-
mands in all structural members—including the beams, columns, and shear walls—re-
mained below their respective capacities, indicating a fully flexural response without brit-
tle failure mechanisms.

4.1. Story Displacement Demands

Examining the positive and negative displacement demands (J;) and average pro-
files of the structural systems in Figure 7, as the overturning moment ratio (@) in-
creased, the displacements became more limited depending on the increasing lateral stiff-
ness, as would be expected. This reveals the importance of the shear wall configuration in
limiting the second-order effects under seismic loads. The average roof displacement de-
mands of 5KPC_0.60 and 5KPC_0.45 shear wall-frame systems, both designed with high
ductility levels, increased by 11% and 36%, respectively, compared to the 5KPC_0.75 with
a mixed ductility level. Notably, the percentage variation in the 5KC system was signifi-
cantly greater at 137%, while the first-floor displacement was much higher, showing an
increase of 277%, with the average difference as 184% across all floors of this building.
Furthermore, due to inelastic actions at the bottom ends of the first-story columns and the
shear wall fibers, the displacement profiles and lateral stiffnesses of the shear wall-frame
buildings deviated specifically at the first-floor level, as shown from Figure 7.

Based on the numerical analyses of this study, the critical role of shear walls becomes
evident to control the displacement demands of RC buildings with joist slabs under seis-
mic events. However, the findings clearly indicated that the current code criteria for the
overturning moment ratio are overly conservative, suggesting that the range of 0.75 >
ay = 0.40 for the shear wall-frame systems would be adequate.
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Figure 7. Individual and average displacement profiles for different shear wall ratios.

4.2. Inter-Story Drift Demands

The inter-story drift profiles presented in Figure 8, which indicate the relative dis-
placement ratio between two adjacent stories, highlighted that the lateral stiffness pro-
vided by shear walls effectively limited drift demands regardless of the shear wall quan-
tity or the selected ductility level. It should be noted that the first-story drifts in the shear
wall-frame systems were overly limited (below 0.5%), and the shear wall quantity and
configuration did not have a noticeable effect on the drift demands in the upper floors.
However, the beam—column frame system (5KC) was ineffective at controlling lateral dis-
placements under seismic actions, as shown in Figure 8. The average drifts calculated for
the systems 5KPC_0.60, 5KPC_0.45, and 5KC—designed with high ductility —increased
by 13%, 42%, and 277%, respectively, compared to 5KPC_0.75 with mixed ductility level.
It can also be noted that the relative difference in the drift demands closely aligned with
those obtained for the displacements.
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Figure 8. Individual and average drift distributions for different shear wall ratios.

The numerical simulations of this study are highly consistent with the particular
damage surveys of Marmara and Kahramanmaras earthquakes. A significant number of
heavily damaged frame-only buildings with joist slabs experienced high levels of drift
demands, resulting in concentrated deformation predominantly in the ground-story col-
umns. The seismic vulnerability of these buildings became even higher with low-quality
materials and non-engineered construction practices [9,12-14]. Therefore, the specified
provisions regarding the use of shear walls have gained prominence to limit the drifts in
the RC building systems that incorporate both joists and conventional slabs. It is important
to note that the overturning moment ratio of 0.75 > a,, = 0.40, which is directly associ-
ated with the amount of shear walls within the structural system, is capable of resisting
the design-level seismic events.

4.3. Story Shear Forces

Upon examining the individual and average distributions of story shear forces in the
RC shear wall-frame systems with varying ductility and overturning moment ratios, as
well as the frame-only system in Figure 9, a significant increase in shear demands was
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observed at the lower floor levels as the quantity of solid shear walls—and consequently
the overturning moment ratio—increases. This trend occurs due to the fact that stiffer
structural configurations attract higher seismic forces. Conversely, these variations re-
mained more limited in the upper stories.

Although the 5KPC_0.75 and 5KPC_0.60 systems had different overturning moment
ratios, the lateral forces resisted by their vertical members were relatively similar in the
upper stories (third to fifth floors) (Figure 9). Compared to the 5KPC_0.75 system with a
mixed ductility level, the average base shear demands for the 5KPC_0.60, 5KPC_0.45, and
5KC systems—designed with high ductility —decreased by 8%, 29%, and 50%, respec-
tively. It should also be noted that the proportion of total shear forces carried by the col-
umns in the 5KPC_0.75, 5KPC_0.60, and 5KPC_0.45 shear wall-frame systems were cal-
culated as 20%, 24%, and 33%, respectively, with the remaining shear demands resisted

by the shear walls.
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Figure 9. Individual and average story shear demands for different shear wall ratios.
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4.4. Member-Based Deformation Demands

The plastic rotation and strain demands, which are closely linked to the extent of
damage within the structural system, are critical parameters for the performance-based
design concept.

4.4.1. Beam Plastic Rotations

The graphs in Figure 10 illustrate the distribution of average plastic rotation demands
in the joist slab structural systems, incorporating the limit states defined in TSC-2018. As
the overturning moment ratio in the shear wall-frame systems decreased, the beam plastic
rotation demands showed an upward trend, regardless of the ductility level. Regarding
this matter, the maximum value of the average rotations across all story levels for the
5KPC_0.60, 5KPC_0.45, and 5KC buildings were greater by 23%, 31%, and 52%, respec-
tively, compared to the 5KPC_0.75 in accordance with the code criteria. At this point, it
should be noted that the differences in plastic rotations developed within the shear wall—
frame systems were relatively minor when considering the thresholds related to the limit
states (LD, DC, and P-CD) in TSC-2018 [20].
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Figure 10. Distributions of beam plastic rotation demands and their mean story-level profiles.

As shown in Figure 10, the plastic deformations in the shear wall-frame systems were
mostly distributed in the Marked Damage Zone (MDZ) between the LD and CD limit states.
However, as the overturning moment ratio decreased, there was a noticeable shift
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towards the Advanced Damage Zone (ADZ) between the DC and P-CD limit states. In the
case of the 5KC frame system, unlike the other systems, the plastic demands in the first
story were within the MDZ but progressively increased in the upper stories, surpassing
into the ADZ (Figure 10). This result confirms that many joist slab structures with low-
quality materials and non- or low-engineered construction sustained moderate to heavy
damage in many earthquake-affected provinces.

4.4.2. Column Plastic Rotations

Based on the distributions presented in Figure 11, all the column plastic hinges in the
5KPC_0.75 developed only at the base of the ground-story columns, and the column de-
formations were very close to the linear-elastic limit (6,, < 0.002 rad). Note that the max-
imum plastic rotation is 6, 4, = 0.00213 rad under the individual ground motion rec-
ords. As the overturning moment ratio (@) decreased, reaching the threshold of 0.40,
some plastic hinges began to form at the upper stories of the structural systems, although
the resulting deformations were extremely small (see Figure 11). In other respects, a large
number of plastic hinges developed at the column ends of the frame-only system, extend-
ing into an advanced range, compared to the shear wall-frame structures, through the
yield surfaces (P-M2>-Ms). However, the column deformations in the 5KC did not exceed
the MDZ since it was defined within a wide band, as can be shown in Figure 11.
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Figure 11. Distributions of column plastic rotation demands and their mean story-level profiles.
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The maximum values of the plastic rotation demands averaged at the lowest columns
of the 5KC building were found to be 5.62, 6.01, and 4.96 times higher than those in the
5KPC_0.75, 5KPC_0.60, and 5KPC_0.45 systems, respectively. This outcome revealed the
crucial role of the shear walls at controlling the damage to the RC buildings with one-way
joist slabs subjected to seismic actions.

4.4.3. Fiber Strains in Shear Walls

The results of the conducted NTHA indicated that the concrete and rebar strains in
the shear wall were nearly identical, regardless of the overturning moment ratio and se-
lected ductility level. Accordingly, both strain demands fell within the Limited Damage
Zone (LDZ) where the damages did not reach the LD limit state (see Figure 12). It is note-
worthy that the average strains in the fiber sections of the 5KPC_0.75 system were slightly
higher by ~30% than those in other buildings, as the uncoupled shear walls resisted more
shear forces under seismic loads.

When discussing the inelastic behaviors of the structural components under real ac-
celeration time histories, the code provision of a) = 0.75 leads to an increased safety
margin concerning the plastic deformations. Therefore, it can be concluded that when the
structural systems of such buildings are jointly designed with shear walls and frames of
high ductility levels, through the capacity design principles, the stipulated performance
objective will be achieved within the range of 0.75 > a;, = 0.40.
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Figure 12. Concrete and rebar strains in uncoupled shear walls and their mean story-level profiles.

4.5. Distribution of Plastic Hinge Formations

The distribution of the plastic hinges within the structural systems varied depending
on the selected ground motion records. While the hinge formations from some individual
records (such as Landers, Loma Prieta/Anderson) were pretty limited for the shear wall-
frame systems, the number of plasticized sections rapidly increased for other records,
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including Morgan Hill, Big Bear, Palm Springs, and Whittier Narrow. Regarding the most
unfavorable plastic hinge distributions illustrated in Figure 13, the 5KPC_0.75 system dis-
played the beam sway mechanisms though most plastic hinges developed at the beam
ends. However, as the overturning moment ratio decreased and the number of beam plas-
tic hinges increased, new plastic hinges appeared at the bottom of the lowest columns
while the number of finite element sections exhibiting inelastic behavior steadily in-
creased (Table 4). It is noteworthy that no stability problems or column sway mechanisms,
which could cause soft-story collapses, occurred despite the development of undesirable
joint mechanisms because of the yielding of the beam and column faces framing into the
joints in the upper stories.

In contrast to this behavior, in the 5KC system, almost all beam potential hinge re-
gions and a significant portion of column ends yielded and entered the plastic stage for
the specific earthquake records, as quantitatively detailed in Table 4. Eventually, as
demonstrated in Figure 13, the column sway (or story sway) mechanisms were observed
during the nonlinear dynamic analyses of specific records such as Big Bear, Palm Springs,
and Whittier Narrow. This result was highly consistent with the damage and collapse
modes experienced in sub-standard RC buildings having joist slab systems in particular
after the Adana-Ceyhan 1998, Marmara 1999, Van 2011, and Kahramanmaras 2023 earth-

quakes [7,8,12-14,44].

SKPC_0.75
S

avavay,)

-

Whitter Narrow

Figure 13. Most unfavorable plastic hinge formations for structural systems.
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Table 4. Proportion of the total yielded plastic hinges.
Total Yielded Morgan Hill Big Bear Palm Springs Whittier Narrows
Plastic Hinges Shear Shear Shear Shear
(%) Beam Column Wall Beam Column Wall Beam Column Wall Beam Column Wall
5KPC_0.75 91 10 69 99 1 69 100 5 69 95 0 69
5KPC_0.60 98 10 63 99 0 63 100 6 63 97 0 63
5KPC_0.45 100 11 63 100 9 63 100 9 63 100 12 63
5KC 100 30 -—- 100 47 -—- 100 37 -—- 100 65 —-

4.6. Importance of Shear Wall Use on Member-Based Performance Levels

Based on the member-based plastic rotation and strains within the structural systems,
the final performances of overall structural member were comparatively illustrated in Fig-
ure 14. From this point of view, variations in the overturning moment ratio did not signif-
icantly affect the beam performance; thus, the damages in the shear wall-frame systems
fell within the MDZ. Conversely, while the beams of 5KC system were also in the same
zone, they came up to the DC limit state due to the lack of sufficient stiffness provided by
the frames under seismic loads. Regarding the column performances, the deformations in
the shear wall-frame systems were located near the linear—elastic limit, regardless of the
overturning moment ratio, as shown in Figure 14. In contrast, the column damages in the
frame-only system progressed towards the mid-range of the MDZ due to the joint and
column sway mechanisms. This result strongly supports the code provisions with respect
to the use of a particular amount of shear wall in the seismic design of the structural sys-
tems with one- or two-way joist slabs.

Similar to the findings for the column performances, as shown in Figure 14, the fact
that the strains in the solid shear walls performing in the LDZ region were very close to
each other revealed that the shear wall configuration providing the design rule of ay =
0.40, as well as the selected of ductility level for such RC systems, had minimal impact
during the design-based seismic events.

SKPC 0.75
SKPC 0.60
SKC Beams
SKPC 0.45
LD ( ) P-CD .
[ LDZ MDZ
SKPC 0.75
SKPC 0.60
SKC Columns
SKPC 0.45
LD, r ) P-CD .
LDZ MDZ A
SKPC 0.75
SKPC 0.60
SKC Shear walls
SKPC 0.45
r L) ) P-CD |
LDZ MDZ A

Figure 14. Member-based performances levels.
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5. Conclusions

In the numerical study presented, the influence of shear wall quantity on the seismic

behavior of RC buildings featuring one-way joist slabs was evaluated, referencing the de-

sign provisions outlined in TSC-2018. In this sense, a typical five-story RC building was

examined by four structural systems that shared similar slab properties and layouts but

varied in their overturning moment ratios (ay). The seismic performances of buildings

were evaluated by means of the member- and system-based seismic response demands,

as well as the causes of extensive damage and collapse observed in these buildings during

the catastrophic earthquakes in Tiirkiye.

The following conclusions were drawn from the nonlinear time history analyses con-

ducted:

The roof displacements for the shear wall-frame systems (5KPC_0.60 and
5KPC_0.45) with high ductility increased by 11% and 36%, respectively, compared to
the 5KPC_0.75, which adhered to the code criteria. However, the variation in the
frame-only system (5KC) was much greater by 137%. While the shear wall quantities,
ranging from 0.45 to 0.75, did not have a noticeable impact on both displacement and
drift demands across all floors, the 5KC system was inadequate in controlling the
lateral deformations during the design-based seismic events.

The plastic deformations in beams of the shear wall-frame systems were mostly dis-
tributed within the Marked Damage Zone (MDZ). It was evident that, as the overturn-
ing moment ratio decreased, there was a noticeable shift towards the Advanced Dam-
age Zone (ADZ). In the case of the 5KC, unlike the other systems, the beam demands
in the first story were within the MDZ but progressively increased in the upper sto-
ries, surpassing into the ADZ.

The column plastic hinges in the 5KPC_0.75 developed only at the lowest column
ends, with the deformations near the linear—elastic limit. Upon decreasing the thresh-
old of 0.40, some plastic hinges began to form at the upper stories, although the re-
sulting deformations were extremely small. In other respects, a large number of plas-
tic hinges developed at the column ends of the frame-only system, extending into an
advanced range compared to the shear wall-frame structures. It is noteworthy that
the maximum values of the average demands at the lowest columns of the 5KC were
found to be 4.62, 5.01 and 3.95 times higher than those in the 5KPC_0.75, 5KPC_0.60
and 5KPC_0.45 systems, respectively.

The strains in concrete and reinforcing rebars of the uncoupled shear walls were
nearly identical and located within the Limited Damage Zone (LDZ). It can be noted
that the strains observed in the fiber sections of the 5SKPC_0.75 are =30% higher than
those in other buildings, as the shear walls resisted more shear forces due to seismic
loads.

Regarding the formation of plastic hinges within the structural systems, the
5KPC_0.75 displayed the beam sway mechanisms though most plastic hinges devel-
oped at the beam ends. However, as the overturning moment ratio decreased and the
number of beam plastic hinges increased, new plastic hinges appeared at the base of
the ground-story columns while the number of inelastic fiber sections increased.
While no stability issues leading to collapse arose in the shear wall-frame systems,
the column sway mechanisms were observed in the 5KC system during some specific
records. This is highly consistent with the collapse modes experienced, particularly
in sub-standard buildings in the previous Turkish earthquakes.

The variations in the overturning moment ratio had little impact on the member-
based damage levels of the shear wall-frame systems. Although the beams and col-
umns of the 5KC system were also in the same zone (MDZ), they came up to the
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damage control limit state due to the lack of sufficient stiffness provided by the frames
under the seismic loads.

e  The numerical simulations of this study are highly consistent with the damage sur-
veys of destructive earthquakes (Marmara 1999, Van 2011 and Kahramanmaras 2023)
in Tiirkiye. The seismic vulnerability of these buildings became even higher with
low-quality materials and non-engineered construction practices. Consequently, the
current seismic code provisions regarding the incorporation of shear walls have
gained prominence in limiting the deformation demands in the RC building systems
with both joists and conventional slabs.

When assessing the inelastic behaviors in the structural components under real ac-
celeration time histories, the code provision of @) = 0.75 leads to an increased safety
margin regarding the plastic deformations. Thus, it can be concluded that when the struc-
tural systems of such buildings are jointly designed with shear walls and frames of high
ductility levels—through the capacity design principles—the stipulated performance ob-
jectives will be achieved within the overturning moment ratio range of 0.75 > a;, = 0.40.

Higher mode effects and P-A effects would indeed be more dominant for higher
buildings consisting solely of ductile frames or for those that do not comply with code
requirements. In such cases, different failure mechanisms might emerge due to the in-
creased sensitivity to lateral instability.
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Abbreviations

The following abbreviations are used in this manuscript:

ADZ Advanced damage zone

Ccz Collapse zone

DC Damage control level

LD Limited damage level

LDZ Limited damage zone

MDZ Marked damage zone

NTHA Nonlinear time history analysis
P-CD Pre-collapse damage level

SDC Seismic design class

SRSS Square root of the sum of squares
TSC Turkish seismic code
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