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Abstract

Abstract

Structural Analysis and Design of
Coupled Wall Considering
Slab-Wall Interaction

Jeon, Myung Ho
Department of Architecture and Architectural Engineering
College of Engineering

Seoul National University

Gyeongju earthquake (* 16.09.12) and Pohang earthquake (* 17.11.15), the
largest earthquake since the 1978 earthquake observation in Korea, have
occurred, and the frequency of earthquakes has continued to increase. Therefore,
public interest in the safety of structures in earthquakes is increasing. As
interest in structural safety increased, a total of four revisions have been made
since the introduction of seismic design standards in Korea in March 1988.
Therefore, seismic design laws and applications have been changed accordingly.
Recently, nonlinear analysis and seismic design of wall-type structure have
been actively conducted in Korea by utilizing performance-based seismic

design method. Typically, structural analysis of wall type structure for seismic
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design uses modeling method to constrain floor slabs with diaphragm method

for ease of modeling and reduction of analysis time.

However, with the introduction of the Standard Floating Floor Insitution, the
slab thickness of the wall-type strucuture must satisfy 210mm or more,
regardless of the structural performance requirements, in order to cope with the
floor impact sound. Due to the above regulations, it has been greatly increased
compared to the past (120mm ~ 180mm). Therefore, it is expected that the
lateral resistance capacity of the structure can be improved by the influence of

the slab thickness.

Recently, in the case of wall-type structure, the wall section area per floor is
decreasing. In addition, since the shape of the wall is diverse, such as T-type,
L-type, and H-type, it will be difficult to simulate the interaction between the

slab and the wall with only the diaphragm.

Therefore, this study focused on proposing a design method that considers
the slab-wall interaction. Two-story RC frame of slab-coupled wall specimens
were constructed among various wall shapes in which the slab-wall interaction
occurs. And structural performance tests were performed through cyclic lateral
loading. Based on the test results, a structural design method was proposed that
considers the slab-wall interaction in the linear elastic analysis of the wall-type
structure. In order to prove the proposed design method, the mechanism of the
slab-wall structure was identified through the nonlinear finite element analysis
and test. In addition, the effective stiffness of slabs and walls used in the elastic

design was verified.
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This study proposes a structural design method that considers the slab-wall
interaction to simulate the behavior of the actual structure and to reduce the cost
by decreasing the reinforcement quantity. Since the study was performed on the
in-plane wall-slab structure, it is expected that it can be provided as a basis for
future design methods considering various wall planes in which the slab-wall

interaction occurs.

Keywords : Slab thickness, Diaphragm, Slab-wall interaction, Structural

performance tests, Nonlinear finite element analysis, Elastic design method

Student Number : 2019-26856
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Chapter 1. Introduction

Chapter 1. Introduction

1.1 Background

Gyeongju earthquake (* 16.09.12) and Pohang earthquake (* 17.11.15), the
largest earthquake since the 1978 earthquake observation in Korea, have
occurred, and the frequency of earthquakes has continued to increase. Therefore,
public interest in the safety of structures in earthquakes is increasing. As
interest in structural safety increased, a total of four revisions have been made
since the introduction of Seismic Design Standards in Korea in March 1988,
and seismic design laws and applications have been changed accordingly.
Recently, nonlinear analysis and seismic design of wall-type structure have
been actively conducted in Korea by utilizing Performance-Based Seismic
Design methods. Typically, structural analysis of wall-type structure for seismic
design uses modeling method to constrain floor slabs with diaphragm method
for ease of modeling and reduction of analysis time. However, the thickness of
the slab is applied more than 210mm, which is significantly increased compared
to the previous 120mm to 180mm, in order to respond to the floor impact sound
of wall-type structure. According to the Standard Floating Floor Institution, it
is suggested that the slab thickness of wall-type structure should be at least
210mm. As a result, it can be inferred that the influence of the slab on the

stiffness and strength of the wall-type structure increased.
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1.2 Scope and Objectives

The purpose of this study is to propose a structural design method for the
procedure and method to consider the slab-wall interaction effect in the
structural analysis of wall-type structure. Among the various wall shapes in
which the slab-wall interaction occurs, structural performance tests and analysis
studies are conducted for the most typical form which is coupled wall. Figure
1-1 (a) is the rigid diaphragm model and (b) is a model considering the slab

using a shell element.

First, a study was conducted to determine the effect that occurs when the
structural analysis considering the slab-wall interaction is carried out. By
referring to the method that the engineer considered the slab, the tendency is
identified when considering the slab-wall interaction. Also, the load resistance
mechanism of method that considering slab-wall interaction will be explained

in this process.

Next, a structural performance test is performed on the coupled wall. The
effect that occurs when the slab is considered is comparatively analyzed
through structural performance tests and nonlinear finite element analysis. In
addition, numerical analysis is performed on the specimen in which the
structural performance test was conducted. In this process, the analysis results
that are the basis for the proposed design method are provided through

comparative analysis of test and numerical analysis.

Finally, the proposed design method and the current design method are

applied to the prototype model. Through the following design methods, it is
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possible to compare the relative economical data between considering slab-wall

interaction design.

This thesis contains the subject of the in-plane wall-slab system, but does not
provide information on the out-of-plane slab-wall system. There have been only
studies related to the analysis method considering the slab, but there have been
no results of comparative analysis between the specimen and the analysis
considering the slab. Therefore, the design method proposed in this thesis is
expected to give a convincing answer for the in-plane wall-slab system.
However, additional research is needed for the out-of-plane wall-slab system.
As aresult, the design method proposed in this study is expected to provide the
basis for the development of a structural design method that considers the slab-

wall interaction.

i l'""'m"’ 'i'r”’”lﬂ
\\\\W \\\‘-“-I' "nl
\\\\\\\\\\‘ “

(a) Rigid Diaphragm System (b) Plate System (Slab Modeling)

Figure 1-1 Case of Modeling
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1.3 Outline of the Master’s Thesis

Part 1

Effect of Considering Wall-Slab Interaction
(Refer to Methods Used by Previous Engineers)

+ Load resistance mechanism

l + Current design method (Diaphragm)
+ Design method in practice

+  Wall demand

Part 2 Part 3
Cyelic Latera;LLoadmg Test » Apply Proposed Structural Design Method
. . . to The Prot Model
Numerical Analysis of Specimen o The Prototype Mode
¢ Structural performance of specimens * Overall strategies
¢+ Elastic Analysis + Overall considerations for design
¢ Nonlinear finite element analysis + Economic comparison

o Verifying the design method

Figure 1-2 Outline of the master’s thesis

Part 1

In chapter 3, A preliminary structural analysis is performed on a wall-type
structure that does not consider the slab-wall interaction, which is diaphragm
method, and a wall-type structure that considers the slab-wall interaction. By
comparing two different condition, the case in which the load resistance
mechanism occurs is defined and figure out the location in which the slab-wall
interaction occurs. In addition, the tendancy of effects occurring in the slab

model is confirmed by comparing the analysis results of two different models.
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Part 2

In chapter 3 and 4, A structural performance test is performed on a coupled
wall, which is a typical wall shape where the slab-wall interaction occurs. In
addition, the design method to be proposed is verified by conducting a
comparative analysis of structural performance tests, elastic analysis and

nonlinear finite element analysis for the specimen.

Part 3

In chapter 5, design strategies and overall considerations for the structure
design method considering the slab-wall interaction are announced. In addition,
the proposed design method and the current design method are applied to the

prototype model and compared in terms of economics.
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Chapter 2. Literature Review

2.1 Code Review

2.1.1 Standard Floating Floor Insitution

With the introduction of the Standard Floating Floor Institution, the slab
thickness of the wall-type structure must satisfy 210mm or more regardless of
the structural performance requirements. In order to prevent the problem caused
by the floor impact sound of the wall-type structure, the slab thickness is
applied with a thickness of 210mm or more, which is significantly increased
compared to the past 120 ~ 180mm. Through this, it is expected that the lateral

resistance capability of the structure is improved by the influence of the slab.

Table 2-1 to Table 2-3 shows each code for standard floating floor system,
and Figure 2-1 to Figure 2-3 shows each section of standard floating floor

system.
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Table 2-1 Code for Standard Floating Floor System 1 (Refer to Figure 2-1)

Type Structure System @®Concrete @Resilient (3®Lightweight @Finishing

Slab Material Foam Concrete Mortar
Wall or Combined 210mm

1 Rigid Frame 150mm 20mm 40mm 40mm
Flate Plate Floor 180mm
Wall or Combined 210mm

2 Rigid Frame 150mm - 20mm 40mm
Flate Plate Floor 180mm

. Must have at least the following thickness value

Floor Covering

Finishing Mortar

Lightweight Foam Concrete

Resilient Material

|
®© O 66

|

Concrete Slab

Figure 2-1 Section of Standard Floating Floor System 1
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Table 2-2 Code for Standard Floating Floor system 2 (Refer to Figure 2-2)

Type Structure System @®Concrete @ Lightweight 3 Resilient @Finishing

Slab Foam Concrete Material Mortar
Wall or Combined 210mm

1 Rigid Frame 150mm 40mm 20mm 40mm
Flate Plate Floor 180mm
Wall or Combined 210mm

2 Rigid Frame 150mm - 20mm 40mm
Flate Plate Floor 180mm

. Must have at least the following thickness value

Floor Covering

l

Finishing Mortar

l

Resilient Material

l

Lightweight Foam Concrete

I

CHCHMCEONRE)

Concrete Slab

Figure 2-2 Section of Standard Floating Floor System 2
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Table 2-3 Code for Standard Floating Floor system 3 (Refer to Figure 2-3)

Type Structure System (DConcrete Slab @ Resilient @ Finishing

Material Mortar
Wall or Combined 210mm

1 Rigid Frame 150mm 40mm 50mm
Flate Plate Floor 180mm

. Must have at least the following thickness value

/-\ .
— @ Floor Covering
— 3 Finishing Mortar
e /2\ age &
(2) Resilient Material
5y
— (@) Concrete Slab
*
- <
? - “ @ a4 é,, 4 @
Y <
» a
b 2 X
d < o
< 4 4
a . a . 5 @

Figure 2-3 Section of Standard Floating Floor System 3
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2.1.2 Korean Building Code 2016 (KBC 2016)

(@) 0306.7.2 Modeling

A mathematical model of building shall be able to describe the spatial
distribution of mass and stiffness throughout the structure. For regular
structures with independent orthogonal seismic-force-resisting systems,
independent two-dimensional models are permitted to represent each system.
For irregular structures without independent orthogonal systems, a three-
dimensional model incorporating a minimum of three degrees of freedom
consisting of translation in two orthogonal plan directions and torsional rotation
about the vertical axis at each level of the structure shall be used. Where the
diaphragms are flexible compared to the vertical elements of the seismic-force-
resisting system, the model shall include the diaphragm's flexibility and
additional degrees of freedom required to account for the influences of the
diaphragm on the structure's dynamic response. For concrete and masonry
structures, the effects of cracked sections shall be included. For steel moment
frame systems, the contribution of panel zone deformations to overall story drift

shall be included.

Incase P — A effects are considered to be significant, the effects shall be

included in the analysis modeling or reflected on the analysis result.

When the area of the basement is significantly larger than that of the super-
structure, the super-structure can be analyzed separately from the basement
structure. Otherwise, the basement shall be modeled in conjunction with the

super-structure. For the structure with basement, the lateral stiffness of the soil

10 A
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adjacent to the basement shall be neglected if the base level for site
classification given in Section 0306.3.2.2 is defined as the bottom of the

basement structure.
(b) 0306.12.2.3 Structural System

(1) The horizontal diaphragm or other structural elements shall provide
continuity above the isolation interface and shall have adequate strength and
ductility to transmit forces due to ground motion from one part of the structure

to another.
(c) 0306.5.3 Determination of Fundamental Period

The fundamental period of the building in the direction under consideration
shall be calculated as the fundamental period, T,, determined from simplified
methods in Section 0306.5.4 or shall be calculated by other theoretical methods
considering the structural properties and deformational characteristics of the
resisting elements. When T, is calculated by theoretical methods, the
calculated fundamental period, T,, shall not exceed the product of the upper
limit coefficient, C,, from Table 0306.5.1 and the approximate fundamental

period, T,.
(d) 0306.7.3.5 Estimation of Design Values

(1) Design values such as the total base shear, Vi, story shear, story drift,
story displacement, and member forces shall be determined by taking
square root of the sum of the squares, SRSS, or complete quadratic

combination, CQC, of the modal values.

11 -'Jx'i o 1
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(2) When the total base shear, V, obtained using the response spectrum
analysis procedure is less than 85% of the base shear, V, obtained by the
equivalent static procedure presented in Section 0306.5.3, the design
values obtained from Section 0306.7.3.5(1) shall be multiplied by the

modification factor, C,,, defined as follows:

Vr
Cm = 085 2 1.0

12 ".:r'“' I 'kl-|- 1—-“ [= L
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2.1.3 KDS 41 17 00, 2019 (Building Seismic Design Code)

(@) 7.2.3 Determination of Fundamental Period

The fundamental period of the building in the direction under consideration
shall be calculated as the approximate fundamental period, T,, determined
from simplified methods in Section 7.2.4 or shall be calculated by the numerical
analysis considering the structural properties and deformational characteristics
of the resisting elements. However, the fundamental period calculated by the
numerical analysis shall not exeed the product of coefficient of upper limit, C,,

from Table 7.2.1 and the approximate fundamental period, T,.
(b) 7.3.2 Modeling

(4) For concrete and masonry structures, the effects of cracked sections shall
be included. For steel moment frame systems, the contribution of panel zone

deformations to overall story drift shall be included.
(c) 9.8.1 Structural Analysis

(1) Cracked stiffness of concrete members shall not be underestimated when
the structural analysis is used to estimate seismic loads

(2) Cracked stiffness of concrete members shall not be overestimated when
the structural analysis is used to estimate inelastic deformation

(3) Cracked stiffness of concrete members for the structural analysis shall be
permitted to be determined according to 41 30 00 Building Concrete Design

Code.

3] 3 =77
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2.1.4 ASCE 7-16 (Seismic Design Requirements for Building
Structures)

(a) 12.7.3 Structural Modeling

A mathematical model of the structure shall be constructed for the purpose
of determining member forces and structure displacements resulting from
applied loads and any imposed displacements or P-Delta effects. The model
shall include the stiffness and strength of elements that are significant to the
distribution of forces and deformations in the structure and represent the spatial

distribution of mass and stiffness throughout the structure.

Structures that have horizontal structural irregularity Type 1a, 1b, 4, or 5 of
Table 12.3-1 shall be analyzed using a 3-D representation. Where a 3-D model
is used, a minimum of three dynamic degrees of freedom consisting of
translation in two orthogonal plan directions and torsional rotation about the
vertical axis shall be included at each level of the structure. Where the
diaphragms have not been classified as rigid or flexible in accordance with
Section 12.3.1, the model shall include representation of the diaphragm’s
stiffness characteristics and such additional dynamic degrees of freedom as are
required to account for the participation of the diaphragm in the structure’s

dynamic response. In addition, the model shall comply with the following:

a. Stiffness properties of concrete and masonry elements shall consider the
effects of cracked sections.
b. For steel moment frame systems, the contribution of panel zone

deformations to overall story drift shall be included.

3] 3 =77
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2.1.5 KDS 41 20 20, 20 (Bending Moment and Compression Design
Criteria of Concrete Structure)

(1) The elastic secondary analysis is to use the cross-sectional characteristics
of the member calculated in consideration of the effect of the axial force, the
crack area over the length of the member, and the load sustaining effect.

(2) The following values can be used as the cross-sectional characteristics of
structural members for the elastic secondary analysis.

(D Modulus of elasticity (KDS 14 20 10 (refer to 4.3(1)))

(@ Sectional second moment:

- Column : 0701
- Uncracked Wall : 0701
- Cracked Wall : 0351,
- Beam : 035l
- Flat-Plate or Flat-Slab : 0.25]
@ Cross-sectional area : 1.00Ag

(3) When a transverse continuous load is applied, area moment of inertia of
the compression member obtained in (2) above is to be divided by (1+B4s).
Bas is the ratio of the maximum continuous shear force factor to the maximum

shear force factor of the entire layer, and a value of 1.0 or less should be used.
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2.2 Practice Studies Review

2.2.1 Dongsung Structural Engineering (2005)

The elastic secondary analysis is to use the cross-sectional characteristics of

the member calculated in consideration

(@) Target : Reinforced concrete wall-type apartment

(b) Purpose : 1) Comparative analysis of elastic analysis results when
considering slab flexural stiffness, and 2) Development of adequate
design method and economic evaluation when setting slab flexural

stiffness.

(c) Result: When the slab effect was partially considered in partial story, the

effect was not significant.

Table 2-4 Overview of Analysis Model

Parameter Scope of parameter
Type of Apartment Plan 84m?
Floor of Structure 15F, 20F, 25F

Type 1 : Diaphragm
Type 2 : Plate element for Slab
Analysis Model Type 3 : Plate for the adequate floor slab
(1/3 of the total) slab
Type 4 : Plate for the every multiple of 3 story slab

Slab thickness 180mm

3] 3 =77
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Table 2-5 Result of Analysis

Structural Effect of Parameter (Compare to the diaphragm method)
Behavior Typel | Type2 [  Type3 | Typed
Fundametal 100 % 82~88 % 90~94 % 93~95 %
Period
Drift of 100 % 70~77 % 84~86 % 87~89 %
Structure
Displacement 100 % 80~88 % 89~92 % 91~94 %
of Structure
. Wall 100 % 88~94 % 96~97 % 96~97 %
Reinforcement
Slab
. 100 % 100~103 % 100~101 % 100~101 %
Reinforcement
Foundation 100 % 100 % 100 % 100 %
Reinforcement
Total
100 % 96~97 % 98~99 % 99~99 %

Reinforcement

2.2.2 Gun Structural Engineering (2005)

The elastic secondary analysis is to use the cross-sectional characteristics of

the member calculated in consideration

(@) Target : Reinforced concrete wall-type apartment

(b) Purpose : As the slab thickness increases due to the revision of the design
standard, when considering the bending stiffness of the slab in a wall-
type apartment, the behavior of structure and reinforcement quantity of

the walls are compared.

(c) Result: 1) As the slab flexural stiffness was considered in addition to the

diaphragm, the building stiffness increased significantly and the story

17 A
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drift decreased. 2) The reinforcement quantity of walls decreases as the

slab effect is considered, but the effective stiffness must be properly

considered because the reinforcement quantity of the slab increases.

Table 2-6 Overview of Analysis Model

Parameter Scope of parameter
Type of Apartment 148.5m?
Plan
Floor of Structure 15F, 20F, 25F

Analysis Model

Slab thickness

Type 1 : Diaphragm

Type 2 : Diaphragm + Plate Slab (Effective Stiffness 15%)
Type 3 : Diaphragm + Plate Slab (Effective Stiffness 25%)

210mm

Table 2-7 Result of Analysis

Structural Effect of Parameter (Compare to the diaphragm method)
Behavior
Type 1 ‘ Type 2 Type 3
Fundametal Period 100 % 62~73 % 55~67 %
Shear Force of 100 % 100 % 100~104 %
Strucuture
Story Drift 100 % 45~53 % 38~45 %
. Wall 100 % 76~81 % 74~79 %
Reinforcement
_ Slab ; 100 % 138~177 %
Reinforcement
18 ':l'\-\._-ii _'-j.': ] ] ;
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2.3 Liturature Review

2.3.1 Analysis Model 1 (Lee et al.)

A modeling method that can reduce the number of degrees of freedom while
simulating the actual behavior of the slab is proposed. Plate element + pseudo
beam was used, and the behavior of the structure was very similar compared to

the case of modeling the slab using only the plate element.

‘__.-‘ ..... e ﬂ = .‘:‘-‘ <5
\"“-l_‘&irtual beam COndense out
(@) (b) (c) (d)
Figure 2-4 Case of Analysis Model 1
2.3.2 Analysis Model 2 (Pinho et al.)

Pseudo dynamic test was performed on the 3D frame structure, and based
on this, a model was proposed to consider the slab effect. Diagonal truss
model is used as a slab modeling technique. The analysis time can be
shortened by greatly reducing the number of degrees of freedom, but it is

difficult to simulate the actual behavior.

Figure 2-5 Case of Analysis Model 2
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Chapter 3. Cyclic Lateral Loading Test

3.1 Introduction

Recently, nonlinear analysis and seismic design of wall type structure have
been actively conducted in Korea by utilizing performance-based seismic
design methods. Typically, structural analysis of wall type structure for seismic
design uses modeling method to constrain floor slabs with diaphragm method
for ease of modeling and reduction of analysis time. When performing the
seismic design through the diaphragm, the wall acts as the main lateral load
resistance system. In the case of a slab model, it does not apply as a lateral load

resistance system at all.

However, the slab thickness of the wall-type structure must satisfy 210mm
or more regardless of the structural performance requirements. It is because, in
order to prevent the problem caused by floor impact sound, the slab thickness
is regulated by law to have a value of 210mm or more, which is a greater value
than the previous 120mm~180mm. For this reason, it can be inferred that the
lateral load resistance capacity of the structure by the slab is increased than

before.

In addition, in the case of recent wall-type structure apartment, the wall
section area per floor has decreased and the shape of the walls is diverse, such
as T-type, L-type, and H-type, etc. When the structural analysis is performed
with a diaphragm without considering the influence of the slab and the slab-

wall interaction that can occur in various walls, it will be difficult to simulate

3] 3 =77
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the behavior of actual structure.

In Chapter 3, Among the various wall shapes in which the slab-wall
interaction occurs, a structural performance test is conducted for a coupled wall.
Before carrying out structural performance tests, elastic analysis is performed
considering the slab-wall interaction for general wall-type structure. Based on
the results of elastic analysis, Structural performance tests were performed on
two-story RC frame of slab-coupled wall structure. Through the test results, the
effect of the slab on the structure is determined through the behavior, the failure
mode, etc of specimens. In addition, nonlinear finite element analysis is
performed for diaphragm specimens that cannot be tested in reality. The results
of diaphragm analysis are compared and analyzed with the actual test to prove

the lateral load resistance capacity of specimen increased by the slab.
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3.2 Preliminary Elastic Analysis

3.2.1 Load Resistance Mechanism

The load resistance mechanism of the slab model is shown in Figure 3-1. V;
shows the mechanism for resisting the shear force applied to the structure when
the wall acts like a cantilever. This resists with the bending moment of the wall
and is the same as the principle of the diaphragm. However, when the slab is
modeled, the lateral resistance capacity is increased by the slab. In addition, the
wall can obtain the effect of being partially integrated. Similar to the framing
effect, axial force is generated on the wall by the slab, and the wall demand is
reduced compared to the diaphragm model. Through this, in the case of the slab

model, a mechanism is obtained that can resist the force of V; and the force of

V..
v v, v, * Py
AN L SR n
+ i
» .
4 "
¥ ¥
[+ A
5 v
n i
= + ; o
' G
ty G
i + ‘.'
4 - 0.'
T T . ) T T
<P P T 1 C
' M
M, :
V=V,+V,

Resistance of V; = Bending Moment due to Wall (Cantilever)
Resistance of V, = Axial Force Generated on The Wall by The Lateral Resistance Capacity of the Slab

Figure 3-1 Load Resistance Mechanism
So far, slabs are thin and wide members, so there has been no problem even
using the diaphragm. However, as the slab thickness increases, the influence of

the slab on the structure increases. Therefore, when considering the slab, it is
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expected that there will be a significant effect on the increase in the stiffness
and strength of the structure as well as the effect of reducing the quantity of

wall reinforcing bars.

3.2.2 Location of Slab Effect

The location where the slab effect occurs can be known through the linear
elastic analysis. As mentioned in the load resistance mechanism, when the slab
is considered, the same effect as the framing effect occurs. Therefore, the stress
in the slab generates shear force and bending moment, and axial force is
generated in the wall. Therefore, if the location where the stress of the slab is
concentrated is confirmed through linear elastic analysis, the shape of the wall
where the slab-wall interaction occurs most can be known. Figure 3-2 shows

the location where the slab effect occurs.

As can be seen in the Figure 3-2, coupled wall is the most typical wall shape,
and it is the wall shape where the slab effect occurs a lot. Therefore, in this
study, structural performance tests are performed in relation to the coupled

wall-slab structure among walls of various shapes.
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(a) — Shaped Plan Structure (b) L Shaped Plan Structure

Figure 3-2 Location of Slab Effect in Wall-Type Structure

23 M 2]



Chapter 3. Cyclic Lateral Loading Test

3.2.3 Wall Demand

In the case of the model considering the slab, it was previously expected that
the wall demand would decrease. Therefore, the demand of the 1% floor wall for
one wall-type strucuture was compared with the diaphragm model and a total
of four models. In the case of the diaphragm model, the wall used a membrane

element and the slab was constrained by the diaphragm.

The four models are as follows, and the demands of the wall are compared
with the diaphragm model in terms of axial force, shear force, and bending

moment. 1) Wall (Shell 100%) + Slab (Diaphragm), 2) Wall (Shell 100%) +

Slab (Shell 100%), 3) Wall (Shell 100%) + Slab (Shell 50%), 4) Wall (Shell

100%) + Slab (Shell 15%). When diaphragm is used for the slab and the shell

element is used for the wall, there appears to be no difference from the case
when the wall uses a membrane element. However, when considering the slab,
it can be confirmed that the demands of wall is greatly reduced. Also, it can be
seen from Figure 3-3 that the bending moment of the wall increases as the
stiffness of the slab decreases. Using 100% stiffness of the slab is great for
reducing the quantity of wall reinforcing bars, but it is inappropriate because
the effect of early yielding of the slab cannot be considered. Therefore, it is

important to find the appropriate stiffness of slab and wall.
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Figure 3-3 Comparison of Wall Demands
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3.3 Test Plan

3.3.1 Test Parameters

Table 3-1 is a table of variables for a total of 4 specimens. Lateral cyclic
loading test were performed on specimens. A total of three were selected as
variables for the specimen and are as follows. 1) slab thickness, 2) spacing
between walls, 3) lattice-shaped shear reinforcement reinforcement at slab-wall
joint. SWBI1 specimen has a slab thickness of 80mm, which is less than 120mm,
and contains 1) variables. SWB3 specimen contains 2) parameters as the
spacing between walls is 600mm wider than 400mm. SWB4 specimen contains
3) variables as the lattice-shaped shear reinforcement reinforcement is
reinforced at slab-wall joint. The following specimens were constructed and the

structural performance tests were conducted.

26 -':lﬂ-'i "':'l:' 1-



Table 3-1 Parameters of Test specimens

Chapter 3. Cyclic Lateral Loading Test

Reinforcement

Strength Prediction

Concrete Wall (Web & Flange Slab
Din?;t;ion Design | strength - ( = - : Wall - cyourar | WVl
Specimens Failure Horizonal Vertical Horizonal Shear Friction |
(tw) £ Strength n
w Mode c Strength v Strength A
[m m] [M pa_] I:ywh Pwh fywh Pwh fywv Pwv fyslab Phslab vV, klil Vs f
[Mpal | [%] | [Mpal |[Mpal | %] |(Mpal | [ | g | N | g
SWB1 80 Flexural 30 500 1.13 5.63 500 0.66 500 | 0.82% | 1,351 229 1,398 5.9
SWB2 120 Flexural 30 500 1.13 5.63 500 0.66 500 | 0.55% | 1,351 262 1,398 5.16
SWB3 120 Flexural 30 500 1.13 5.63 500 0.66 500 | 0.55% | 1,351 262 1,398 5.16
SWB4 120 Flexural 30 500 1.13 5.63 500 0.66 500 | 0.55% | 1,351 301 1,398 4.49
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3.3.2 Detail of Test Specimens

Figure 3-4, Figure 3-6, Figure 3-8 and Figure 3-10 show the wall
reinforcement details of each specimen. All the specimens have two-story RC
frame of slab-coupled wall structure, and consist of specimens that are 1/2 scale
of the actual structure. Therefore, the height of all walls is 1500mm. In addition,
the cross section of all walls is 1000mm x 150mm, and the following two walls
are arranged in a structure that is coupled by a slab for each story. The vertical
reinforcing bars of the wall are D10 and are arranged at 155mm intervals. The
horizontal reinforcing bars of the wall are D13 and are arranged at 150mm
intervals. In addition, U tie bars of D10 were inserted on both sides of each wall
to reinforce the side of the wall. The dowel bars are inserted into the wall
connection so that the upper and lower walls can behave integrally when a

cyclic lateral load is applied.

Figure 3-5, Figure 3-7, Figure 3-9 and Figure 3-11 show the slab
reinforcement details of each specimen. The slab thickness of the specimen is
composed of 80mm or 120mm, and the width of slab is 1300mm. In the case of
slab, even if it is 1/2 scale, D10 was used because deformed reinforcement
smaller than D10 was not available, and 246mm (about 250mm) was used for
the rebar spacing. Since it has a thinner thickness compared to the actual
structure, two layers of reinforcing bars were placed at the slab near the slab-
wall joint to prevent failure mode like tearing in the horizontal direction of the
specimen during the test. The following reinforcement bars are placed in the
vertical direction of the specimen's loading direction. It was confirmed through
a nonlinear finite element analysis program that there was no difference in the

behavior of the specimen due to the reinforcement placement.

3 ™ | g
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Figure 3-4 and Figure 3-5 are details of the slab and wall reinforcement of
specimen SWB1. The variable of SWBI1 is the slab thickness, and unlike other

specimens, it has a slab thickness of 80mm.

Figure 3-6 and Figure 3-7 are details of the slab and wall reinforcement of
specimen SWB2. Unlike SWBI1, it is designed with a slab thickness of 120mm.
Compared with SWBI, the influence of the structure due to the change in the
slab thickness can be identified. Through the following test results, it is possible
to figure out the tendency of the structural behavior due to the slab-wall

interaction.

Figure 3-8 and Figure 3-9 are details of the slab and wall reinforcement of
specimen SWB3. The variable of SWB3 is the spacing between walls. In the
case of the other specimens, the spacing between the walls is 400mm, while the
SWB3 has 600mm opening. The following test results will figure out how the
behavior of the actual structure changes due to the slab-wall interaction when

the gap between the walls is widened.

Figure 3-10 and Figure 3-11 are details of the slab and wall reinforcement of
specimen SWB4. The variable of SWB4 is lattice-shaped shear reinforcement.
For specimens except SWB4, two layers of reinforcing bars were placed at the
slab near the slab-wall joint to prevent failure mode like tearing in the horizontal
direction of the specimen during the test. As mentioned earlier, it was confirmed
through a nonlinear finite element analysis program that the effect of
reinforcement did not occur. In the case of the slab, since it is an element that
is thinner and more widely distributed than other elements, it has great in-plane

shear capacity and bending moment capacity, but out-of-plane shear capacity
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and bending moment capacity are very weak. Therefore, it is considered that
the lateral load resistance capacity of the structure will be improved when the
lattice-shaped shear reinforcement is located on the slab-wall joint. Through
comparison with SWB2, it is possible to identify the behavior of the structure

and the lateral load resistance capacity when the shear reinforcement is placed.
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3.3.3 Lifting Plan of Specimen

In the case of a specimen having a slab-wall structure, a problem occurs when
the specimen is lifted by a method of lifting in general. Since the slab may crack
due to the rope used for lifting, a lifting jig was manufactured and lifted as
shown in Figure 3-12. As shown in Figure 3-12, it can be seen that no effect is
applied to the slab when the specimen is lifted. When lifting, it was confirmed
that the base of the specimen should be able to withstand the weight of the
specimen and that no cracks occurred. In addition, it was designed in

consideration of the load generated on the lifting jig.

Figure 3-12 Lifting specimen by lifting jig
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3.3.4 Test Setup

Figure 3-13 and Figure 3-14 show the cyclic lateral loading test setup for
ntwo-story RC frame of slab-coupled wall structure. In order to simulate the
slab-wall interaction, the loading jig is directly connected to the slab using bolts
embedded in the slab, and the jig is fixed with steel bars tensioned at both ends
of the slab to enable both tension and compression. It is planned to transmit the
load from the outside of the test specimen so that the out-of-plane deformation
of the slab is not limited by the influence of the loading jig. The load is
transmitted to the wall through the slab, and the load is transmitted according
to the stiffness ratio of the wall. This maximizes the interaction between the
wall and the slab. The horizontal load applied to the specimen is assumed to be
an inverted triangular load distribution. Therefore, the actuator loading point is
set so that the ratio of the lateral load acting on the upper and lower slabs is 2:1
(Fr: Fg =2 :1). The load of the jig and the actuator is supported by the
support jig, and the degree of freedom in the horizontal direction is secured by
installing a roller under the actuator connecting jig. Lateral support jig is
installed on the left and right sides of the specimen to prevent out-of-plane

conduction of the specimen.
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Figure 3-13 Cyclic Lateral Loading Test 1
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(b) Upper View of Cyclic Lateral Loading Test Setup

Figure 3-14 Cyclic Lateral Loading Test Setup 2
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3.3.5 Loading Plan

Figure 3-15 shows loading pattern of the cyclic loading. Table 3-2 shows

numerical value of lateral displacement and drift ratio of each step.

Lateral Drift (%0)

(2) 15

(3

0 3 6 9 12 15 18 21 24 27 30 33 36

Number of Cycle

Figure 3-15 Lateral Loading Protocol

Table 3-2 Displacement or Drift of Loading Protocol

Step Number Lateral Displacement [mm] Lateral Drift [%]
Step 1 + 1.50 + 0.05
Step 2 + 2.25 + 0.075
Step 3 + 3.00 + 0.10
Step 4 + 450 + 0.15
Step 5 + 6.00 + 0.20
Step 6 + 9.00 + 0.30
Step 7 + 12.0 + 0.40
Step 8 + 18.0 + 0.60
Step 9 + 225 + 0.75
Step 10 + 30.0 + 1.00
Step 11 + 375 + 1.25
Step 12 + 45.0 + 1.50
Step 13 + 60.0 + 2.00
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3.3.6 LVDT and Strain Gauge Plan

All the specimens were tested through the LVDT plan as shown in Figure 3-
16. For each wall, two shear deformations and four flexural deformations were
measured using LVDTs. In the case of the slab, the out-of-plane deformation
was measured using LVDT at a distance of 50 mm from both sides of the wall.
In addition, to measure the slip and rocking of the foundation, two
measurements were made on each side, and the main displacement LVDT was
measured using one at the center of the lower story slab and one at the center
of the upper story slab. Therefore, a total of 42 LVDTs were measured using 24

LVDTs in the wall, 12 in the slab, 4 in the foundation, and 2 in the main

||
S

Figure 3-16 Plan of LVDT

displacement of specimens.

|
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Chapter 3. Cyclic Lateral Loading Test

In the case of the wall strain gauge plan, a strain gauge was attached to the
vertical reinforcing bars of the upper story wall and lower story walls in order
to check whether the wall behaves integrally. In addition, by attaching a strain
gauge near the wall adjacent to the slab, it was confirmed whether there was an
interaction between the wall and the slab. In addition, in the case of the
horizontal rebar strain gauge on the wall, it was installed to check the effect of

shear force, and the strain gauge plan for the wall is shown in Figure 3-17.

In the case of the slab strain gauge plan, an out-of-plane moment of the slab
occurs near the slab-wall joint. In addition, in order to confirm the effect of load
redistribution in the slab-wall specimen, a strain gauge was designed for the
main and minor direction of flexural reinforcement of the slab between the

walls as shown in Figure 3-18 and Figure 3-19.
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Figure 3-17 Strain Gauge Plan of Wall
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Figure 3-18 Strain Gauge Plan of Slab (SWB1, SWB2, SWB4)

Bent Reinforcement:
for Critical Section
D10@248(250)

. 3400 -
| | 2015 ., 2015

D10@246(250)

D13 Two Layer of Reinforcement

D13 Two Layer of Reinforcement

Figure 3-19 Strain Gauge Plan of Slab (SWB3)
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3.3.7 Construction Process of Specimens
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3.4 Test Result

3.4.1 Material Strength Test

The material strength test of concrete was carried out on the day of test

respectively. However, if the planned concrete strength and the results of the

material test are significantly different, or if the concrete specimen is not

properly cured due to steam curing, the strength is measured by extracting

the core.

Table 3-3 Concrete Strength of Specimen

Concrete Strength
Specimen Lower Slab-Wall Upper Slab-Wall
1 2 3 Average 1 2 3 Average
SWB1 46 41 40 42.3 35 34 31 334
SWB2 31 30 28 30.0 41 42 33 384
SWB3 31 35 37 34.3 30 33 33 32.0
SWB4 31 35 37 34.3 35 19 34 29.0

Figures 3-26 shows the stress-strain Relationship of the reinforcing bar

D10 and D13.

Table 3-4 Rebar Stress and Strain of Specimen

Diameter of Rebar Yield Yied Strength | Ultimate Strength

Rebar Number Strain [Mpa] [Mpa]
1 0.0029 603 709

2 0.0028 568 680

D10 3 0.0029 596 715
Average 0.0029 589 701

1 0.0027 553 671

2 0.0028 565 691

D13 3 0.0027 549 679
Average 0.0027 555 680
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(a) D10 Rebar Stress — Strain Relationship (b) D13 Rebar Stress — Strain Relationship

Figure 3-26 Stress- Strain Relationship of Reinforcement
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3.4.2 Lateral Load-Drift Ratio (Displacement) Relationship

Figure 3-27 to Figure 3-30 show the lateral load-displacement (drift ratio)
relationship of the specimen. The displacement was measured at the center of
the upper slab, that is, at a height of 3500 mm. All of the specimens increased
the load significantly compared to the results of the nonlinear finite element
analysis (result is in Table 3-7). The tendency of the load -displacement graphs

of all specimens is similar.

As can be seen from lateral load-drift ratio (displacement) Relationship, the
ultimate shear strength of the specimen occurred in SWB1 and SWB2 during
the positive force direction, while the maximum shear strength of the specimen

occurred in SWB3 and SWB4 during the negative force direction.

In the case of SWBI, the ultimate strength of specimen in the positive force
direction reached 333kN in step 8 (drift ratio 0.6%). The ultimate strength in
the negative force direction reached -295kN in step 8 (drift ratio 0.6%). After
step 10 (drift ratio 1.00%), concrete fauilure of the slab and wall was observed,
and cyclic lateral loading step was performed only 2 cycles. In the first cycle of
step 13 (drift ratio 2.0), 283kN occurred in the direction of positive force, which
reached 86% of the ultimate strength. In addition, SWB1 shows ductile

behavior as shown in Figure 3-27.

In the case of SWB2, the ultimate strength of specimen in the positive force
direction reached 374kN in step 8 (drift ratio +0.6%). The maximum strength
in the negative force direction reached -345kN in step 8 (drift ratio -0.6%). After
step 10 (drift ratio 1.00%), concrete fauilure of the slab and wall was observed,

and cyclic lateral loading step was performed only 2 cycles. In the first cycle of

3 ™ | g
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step 13 (drift ratio 2.0), 298kN occurred in the direction of positive force, which
reached 80% of the maximum strength. In the second cycle of step 13 (drift
ratio 2.0), 249kN occurred in the direction of positive force, which reached 67%
of the ultimate strength. In addition, SWB2 shows ductile behavior as shown in

Figure 3-28.

In the case of SWB3, the ultimate strength of specimen in the positive force
direction reached 353kN in step 8 (drift ratio +0.6%). The maximum strength
in the negative force direction reached -377kN in step 10 (drift ratio 1.00%).
After step 10 (drift ratio 1.00%), concrete fauilure of the slab and wall was
observed, and cyclic lateral loading step was performed only 2 cycles. In the
first cycle of step 13 (drift ratio 2.0), 304kN occurred in the direction of
negative force, which reached 81% of the ultimate strength. In addition, SWB3

shows ductile behavior as shown in Figure 3-29.

In the case of SWB4, the ultimate strength of specimen in the positive force
direction reached 352kN in step 8 (drift ratio +0.6%). The maximum strength
in the negative force direction reached -393kN in step 8 (drift ratio 0.6%). After
step 10 (drift ratio 1.00%), concrete fauilure of the slab and wall was observed,
and cyclic lateral loading step was performed only 2 cycles. In the first cycle of
step 13 (drift ratio 2.0), 318kN occurred in the direction of negative force,
which reached 81% of the ultimate strength. In addition, SWB4 shows ductile

behavior as shown in Figure 3-30.
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Figure 3-27 Lateral Load - Drift Ratio (Displacement) Relationship of SWB1
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Figure 3-28 Lateral Load - Drift Ratio (Displacement) Relationship of SWB2
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Figure 3-29 Lateral Load - Drift Ratio (Displacement) Relationship of SWB3
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Figure 3-31 Envelope Curve of Specimens

The ultimate strength in the postive loading direction of the SWB2 with a
slab thickness of 120mm is 120% compare to the SWB1 (374kN/334kN). The
ultimate strength in the negative loading direction of the SWB2 specimen is
117% compare to the SWB1 (345kN/295kN). The thicker the slab, the greater

the value of excess strength due to the slab-wall interaction.

The ultimate strength in the positive loading direction of the SWB3 specimen
with an opening size of 600mm is 94% compare to the SWB2 specimen

(353kN/374kN). The ultimate strength in the negative loading direction of the
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SWB3 specimen is 109% compare to the SWB2 (377kN/345kN). The ultimate
strength of the SWB3 specimen is 101% compare to the maximum strength of
the SWB2. As the size of the opening increases, the ultimate strength does not

increase (maximum strength increases by about 3 kN).

The ultimate strength in the positive loading direction of the SWB4 specimen,
which is a lattice-shape of shear reinforcement arranged at the slab, is 94%
compare to the the SWB2 (352kN/374kN). The ultimate strength in the
negative loading direction of the SWB4 is 114% compare to the SWB2
(393kN/345kN). The ultimate strength of the SWB4 specimen is 105%
compare to the ultimate strength of the SWB2 specimen (393kN/374kN). The
ultimate strength was slightly increased due to the slab lattice-shaped of shear
reinforcement, but there was no significant effect. (Maximum strength

increased by about 19kN)

Figure 3-31 is the envelope curve of the specimen. As mentioned earlier,
SWBI1 and SWB2 had ultimate strength in the positive force direction, but
SWB3 and SWB4 had ultimate strength in the negative force direction.
Therefore, in order to accurately compare this, it is necessary to perform
comparative analysis in the direction of the positive force of SWB1 and SWB2
and the negative force of SWB3 and SWB4. In chapter 3.5, by using following

method, test will be analyzed.
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3.4.3 Failure Mode

The specimen was fractured by the bending moment and shear acting on the
slab as a load resistance mechanism. The specimen is dominated by shear force
rather than by bending moment. Therefore, the failure mode occurred due to
shear failure of the slab concrete, and the test was terminated (Refer to 3.5.2
Strain of Reinforcing Bar for details.). In all specimens, cracks such as
punching shear occurred in the slab, and compression reinforcement buckling
along with compression fracture of concrete at a drift ratio of 2.0% in the wall
was fractured as shown in Figure 3-32 to Figure 3-39 in the last step which is

step 13.

In the case of SWBI, the slab thickness is 80mm, compared to other
specimens. As shown in Figure 3-36, a penetrating through the slab concrete
failure mode occurred. In the case of SWB2, SWB3, and SWB4, fractures such

as Figure 3-37, Figure 3-38, and Figure 3-39 occurred at the slab concrete.

In the case of walls, specimens show a similar tendency. In addition, the wall

was integrally behaved by the slab, resulting in cracks as shown in Figures.
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Figure 3-32 Wall and Slab Crack Pattern of SWB1
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Figure 3-35 Wall and Slab Crack Pattern of SWB4
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Figure 3-37 Failure Mode of SWB2
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Figure 3-39 Failure Mode of SWB4
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3.5 Test Analysis

3.5.1 Diaphragm Strength by Nonlinear Finite Element Analysis

By analyzing the Diaphragm model, which cannot be tested, the increase in
the strength of the specimen due to the slab effect was verified. In the analysis
using the diaphragm method, the slab is not used as a lateral load resistance
system, and only the wall is used as a lateral load resistance system. Therefore,
values less than the ultimate strength of the specimen with the slab will be
analyzed. The larger the difference in strength between the diaphragm and the

specimen, the more necessary a design method that considers the slab.

Analysis was performed by defining concrete and reinforced material models
as shown in Figure 3-40 using the actual strength measured through the material
test. ATENA is used as a nonlinear finite element analysis program, and the

elements of each member are shown in Table 3-5.

Table 3-5 Element of Nonlinear Element Analysis member

Type of Wall Reinforcement Loag g Foundation Diaphragm
Member Jig Slab

. 1D Line Elastic Elastic Elastic
Element | Solid Element Solid Solid Solid

(a) Material Model

In order to simulate the two-story RC frame of slab-coupled wall specimens,
an analysis model is modeled as the actual specimen. The analysis is performed
using solid elements for concrete members and 1D line elements for reinforcing

bars. In the case of analysis using the Diaphragm method in a nonlinear finite

1 _-' '-..':_1'
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element analysis program, the slab is modeled as an elastic solid element having

a thickness of 0.01m. Diaphragm slab uses an elastic solid material with a low

modulus of elasticity.

1.5
Eep = f;'r/Ec
wq = —0.0005m
‘ g Eco-fc’
1A Wd

0.5 1

Normalized concrete stress (a/f,")

Wg
0 > T ‘1—‘—’
0 fcp 0.001 0.002 0.003

Concrete strain (mm/mm)

(a) Concrete stress-strain model

0.004

Normalized rebar stress (0 /f,)

1.5

e fe
Eturft
1<
eyly
0.5 A
gy =fy/Es
g =01
£ = 0.22
0 T T
0 0.1 0.2

Rebar strain (mm/mm)

(b) Rebar stress-strain model

Figure 3-40 Concrete and Rebar Stress-Strain Relationship in FEA

Table 3-6 Parameters of Constitutive Model

Parameter

Formula

Concrete Compression Strength [Mpa]

Depends on measured

Concrete Tensile Strength [Mpa]

fp = 1.40(:20)%/3
cko

Poisson’s Ratio

A=0.2

Elastic Modulus [Mpa]

E = 4700,/fo

Fracture Energy [MN/m]

Gg = 0.000025f;

Plastic Strain

EPSCP = FCk/E

Onset of Crushing [Mpa]

Foo = —2.1F,
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(b) FEA Model of Diaphragm

The nonlinear finite element analysis model is shown in Figure 3-41. The
size of the mesh does not exceed 0.2m, and in the case of the wall, which are
thin members, the analysis is performed so that the out-of-plane load can be

considered by dividing it into 4 equal parts in the thickness direction.

1300mm

Figure 3-41 Diaphragm Model of Specimens in FEA

(c) Analysis of Diaphragm Model of Specimen
Viest 1s the test strength of the specimen and Vpjaphragm is the diaphragm

strength of the nonlinear finite element analysis.

Table 3-7 Comparison of Test and FEA Diaphragm Results

Vtest VDiaphragm Vtest/VDiaphragm

Specimen . . . . . .
Postive Negative Postive Negative Postive Negative

SWB1 333 -295 244 -244 1.36 1.21

SWB2 374 -345 244 -244 1.53 1.41

SWB3 353 -378 244 -244 1.45 1.55

SWB4 352 -393 244 -244 1.44 1.61
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Figure 3-42 Envelope Curve of Specimens with Diaphragm

In the case of SWB3 and SWB4, the ultimate strength of the specimen
occurred in the direction of the negative loading, so the graph was flipped up

and down twist and turn left and right for an exact comparison.

The test strength of the specimen compared to the analysis strength is 136%
for SWB1 (333kN/244kN), 153% for SWB2 (374kN/244kN), 155% for SWB3
(353kN/244kN), and 161% for SWB4 (352kN/244kN). The strength of
specimens is greater than the result of the nonlinear analysis of Atena
Diaphragm (black). In addition, the ultimate strength in the both loading
direction of the test specimen showed greater results than the analysis result of

diaphragm as shown in Table 3-7.
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3.5.2 Strain of Reinforcing Bar

Figure 3-43 to Figure 3-66 show the strain distribution of the reinforcing bar
of the specimens. The location of the strain measurement is located in the figure.

The strain distribution was expressed as the lateral drift ratio of 0.3% (O mark),
0.6% (] mark), 1.0% (A mark), 1.5% (<> mark), and 2.0% (X mark). Also,

permanent deformation after the yield strain of rebar distorts the strain shape,

so it is excluded from the graph.
(@) Vertical Reinforcement of Lower Story Wall

Figure 3-43 to Figure 3-44 show the strain distribution of the reinforcing bar
of lower story wall of the specimens. Because the wall is dominated by the
bending behavior, the strain distribution of the wall before yielding shows an
approximate linear distribution at a low lateral drift ratio. In structural analysis
with the diaphragm method, the wall acts as an individual wall. Therefore, the
strain of vertical reinforcement of the wall with the same stiffness should appear
the same. However, it was confirmed that the strain of the compression
reinforcing bar in the location of the loading part was smaller than that of the
compression reinforcing bar in the opposite of the loading part that the coupling
effect was generated between the walls by the slab. This is because, as
mentioned earlier, when the slab acts as a lateral resistance system, the lateral
load resistance mechanism generates the moment resistence frame effect of the
slab. Due to the moment-resistance framing effect of the slab, axial force is
generated on the wall, which causes tension on the wall in the direction of the
loading part and compressive force on the wall in the opposite location of the

loading part. Thereby, a coupling effect occurs and the wall is partially coupled.
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(b) Vertical Reinforcement of Upper Story Wall

Figure 3-45 to Figure 3-46 show the strain distribution of the reinforcing bar
of upper story wall of the specimens. The vertical reinforcement of the upper
story wall did not reach the yield strength until the lateral drift ratio of 2.00%
(step 13), and showed a linear distribution until the strain at the end of the test.
The lateral drift ratio at which the outermost vertical reinforcement of the lower
story wall reaches the yield strain is 0.05% to 0.20%. However, the upper story
walls show less than 50% to yield strain at the same lateral drift ratio. In
addition, it can be confirmed that the slab-wall interaction acts normally
through the large strain occurring in the top of vertical reinforcing bar, and it

shows the same tendency as the lower story wall.
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(c) Horizontal Reinforcement of Wall

Figure 3-47 to Figure 3-48 show the strain distribution of the horizontal
reinforcing bar of wall of the specimens. The strain of the horizontal reinforcing
bars hardly occurred in the upper story wall of the specimen. However, the
strain of the horizontal reinforcing bars was concentrated in the bottom of the
lower story wall. If excessive strain is measured on the gauge of the upper story
wall, it is judged as a measurement problem because the strain in the direction
of positive loading and negative loading are the same. Therefore, the yield
strain was not reached except for the bottom part of horizontal reinforcement

of the SWB4 specimen.
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Chapter 3. Cyclic Lateral Loading Test

(d) Reinforcement of Lower Story Slab of the Specimens

Among the reinforcing bars in the lower layer of the slab of the specimen,
the strain of the rebar close to the wall did not yield or partially yielded at the
lateral drift ratio of 2.0%. Among the reinforcing bars in the upper layer of the
slab of the specimen, the strain of the rebar close to the wall did not yield or

partially yielded at the lateral drift ratio of 1.0% to 1.5%.

As the reinforcing bar far from the center of slab-wall joint almost did not
yield, it was confirmed that as the distance between the wall and the reinforcing
bar increased, the effect of the slab flexural reinforcement decreased. Through
this, it was confirmed that as the distance between the wall and the slab
reinforcement increases, the effect of the flexural reinforcement on the slab-
wall interaction decreases. This can be confirmed even in the failure mode of

specimens, and cracks such as punching shear occurred.

The reason that the effect on the slab effect decreases as the distance from
the wall increases is that cracks as punching shear and deformations are
concentrated at the slab-wall joint. As the slab shear failure occurs locally, there
is no significant effect on the flexural reinforcing bars. In addition, since the
destruction occurs locally, the effect decreases as it is further away from the
wall. Therefore, it is expected that the shear capacity of the slab is required
rather than the bending moment capacity of the slab-wall structure. For a clear
comparison, if the strain of SWB4, which reinforced the shear performance
with rebars in the slab, is compared with SWB2, the results are not different.
Through this, it can be seen that in slab-wall structures, the shear capacity of

slab concrete has a dominant influence rather than arranging the shear

3 ™ | g
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Chapter 3. Cyclic Lateral Loading Test

reinforcing bars in slab. Even if the shear reinforcement yields, it is expected
that the shear capacity of the slab is greatly reduced due to local damage to the

slab concrete at the joint of wall. Thus, the effect is not greatly affected.

Compared to the other specimens of opening distance is 400mm, relatively
more flexural reinforcing bars yielded at the position close to the slab-wall joint
both the upper and lower story of the SWB3 specimen with a wide opening.
This is because the shear force/bending moment ratio (V/M) applied to the slab
decreases due to the increase in the arm length. Therefore, it is expected to have
yielded relatively more than other specimens. However, because the shear force
is also dominant, it seems that the concrete shear failure occurred at the slab-
wall joint. Therefore, it is expected to have yielded relatively more than other

specimens.

Through the following test analysis, it is expected indirectly that even if the
flexural rebar ratio in the slab increases, it will be insignificant in the slab-wall
structure. This is very consistent with the test results, and it can be seen that the

influence of the slab thickness is the largest variable compared to others.
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(Top Layer - In-Plane of Wall Direction Reinforcing Bars — Left)
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Figure 3-57 Reinforcement of Lower Story Slab

(Bottom Layer — Out-of-Plane of Wall Direction Reinforcing Bars - Center)
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Chapter 3. Cyclic Lateral Loading Test

(e) Reinforcement of Upper Story Slab of the Specimens

Among the reinforcing bars in the lower and upper layer of the slab of the
specimen, the yield of the rebar close to the wall did not occur or partially
occurred at the lateral drift ratio of 1.0% ~ 1.5%. Among the reinforcing bars
in the lower layer of the slab of the specimen, the yield of the rebar far from the
wall did not occur until the lateral drift ratio of 2.0%. As the reinforcing bar far
from the wall in the lower and upper layer of slab except SWB3 did not yield,
it was confirmed that as the distance between the wall and the reinforcing bar

increased, the effect of the slab flexural reinforcement decreased.
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Figure 3-58 Reinforcement of Upper Story Slab

(Top Layer - In-Plane of Wall Direction Reinforcing Bars — Left)
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Figure 3-60 Reinforcement of Upper Story Slab

(Top Layer - In-Plane of Wall Direction Reinforcing Bars — Right)
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Figure 3-61 Reinforcement of Upper Story Slab

(Bottom Layer - In-Plane of Wall Direction Reinforcing Bars — Right)
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Figure 3-63 Reinforcement of Upper Story Slab

(Top Layer — Out-of-Plane of Wall Direction Reinforcing Bars - Side)
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(Bottom Layer — Out-of-Plane of Wall Direction Reinforcing Bars - Side)
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(Top Layer — Out-of-Plane of Wall Direction Reinforcing Bars - Center)
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(Bottom Layer — Out-of-Plane of Wall Direction Reinforcing Bars - Center)
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Chapter 3. Cyclic Lateral Loading Test

3.5.3 Energy Dissipation

Based on the test results, the energy dissipation capacity is evaluated.
Reinforced concrete is a composite member of brittle material which is concrete
and ductile material which is reinforcement. Therefore, reinforced concrete
shows complex behavioral characteristics as pinching occurs along with
strength and stiffness reduction due to cracking and inelastic behavior during
cyclic load is applied. The energy dissipation capacity is an important
evaluation that can reduce the damage of a structure under cyclic load such as
earthquakes. By calculating the amount of energy dissipation of specimens by
cycles and steps, the energy dissipation capacity of each specimen is evaluated

and compared.
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Chapter 3. Cyclic Lateral Loading Test

Table 3-8 Energy Dissipation Capacity of SWB1

Energy Cumulative
. Dissipation Energy
Step Drift | 1Cycle | 2 Cycle | 3 Cycle By Step Dissipation
[kJ] [kJ]
1 0.05% | 0.135 0.130 0.072 0.337 0.337
2 0.08% | 0.161 0.171 0.097 0.429 0.765
3 0.10% | 0.214 0.185 0.147 0.546 1.311
4 0.15% | 0.335 0.315 0.127 0.778 2.089
5 0.20% | 0.256 0.295 0.177 0.728 2.817
6 0.30% | 0.778 0.628 0.370 1.776 4.593
7 0.40% 1.062 0.860 0.653 2.575 7.168
8 0.60% | 3.259 2.470 1.797 7.526 14.695
9 0.75% | 4.011 3.731 3.109 10.852 25.546
10 1% 6.647 6.217 5.407 18.272 43.818
11 1.25% | 9.096 8.572 0.000 17.668 61.486
12 1.50% | 12.078 | 11.486 | 0.000 23.565 85.051
13 2% 19.034 | 17.250 | 0.000 36.284 121.334
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Figure 3-67 Energy Dissipation Capacity of SWB1
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Table 3-9 Energy Dissipation Capacity of SWB2

Energy Cumulative
Step Drift | 1 Cycle | 2 Cycle | 3 Cycle Dg;'g?:;“ DiE:i:g?/on
[kJ] (k]
1 0.05% | 0.120 0.082 0.062 0.264 0.264
2 0.08% | 0.131 0.121 0.104 0.356 0.619
3 0.10% | 0.203 0.170 0.143 0.516 1.135
4 0.15% | 0.348 0.297 0.167 0.813 1.948
5 0.20% | 0.341 0.258 0.251 0.851 2.799
6 0.30% | 0.885 0.573 0.418 1.876 4.675
7 0.40% | 1.315 1.040 0.634 2.989 7.664
8 0.60% | 3.707 2.407 1.708 7.823 15.487
9 0.75% | 4.708 3.589 3.026 11.324 26.811
10 1% 6.873 5.958 5.194 18.024 44.835
11 1.25% | 11.060 | 9.121 0.000 20.181 65.016
12 1.50% | 12.700 | 11.497 | 0.000 24.197 89.213
13 2% 19.663 | 14.117 | 0.000 33.780 122.993
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Figure 3-68 Energy Dissipation Capacity of SWB2
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Chapter 3. Cyclic Lateral Loading Test

Table 3-10 Energy Dissipation Capacity of SWB3

Energy Cumulative
Step Drift | 1Cycle | 2 Cycle | 3 Cycle D;S/IFS)?;I;” DiEsr]i:r;?/on
[kJ] [kJ]
1 0.05% | 0.115 0.106 0.092 0.314 0.314
2 0.08% | 0.197 0.185 0.175 0.557 0.871
3 0.10% | 0.306 0.312 0.260 0.878 1.748
4 0.15% | 0.594 0.575 0.461 1.629 3.378
5 0.20% | 0.803 0.774 0.662 2.240 5.617
6 0.30% | 1.638 1.498 1.270 4.406 10.023
7 0.40% | 2.450 2.231 2.060 6.741 16.764
8 0.60% | 5.207 4.461 3.806 13.473 30.237
9 0.75% | 6.073 6.622 6.608 19.304 49.541
10 1% 11.752 | 9.682 8.694 30.128 79.668
11 1.25% | 13.384 | 11.831 | 0.000 25.215 104.883
12 1.50% | 14.694 | 13.007 | 0.000 27.701 132.584
13 2% 19.908 | 15.027 | 0.000 34.935 167.519
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Figure 3-69 Energy Dissipation Capacity of SWB3
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Table 3-11 Energy Dissipation Capacity of SWB4

Energy Cumulative
Step Drift | 1Cycle | 2 Cycle | 3 Cycle D;S/IFS)?;I;” DiEsr]i:r;?/on
[kJ] [kJ]
1 0.05% | 0.141 0.126 0.118 0.385 0.385
2 0.08% | 0.220 0.211 0.192 0.623 1.008
3 0.10% | 0.336 0.332 0.288 0.957 1.966
4 0.15% | 0.592 0.584 0.489 1.665 3.630
5 0.20% | 0.806 0.788 0.702 2.296 5.926
6 0.30% 1.602 1.376 1.168 4.147 10.073
7 0.40% | 2.406 2.136 1.768 6.310 16.383
8 0.60% | 5.156 4.233 3.593 12.983 29.366
9 0.75% | 6.008 5.918 5.575 17.502 46.867
10 1% 10.163 | 8.651 7.556 26.371 73.239
11 1.25% | 11.889 | 10.809 | 0.000 22.698 95.937
12 1.50% | 14.150 | 13.264 | 0.000 27.415 123.351
13 2% 21.157 | 17.382 | 0.000 38.539 161.890
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Figure 3-70 Energy Dissipation Capacity of SWB4
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Figure 3-71 Energy Dissipation of Specimens

The failure mode of specimens is shear failure of the slab concrete. The
energy dissipation capacity of the specimen compared to the SWB2 is 99% for
SWBI1 (121kJ/123kJ), 136% for SWB3 (168kJ/123kJ), and 131% for SWB4
(162kJ/123 kJ). SWB3, which has a wide opening, has a lower stiffness than
SWB2, but the length of the arm is longer, so the degradation of stiffness and
strength of the specimen occurs later. As a result, the shear failure of the slab
concrete in SWB3 occurred late, and the energy dissipation capacity increased
by about 36.2% compared to SWB2. The energy dissipation capacity of SWB4
is increased by 31.6% compared to SWB2 by lattice-shaped slab shear

reinforcement even after slab concrete shear failure occurs.
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Chapter 3. Cyclic Lateral Loading Test

3.6 Discussion

The failure mode of two-story RC frame of slab-coupled wall structures is
shear failure of slab concrete. All failure mode of the specimens occurred in the
lower slab, and it was confirmed that cracking patterns were observed like
punching shear. At the joint of the slab-wall, the fracture pattern through which
the slab penetrates appeared, and the deformation of the slab-wall joint is also

the greatest in slab.

The strength improvement by the slab-wall interaction was the most affected
by the slab thickness. In slab-wall structures, the shear capacity of the slab is
more dominant than the flexural capacity of the slab. Among them, the shear
performance capacity of slab concrete is dominant. In the case of the specimen
with increased spacing between the walls, the initial stiffness of the specimen
is lower than that of the other specimens due to the long arm length. Also, the
degradation of strength and stiffness occurs later. However, the shear capacity
of the slab concrete also dominates the structural performance of specimens. In
addition, when the lattice-shaped shear reinforcement reinforcement was
placed in the slab, there was a slight increase in strength, but there was no

significant effect because the shear capacity of the slab concrete was dominant.

As the thickness of the slab increased from 80mm to 120mm, the ultimate
strength increased by 12% (41kN, SWB1 vs SWB2). As the wall thickness
increased from 400mm to 600mm, the ultimate strength increased by 1% (4kN,
SWB2 vs SWB3), and the ultimate strength was reached in Step 10 (drift ratio

1.0%). The ultimate strength is increased by 4% (14kN) at the shear
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reinforcement of the opening. (SWB2 vs SWB4)

The variable that has the greatest influence on the ultimate strength is the
thickness of the slab. The change in strength is insignificant when the spacing
between walls is increased or when shear reinforcement is reinforced at the
opening. This can be identified through the failure mode, strain distribution of

slab and wall, and behavior of the specimen.

The test strength of the specimen compared to the analysis strength is 136%
for SWB1 (333kN/244kN), 153% for SWB2 (374kN/244kN), 155% for SWB3
(377kN/244kN), and 161% for SWB4 (393kN/244kN).

The energy dissipation capacity of the specimen compared to the SWB?2 is
99% for SWB1 (121kJ/123kJ), 136% for SWB3 (168kJ/123kJ), and 131% for
SWB4 (162kJ/123 kJ).
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Chapter 4. Numerical analysis of Specimens

4.1 Introduction

Based on the results of the test, the following study of the analysis of the
specimens is carried out to establish a structural design manual for the
procedure and method to consider the effect of slab in the structural analysis of
wall-type structure. 1) The mechanism of the slab-wall interaction structure
should be identified through finite element analysis, and 2) the effective
stiffness of the slab and wall in the elastic analysis and the effective stiffness of
the slab and wall in the program for application to performance-based design

should be verified.

Therefore, it is intended to verify the following analysis and design results
by performing structural analysis on the specimen and comparing it with the

test results.

(1) Perform nonlinear finite element analysis and verify the validity of the
nonlinear analysis model by comparing the results with the test results. In
addition, the slab effect was verified by comparing the model using the

Diaphragm and the model using the slab model.

(2) Linear elastic analysis was performed to verify the reliability of the slab
35% effective stiffness (Seismic Load Analysis Model) and slab 15% effective

stiffness (Ultimate Strength Design Method).
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4.2 Nonlinear Finite Element Analysis of Specimens

4.2.1 Material Model

Analysis was performed by defining concrete and reinforced material models
as shown in Figure 4-1 using the actual strength measured through the material
test. ATENA is used as a nonlinear finite element analysis program, and the

elements of each member are shown in Table 4-1.

Table 4-1 Element of Nonlinear Element Analysis member

Type of Wall and . Loading . Diaphragm
Member Slab Reinforcement Jig Foundation Slab

. 1D Line Elastic Elastic Elastic
Element | Solid Element Solid Solid Solid

The reliability of the nonlinear analysis model is verified by comparing and
analyzing the test results with the nonlinear finite element analysis. In order to
simulate the two-story RC frame of slab-coupled wall structure specimens, an
analysis model is modeled as the actual specimen. The analysis is performed
using solid elements for concrete members and 1D line elements for reinforcing
bars. In the case of analysis using the diaphragm method in a nonlinear finite
element analysis program, the slab is modeled as an elastic solid element having
a thickness of 0.01m. Diaphragm slab uses an elastic solid material with a low

modulus of elasticity.
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Figure 4-1 Concrete and Rebar Stress-Strain Relationship in FEA

Table 4-2 Formulas of Constituitive Model in FEA

Parameter

Formula

Concrete Compression Strength [Mpa]

Depends on measured

Concrete Tensile Strength [Mpa]

fe
fo = 1.40(&)2/3

Poisson’s Ratio

A=0.2

Elastic Modulus [Mpa]

E = 4700,/fy

Fracture Energy [MN/m]

Gg = 0.000025f;

Plastic Strain

EPScp = Fo /E

Onset of Crushing [Mpa]

Foo = —2.1F,
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4.2.2 Nonlinear Finite Element Analysis Model of Specimens

The nonlinear finite element analysis model is shown in Figure 4-2. The
mesh size does not exceed 0.03m. The reason for this is that punching shear
occurs in the slab near the junction between the wall and the slab. In the case
of the slab, it is very thin and fracture occurs intensively near the slab-wall joint.
In order to analyze it considering punching shear failure of slab, the analysis is
performed by dividing the mesh into 10 equal elements of the slab in the wall
thickness direction. Also, the mesh size does not exceed 0.03m because the

aspect ratio of the element is set to about 2 or less.

Slab thickness : S0mm Slab thickness : 120mm

(a) FEA Model of SWB1 (b) FEA Model of SWB2

‘

Slab thickness : 120mm Slab thickness : 120mm
Lattice-shape of shear reinforcement

© FEA Model of SWB3 (d) FEA Model of SWB4

Figure 4-2 Nonlinear Finite Element Analysis Model of Specimens
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Chapter 4. Numerical analysis of Specimens

4.2.3 FEA Result

Vrest 1S the ultimate strength result of cyclic loading test. Vgga and

Vbiap 18 the ultimate strength result of the nonlinear finite element analysis. As

can be seen from Table 4-3, Vresi/Vrea is close to 1 and the error does not
occur significantly (less than 10%). In addition, the reliability of the nonlinear
finite element analysis is proved through the load-displacement relationship
graphs in Figure 4-3 to Figure 4-6. Conversely, T/D is much greater than 1.
Through this, it can be seen that the strength improvement effect by the slab is

much greater than diaphragm method.

Table 4-3 Result of Test and FEA Results

Test Strength | Strength Prediction
(Cyclic Test) (Static Loading) Vrest/VrEa Vrest/Vbiap

VTest VFEA
Specimen Flexural Shear
Pos Neg | Strength | Strength
Pos Ne Pos Ne
[kN] | [kN] | Vega | Vi J g
[KN] [KN]
Diaphragm - - 244 1351 - - - -

SWB1 333 -295 318 1351 105 093 136 121
SWB?2 374 -345 377 1351 099 092 153 141
SWB3 353  -378 368 1351 096 103 145 155

SWB4 352 -393 392 1351 090 100 144 161
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Test/FEA=1.05 Test/Diap=1.36
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Figure 4-3 Test Results of SWB1 with FEA and Diaphragm

Test/FEA=0.99 Test/Diap=1.53
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Figure 4-4 Test Results of SWB2 with FEA and Diaphragm
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Test/FEA=1.03 Test/Diap=1.55
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Figure 4-5 Test Results of SWB3 with FEA and Diaphragm
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Figure 4-6 Test Results of SWB4 with FEA and Diaphragm
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Chapter 4. Numerical analysis of Specimens

When comparing the ultimate strength of the FEA result and the test result,
it can be confirmed that the error rate is less than 5%. Also, it can be seen that
the reliability of the test results was confirmed through the similarity of the FEA

results and the lateral load-displacement relationship of the test results.

The test strength of the specimen compared to the FEA strength is 105% for
SWBI1 (333kN/318kN), 99% for SWB2 (374kN/277kN), 103% for SWB3
(378kN/368kN), and 100% for SWB4 (393kN/392kN). The strength of
specimens is greater than the result of the nonlinear analysis of Atena (black).
In addition, the ultimate strength in the both loading direction of the test

specimen is similar to the analysis result of FEA as shown in Table 4-3.
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Chapter 4. Numerical analysis of Specimens

4.2.4 Test Analysis with FEA

(2) Load Resistance Mechansim

The load resistance mechanism of the specimen is shown in Figure 4-7 (a).
When a lateral load is applied to two-story RC frame of slab-wall structure,
rotation occurs in the walls of each floor. As the wall is rotated, the slab is also
deformed and the bending moment is applied. When a bending moment occurs
in the slab, a corresponding shear force is generated in the slab, and accordingly,
an axial force is transmitted in the wall. The axial force acts as a tensile force

and a compressive force on each wall, and through this, the wall of the specimen

is coupled.

In case of diaphragm, it behaves like a cantilever as shown in Figure 4-7 (b).
This means that the walls behave like individual walls, and the effect of the slab

cannot be expected.

’ P | . > | Diaphra;
. . Y . ’\
\ 1 \ 1
! 1 \ 1
\ 1 A 1
v I v | . .
‘I : Shear Force ‘\ : Diaphragm
M 1 ' 1
' 1 i 1
V! 2N Vot
\ \
— | { ) \ —p | Diaplirs
\ .' Na Cd \ :
“ I Bending Moment Bending Mojment ‘l I
1 1
\\ M \\ '
. Axial Axial V!
V! [
(! V!
Al !
v t l !
1 1
\}Ratation\) \}RotatianU
(a) Load Resistance Mechanism of Specimen (b) Load Resistance Mechanism of Diaphragm

Figure 4-7 Load Resistance Mechanism
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(b) Bending Moment and Shear Force of Slab

According to the load resistance mechanism, a bending moment occurs in
the slab as rotation occurs in the wall. Through this, a shear force corresponding
to the bending moment is generated in the slab. Figure 4-8 shows that the
bending moment showed a slight decrease in the drift ratio at which the ultimate
strength occurs and the drift ratio at which the fracture of specimens occurs, but
there is no significant difference. From the following results, it can be seen that

the influence of the bending moment of the slab is not dominant on the

" S At . . .
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2 4% ['Siab Across Opening

40
B prog— g 30 Gl g 30
p Drift ratio ~ 2.00% 7 0 7 0 7 0
Slab across Openin, R ¢ < <
Slab across Opening = 19 | ppeeeeeeet? = 10 gt et
g0 g o ) )
§-10 fooer e S0 3.0 S0
%20 0 %20 %20
£ 30 EED 30 EE
2 10 210 20 20
@ 0 100 20 300 40 A 0 100 200 300 400 @ 0 100 200 300 400 500 600 A 0 100 200 300 400
Slab Length (mm) Slab Length (mm) Slab Length (mm) Slab Length (mm)
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t1ap=80mm to1ap=120mm opening-600mm t,1ab=120mm. Shear Reinforcement

Figure 4-8 Bending Moment of Slab Across Opening
Figure 4-9 is a graph showing the shear force generated at the slab across
opening when ultimate strength occurs and when the drift ratio is 2.00%. In the
case of Figure 4-10, the shear force generated at the center of across opening is
a graph showing when ultimate strength occurs and when the drift ratio is
2.00%. Through Figure 4-9 and Figure 4-10, it can be predicted that the shear
force generated in the slab decreases after the ultimate strength occurs. The

reduced shear force in Figure 4-9 is similar to the reduced shear force in Figure

112 ] iﬂ “._ 1” F



Chapter 4. Numerical analysis of Specimens

and deformation of the specimen in the nonlinear analysis.

4-10, so it can be expected that most concrete fractures occurred near the slab-

wall joint. To confirm this, Figure 4-11 to Figure 4-14 shows the crack pattern

From Figure 4-11 to Figure 4-14, it can be seen that the failure mode of the

specimen was caused by shear failure of the slab concrete at the slab-wall joint.

This shows a similar tendency to the actual test failure mode.
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Figure 4-10 Shear Force of Center of Slab Across Opening
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Chapter 4. Numerical analysis of Specimens

(a) Deformation of FEA Model (b) Crack Pattem of Wall (¢) Slab Deformation of Lower Floor (d) Crack Pattem of Center Slab

Figure 4-11 Deformation and Crack Pattern of SWBI1

# -

(a) Deformation of FEA Model (b) Crack Pattern of Wall (c) Slab Deformation of Lower Floor (d) Crack Pattem of Center Slab

Figure 4-12 Deformation and Crack Pattern of SWB2

#Ha—

(a) Deformation (b) Crack Pattem of Wall (¢) Slab Deformation of Lower Floor (d) Crack Pattern of Center Slab

Figure 4-13 Deformation and Crack Pattern of SWB3

FHE-

(a) Deformation (b) Crack Pattem of Wall (c) Slab Deformation of Lower Floor (d) Crack Pattem of Center Slab

Figure 4-14 Deformation and Crack Pattern of SWB4
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(c) Axial Force of Wall (Slab Effect)

As the load-resisting system works as shown in Figure 4-7 (a), the specimen
behaves like a frame and an axial force is generated in the wall. As the axial
force is applied, the wall will be partially coupled. In Chapter 3, the axial force
generated by the slab is defined as the slab effect. Therefore, the difference in
the axial force generated by the lateral load excluding the gravity load was
compared for each variable of the specimen using the nonlinear finite element

analysis. This can be confirmed through Figure 4-15.
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Figure 4-15 Comparison of Slab Effect (Axial Force of Wall)

Through the graph in Figure 4-15, it can be confirmed that the walls of the
slab-wall structure partially behave integrally. Conversely, the walls of the
diaphragm behave individually. The slab effect occurs greatly in the order of
SWB4, SWB2, SWB3, and SWBI, and the difference in axial force between

the walls (slab effect) is 289kN, 260kN, 213kN, and 149kN, respectively.
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4.3 Elastic Analysis of Specimens for Seismic Load and
Design

4.3.1 Synopsis of Elastic Analysis of Specimens

Midas Gen was used as a linear elastic analysis program, and the model is
shown in Figure 4-16. Shell elements are used for walls and slabs. In the case
of a wall, it should be divided by the slab mesh, so it is set as one connected
element. The thickness of the wall and slab was used for the thickness of the
specimen. The effective stiffness of the slab and wall was adjusted by applying
the wall stiffness scale factor for wall and the plate stiffnese scale factor for
slab. In order to simulate the double curvature of the slab, the slab of the wall
opening is divided into 0.1m length in the longitudinal direction of the opening.
In order to apply the same load as in the test, the ultimate strength was divided
so that the load was distributed at a ratio of 2:1 between the upper and lower
story slabs. The loading plan of the test was simulated by inputting two nodal

loads to each slab (Refer to Figure 4-16).

In order to control the in-plane bending stiffness in the program of Midas
Gen, plane stress, is used, so the analysis was performed by adjusting the axial

stiffness as well.

116 __:x_'.i: T



Chapter 4. Numerical analysis of Specimens

Table 4-4 Formulas of Constituitive Model in Linear Elastic Analysis

Parameter Formula
Concrete Compression Strength [Mpa] Depends on measured
Elastic Modulus [Mpa] E = 4700,/

Vot Vg=2:1
2Vy + 2Vg = Vpggr

(b) Upper View of Elastic Analyvsis Model

(a) Elastic Analysis Model

Figure 4-16 Elastic Analysis Model of Specimens
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4.3.2 Elastic Model for Fundamental Period Estimation

In order to design an actual building, it is necessary to determine the
fundamental period for seismic load calculation. The fundamental period for
structure is determined by referring to 2.1.2 Korea Building Code 2016 in
Chapter 2. In the case of diaphragm model, dynamic analysis is performed on
the elastic analysis model to find out the natural period, and then calculate the
fundamental period according to the KBC 2016. Then, the seismic load
corresponding to the fundamental period is calculated and the design is carried

out by applying the seismic and gravity load into the analysis model.

When designing the wall considering slab-wall interaction, the slab should
be added to the analysis model to constrain each story instead of using
diaphragm. When the slab is modeled, the stiffness of the structure increases,
and the natural period becomes less compared to the model of the diaphragm.
However, if the natural period is calculated using 100% of the effective stiffness
of the wall and slab, the excessive seismic load is applied to the structure. Since
this does not consider the early yielding of the slab, which is thin member, it
may result in an overdesigned design. In order to consider this case, the
effective stiffness is adjusted to establish an elastic analysis model for
fundamental period estimation. In order to properly adjust the effective stiffness,
it was determined and confirmed by referring to 2.1.5 ‘Bending Moment and

Compression Design Criteria of Concrete Structure’ in Chapter 2.

When the effective stiffness of ‘Bending Moment and Compression Design
Criteria of Concrete Structure’ is applied to slabs and walls, analysis is

performed to check whether the analysis model has adequate stiffness.
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In the modeling of the actual wall-type strucuture, there is a gravity load
which is vertical force to members, so effective stiffness of non-cracked wall
(70% of effective stiffness) is applied to walls in the in-plane direction.
However, since the test specimen does not have a vertical load (gravity load),
35% effective stiffness (cracked wall) in in-plane direction is applied in elastic
analysis. In the case of slab, analysis is performed by applying only out-of-
plane bending effective stiffness of beam which is 35%. In the linear elastic
analysis model, by measuring the displacement at the same location as the test,
the stiffness in the elastic analysis was obtained using the ‘“Lateral

Load/Displacement” of the analysis model.

In order to control the in-plane bending stiffness in the program of Midas
Gen, plane stress, is used, so the analysis was performed by adjusting the axial

stiffness as well.

Table 4-5 Element of Nonlinear Element Analysis member

Type of Loading Boundary
Member wall Slab Plan Condition
Shell Shell
(35% of (35% of 2 Nodal _
Element Loads per Fixed
In-plane Out-of-plane Floor
Effective Stiffness) | Effective Stiffness)
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4.3.3 Elastic Model for Design

A model for fundamental period estimation and a model for design were
separately considered. If the design proceeds with the analysis model for the
fundamental period calculation determined previously, the slab will be
subjected to excessive stress because the required strength steadily increases
without considering yielding due to the characteristics of the elastic analysis. In
this case, unlike the previous diaphragm, overestimated design is made in the
slab where the slab-wall interaction occurs. Also, as a result of the test, the slab
concrete shear capacity was dominant rather than the bending moment capacity
of the slab of the specimen when a lateral load was applied. Therefore, in order
to economically design a building, linear elastic analysis should be performed
by setting the effective stiffness of slab and wall in consideration of the above

results.

When the effective stiffness of ‘Bending Moment and Compression Design
Criteria of Concrete Structure’ is applied to walls, analysis is performed to

check whether the analysis model has adequate stiffness except for slab.

In the modeling of the actual wall-type strucuture, there is a gravity load
which is vertical force to members, so effective stiffness of non-cracked wall
(70% of effective stiffness) is applied to walls in the in-plane direction.
However, since the test specimen does not have a vertical load (gravity load),
35% effective stiffness (cracked wall) in in-plane direction is applied in elastic
analysis. In current practice, when considering slabs, in order to consider the
yield strength of the slab and prevent overdesigning the slab, the effective

stiffness of the slab is used as 10-20%. In addition to the above, the slab is a

120 __Jx_'.i: T



Chapter 4. Numerical analysis of Specimens

thin member, and early yielding due to out-of-plane demands is expected.

Therefore, the effective stiffness should be determined considering the

redistribution of the force. In order to verify the validity of the effective stiffness,

the analysis was performed by applying 15% to the out-of-plane bending

stiffness of the slab.

In order to control the in-plane bending stiffness in the program of Midas

Gen, plane stress, is used, so the analysis was performed by adjusting the axial

stiffness as well.

Table 4-6 Element of Nonlinear Element Analysis member

Type of Loading Boundary
Member Wall Slab Plan Condition
Shell Shell
(35% of (35% of 2 Nodal .
Element Loads per Fixed
In-plane Out-of-plane Floor
Effective Stiffness) | Effective Stiffness)
] 1
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4.4 Analysis Result of Specimens

4.4.1 Initial Stiffness of Specimens

The results of the linear elastic analysis of SWB1~SWB4 (35% wall, 35%
slab effective stiffness) are compared with the nonlinear finite element analysis

results and test results as shown in Table 4-7.

The stiffness of the linear elastic analysis model is an average of 89% of the
initial stiffness of the nonlinear finite element model, which is smaller than the
stiffness of the nonlinear finite element model. (SWBI1: 81%, SWB2: 96%,
SWB3: 84%, SWB4: 95%) The stiffness of the linear elastic analysis model of
SWB2 and SWB4 was very similar to the initial stiffness of the nonlinear finite
element model, and the stiffness of the linear elastic analysis model of SWB1
and SWB3 was lower than the initial stiffness of the nonlinear finite element

model.

The stiffness of the linear elastic analysis model is an average of 101% of the
initial stiffness of the test results. Initial stiffness, which is similar than the
stiffness of the nonlinear finite element model. (SWB1: 111%, SWB2: 90%,
SWB3: 101%, SWB4: 101%) The initial stiffness of the test results was
determined through the displacement of the specimen under a load of about 40
kN. This is because the specimen was judged to be an elastic part at a load of

about 40 kN.
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Table 4-7 Initial Stiffness of Specimens (Elastic Analysis, FEA and Test)

Elastic Analysis FEA ( AboTuI?[iEkN) K K
E
K K
KN /E kNl;EA Krgst Kgga Krgst
[kN/mm] [kN/mm] [KN/mm]
SWB1 69.1 85.8 62.44 0.81 1.11
SWB2 100.0 104.2 110.8 0.96 0.90
SWB3 78.9 93.9 78.3 0.84 1.01
SWB4 95.3 100.7 94.2 0.95 1.01
Elastic Model 1 Wall (Plate)

To determine the adequate
Fundamental Periods of structure

Effective Stiffness = 35%

Slab (Plate)
Effective Stiffness = 35%

= SWBI. Elastic === SWB2, Elastic === TestResults of Specimens

SWB3, Elastic —— SWB4, Elastic ==+ FEA of Specimens
100 100
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Figure 4-17 Initial Stiffness Comparison of Test, FEA and Elastic Analysis
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4.4.2 Design of Specimens Wall

The slab is a thin and wide member, and although the stiffness in the in-plane
direction is very strong, it is very weak in the out-of-plane direction, so
premature yielding in the out-of-plane direction is expected. This results in load
redistribution, and in order to take this into account, it is necessary to properly
set the effective stiffness of the slab and wall in the design model. Therefore, it
proves its suitability as a design model by comparing the PM curve of the wall
subjected to the actual test and the demand on the walls in the analysis result

simulated by the elastic analysis of the actual test.

The PM curve of the wall of the test specimen was compared with the axial
force-moment relationship in the analysis model to check whether the
appropriate load distribution for wall design was performed in the elastic
analysis model. Also, cut and check the slab-wall joint that receives the most
demand in the 15% effective stiffness model in the out-of-plane direction of the
slab. Through this, it is compared whether the demand of the slab exceeds the

design capacity of the slab.

Figure 4-18 shows the design strength and required strength of the load
concentration part of the specimen slab. In all specimens, the required strength
at the load concentration area exceeds the slab capacity, but the demands on the
entire width of the slab(1.3m) is smaller than the entire width of the slab
capacity. The above results well simulate that the failure of the slab did not
occur due to flexural failure. At the slab-wall joint, not only moment but also
shear force is concentrated. However, in the case of the slab, the shear

reinforcement of the slab is not arranged, and thus local punching shear is
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expected. Similarly, since shear failure of the slab concrete occurred in the
actual test, it was judged that the test results were properly simulated. Since the
slab is fractured due to shear failure, it is judged that the behavior of the slab is

not different according to the increase in the reinforcement ratio.

Figure 4-19 shows the PM Curve and elastic analysis results of the specimens.

The specimens are a coupled wall arrangement, and the PM curve of both walls
and the elastic analysis result are compared. In all specimens, in the direction
of the positive loading direction, the left wall receives tensile and right wall
compressive forces, and in the direction of the negative loading, it acts opposite
to the positive loading direction. When the following occurs, a moment of

similar demand is distributed to both walls.

For all walls, there is no difference between the boundary of the PM curve
and the analysis result. Through this, it can be seen that the required strength of
elastic analysis and the performance strength of the tested specimen wall show

similar strength.
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4.5 Discussion

Among the linear elastic models of 35% wall and 35% slab, which is elastic
model for fundamental period esitimation, SWB2 and SWB4 showed the
almost same initial stiffness as that of the Atena inelastic finite element model
and test. The initial stiffness of the nonlinear finite element model compared to
the stiffness of the linear elastic analysis model averaged 89%. The average of
the initial stiffness of the test results compared to the stiffness of the linear

elastic analysis model is 101%.

When comparing the demands of the linear elastic analysis with the
performance strength of the tests, the required strength of the linear elastic
analysis is located near the boundary of the P-M performance curve. The
demand of wall in elastic analysis and the performance strength of the specimen
in test shows similar strength. As a result, the test results are adequately

simulated by linear elastic analysis.

In the wall effective stiffness 35% and slab effective stiffness 15% model
which is elastic model for design, the required strength per unit length of the
slab exceeds the capacity of the slab in the small area connected to the wall.
However, the demand of the entire slab is less than the overall capacity of the
slab. As a result, it is expected that no additional reinforcement is required for

the slab.

As a result, the reliability of the elastic analysis model was proven through
35% of effective stiffness of slab (Seismic Load Analysis Model) and 15% of

effective stiffness of slab (Ultimate Strength Design Method).
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Chapter 5. Elastic Design of Prototype Model
Considering Slab Effect

5.1 Introduction

According to the height of general wall-type structure, they are classified into
low-rise, middle-rise, and high-rise. Also, according to the shape of the floor
plan, it is classified into - shaped and L-shaped wall-type structure. As a result
of examining the effects of analysis variables on the elastic analysis model
before selecting the research target building, the effect of increasing the
stiffness due to the slab effect increases as the story increases. For effective
research, a total of 4 apartment houses were selected as research buildings, each
of which had each two types of mid-rise and high-rise buildings with - shaped
and L shaped plans. For mid-rise buildings, it is a 17-story building, and for a
high-rise building, it has 24 or 25 story building. In addition, for all wall-type
structures, design and analysis are performed for a private area where one

generation has 59m?.

Based on the results from Chapter 3, it can be confirmed that the demand on
the wall is reduced when designing considering the slab-wall interaction. Also,
the numerical analysis was conducted based on the test results in Chapter 4.
Two elastic analysis models (model for fundamental period estimation and
model for design) that can simulate the load redistribution were determined
through specimen analysis, and reliability was vertified. Therefore, the design
method considering the slab-wall interaction proposed by Chapter 5 is applied

to the prototype model to show that the reinforcement quantity of walls is
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reduced in general wall-type structures. This proves that the proposed design
method is more economical and reasonable than the existing design method

which is diaphragm.
5.2 Prototype Model

5.2.1 Model

Figure 5-1 to Figure 5-4 are prototype models to which the proposed design
method proven in Chapter 4 is applied. Figure 5-1 and Figure 5-2 are mid-rise
buildings and Figure 5-3 and Figure 5-4 are high-rise buildings. Also, Figure 5-
1 and Figure 5-3 are buildings with plan of - shape, and Figure 5-2 and Figure
5-4 are buildings with plan of L shape.

(a) Plan of Prototype Model (b) Prototype Model

Figure 5-1 — Shaped Mid-rise Structure
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(a) Plan of Prototype Model (b) Prototype Model

Figure 5-2 L Shaped Mid-rise Structure

—=

L]

(a) Plan of Prototype Model (b) Prototype Model

Figure 5-3 — Shaped High-rise Structure
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(a) Plan of Prototype Model (b) Prototype Model

Figure 5-4 L Shaped High-rise Structure
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5.2.2 Design Load

The gravity load for the prototype of diaphragm model and slab model is

shown in Table 5-1 to Table 5-4. Dead load and live load also considered the

weight of the member. Line loads such as windows, masonry, exterior wall

joints, handrails, light-weight partitions, and partial walls were replaced with

area loads for convenience in slab model. The error of reaction does not occur

much (Refer to 5.4.4 Reaction). The design load of the slab model was

considered by increasing it by a specific amplication factor from the diaphragm

model.

Table 5-1 Typical Floor Design Load of mid-rise structures - shaped structure

Dead Load (kN/m?)

Live Load (kN/m?)

List
Diaphragm | Slab Model | Diaphragm | Slab Model
Living Rooom 6.445 8.31 2 2
Stair 7.852 10.124 5 5
Stair pace 4.595 5.925 5 5
Balcony 5.739 7.4 3 3
Extended Balcony 6.665 8.593 3 3
Equipment (150mm) 3.6 4.462 1 1
Equipment (210mm) 5.04 6.498 1 1
Entrance 7.125 9.187 2 2
Hall 4.595 5.925 3 3
Bathroom 4.595 5.86 2 2
7§ ty
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Table 5-2 Typical Floor Design Load of mid-rise structures L shaped structure

List Dead Load (kN/m?) Live Load (kN/m?)
. Diaphragm | Slab Model Diaphragm

Living Rooom 6.445 8.632 2 2
Stair 7.852 10.517 5 5
Stair pace 4.595 6.154 5 5
Balcony 5.739 7.686 3 3
Extended Balcony 6.665 8.927 3 3
Equipment (150mm) 3.6 4.822 1 1
Equipment (210mm) 5.04 6.75 1 1
Entrance 7.125 9.543 2 2
Hall 4.595 6.154 3 3
Bathroom 4.595 6.087 2 2

Table 5-3 Typical Floor Design Load of high-rise structures - shaped structure

Dead Load (KN/m?) Live Load (kN/m?)

List

Diaphragm | Slab Model Diaphragm | Slab Model

Sleeve 3.531 5.202 1 1.054
Sleeve (130mm) 3.06 4,508 1 1.054
Stair Pace 4,526 6.667 5 5.27
Balcony 6.568 9.676 3 3.162
Generation Entrance 6.943 10.228 2 2.108
Outdoor Unit 4,943 7.282 5 5.27
Bathroom 9.46 13.936 2 2.108
Room and Kitchen 6.353 9.359 2 2.108
Hall 4,741 6.984 3 3.162
Bathroom 4.46 6.57 2 2.108
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Table 5-4 Typical Floor Design Load of high-rise structures L shaped structure

Dead Load (kN/m?) Live Load (kN/m?)
List
Diaphragm | Slab Model | Diaphragm | Slab Model

Living Rooom 6.4 8.714 2 2
Stair 7.852 10.691 5 5
Stair pace 4.595 6.256 5 5
Balcony 5.985 8.149 3 3
Equipment (150mm) 3.6 4.902 1 1
Equipment (210mm) 5.04 6.862 1 1
Entrance 7.239 9.856 2 2
Hall 4.595 6.256 3 3
Bathroom 4.475 6.093 2 2

The seismic load conditions were set as shown in Table 5-5. Since wind load
is critical for high-rise structures, consideration of design wind load was not

given to the prototype.

Table 5-5 Analysis Setting of Seismic Loads

Seismic Load Parameters Factor
Seismic Zone 1
0.2 Sec Spectral Acceleration (S;) 0.44
1 Sec Spectral Acceleration (S;) 0.176
Site Class Sa
F, 1.448
F, 2.096
Sps 0.4247
Sp1 0.2459
Importance Factor (1) 1.2
Response Modification Coefficient (R) 4
Seismic Design Category D
Response Spectrum KBC 2016
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5.2.3 Material

The wall and slab thickness and concrete strength are shown in Table 5-6.

The types of reinforcing bars used in the design of the prototype model are

shown in Table 5-7.

Table 5-6 Thickness and Concrete Strength of Wall and Slab

Slab
Wall Thickness $Iab Wall Concrete Concrete
Thickness Strength
[mm] [mm] [Mpal] Strength
[Mpa]
Mid-rise 250 (Exterior Wall 210 24 (High floor) 24
- shaped or Core) /180 (Wall) /27 (Low floor)
L 250 (Exterior Wall 24 (High floor)
Mid-rise | o core) /180 (Wall) 210 /27 (Low floor) 24
L shaped
o 300 (Exterior Wall 24 (High floor)
High-rise | o core) /200 (Wall) 210 / 27 (Low floor) 24
- shaped
o 300 (Exterior Wall 24 (High floor)
High-rise | o core) /200 (Wall) 210 / 27 (Low floor) 24
L shaped
Table 5-7 Type of Rebar
Type of Rebar Grade F,
Lower than D13 SD500 500 Mpa
Higher than D16 SD600 600 Mpa
ol L,
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5.3 Overview of Design

5.3.1 General

When the effective stiffness of the wall and slab is set to 100%, the seismic
load is excessively increased. Therefore, the effect of reducing the quantity of
rebar is hardly occurred. When considering the flexural stiffness of the slab, an
analysis model similar to the actual structure should be used. If the effective
stiffness of the wall and slab is set to be 100%, it is judged to be excessively
safe. Therefore, it is desirable to use the effective stiffness within the range
allowed by the structural standards. In the analysis model, 70% of wall flexural
stiffness and 35% of slab (effective stiffness of structural standards) should be
used to control excessive reduction in natural period. Through this, reasonalbe
and economical design is possible. In relation to the period calculation of the
analysis model, the earthquake-resistant design standards for buildings suggest
that the deformation characteristics and structural characteristics should be
considered when calculating the period. ASCE also suggested to consider the
effect of cracks in concrete in modeling. The verification of effective stiffness
is performed on the specimen by performing the test results and elastic analysis

in Chapter 4.

For a given seismic load, the design model uses 70% effective stiffness for
walls and 15% for slabs. The following results were compared and analyzed
with the model constrained by the diaphragm method with 100% effective

stiffness for walls which is the existing design method.
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5.3.2 Scope of Application

- Wall type apartment composed of slab-shear walls
- Shear wall structure in which most slabs are surrounded by walls
- Apartment with 15 stories and 45m or more in height

5.3.3 Analysis and Design Program

- It is necessary to use a program whose reliability has been secured

whether it satisfies the requirements of the following analysis and design.

- The function of the existing structural analysis program that can be used
for structural analysis of shear wall structures must have a function that
can implement plate bending elements. It can also be modeled as a grid

beam instead of a plate bending element.

- If the out-of-plane bending stiffness of the wall is to be considered, a

shell element should be included.

- In the case of a wall, the influence of a deformed shape wall should be

considered in the design.

- If the function of designing the deformed shape wall as an integrated
wall is not included, each unit wall element can be designed

independently, but economical design is difficult to achieve.

- When the out-of-plane bending moment is considered in the wall, this

effect should be reflected in the design.

137 __:x_'.i: T



Chapter 5. Elastic Design of Prototype Model Considering Slab Effect

For slabs, bending moment design of slabs should be possible.

5.3.4 Definition of Terms

Plate bending element: A finite element that exhibits out-of-plane
bending stiffness effect in order to consider the effect of bending stiffness

of the slab.

In-plane stress element (membrane element, plane stress element): A
plane element that considers only in-plane stiffness. Out-of-plane
deflection can be used in the analysis of walls that do not need to

consider the effect.

Shell element: A finite element that can consider the effects of in-plane
stiffness and out-of-plane flexural stiffness. It can be used for the

analysis of walls that need to consider out-of-plane bending.

Grid beam model: A method of modeling a slab plate using closely
arranged grid beams instead of plate bending elements representing the
bending stiffness of the slab. Since the linear element is used, the plastic
hinge model can be applied in the nonlinear analysis, so it can be used in

the nonlinear analysis.

Diaphragm model: A model that uses a slab as an in-plane rigid body
element. The flexural stiffness effect of the slab cannot be considered. In
general moment frames with beams, there is no need to consider the
effect of bending stiffness of the slab, and the diaphragm model can be

used.
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Figure 5-7 Shell Element
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5.3.5 Design Strategy

(@) General

- When using the bending stiffness of the slab, the interaction between the
wall and the slab is considered, so the span between the shear walls is
not large. Therefore, it is applied to the structural system that has a great

effect on the bending and torsional stiffness of the slab.

- If a lot of additional reinforcing bars are used in the slab, economical
efficiency and constructability are reduced, so there is no practical
benefit. Design so that additional reinforcing bars are not required or

minimized as much as possible in the slab.

- As a strategy to retain economic feasibility, the secant stiffness of the
slab should be as small as possible (15% of the elastic stiffness) to
maintain the quantity of reinforcing bars in the slab against gravity load
(minimum reinforcing bar: SD500 D10 @300) and minimize the

increased rebar used in slab.

- If the slab reinforcement does not increase or if the wall reinforcement

is to be further reduced, a larger secant stiffness can be used.

- Considering the slab effect, structurally, there is no need to increase the
section area of shear wall per floor because the stiffness and strength are
significantly increased. In order to improve economic efficiency, it is
desirable to consider the slab effect and adjust the section area of wall

per floor.
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Figure 5-8 Slab Reinforcement of Typical Floor
(b) Linear Elastic Analysis

- Evaluate the period using the effective stiffness of the wall and slab to
prevent excessive seismic load due to the underestimation of the
dynamic analysis period when calculating the seismic load. In this case,
70% of wall and 35% of slab, which is the effective stiffness suggested

in the current concrete design standards, is used.

- In the structural analysis for the design for the seismic load determined
by the above, the reduced secant flexural stiffness is used for the slab to
redistribute the load after premature yielding of the slab. Therefore, the
design model uses 70% of wall and 15% of slab.

- If excessive additional reinforcement is required for the slab, lower the

secant stiffness of the slab.

- If the bending moment locally exceeds the capacity of the slab, the
average bending moment can be calculated by considering the
redistribution of the bending moment in the relevant area (1/4 of the
smallest span). In case of using grid beam, bending moment
corresponding to the width of grid beam appears, so it can be averaged

automatically.
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(©)

(d)

If the lateral drift of the building exceeds 1%, the diaphragm model must
be used because the bending effect cannot be considered due to the

premature failure of the slab.
Seismic Force Estimation

The dynamic analysis period is determined using the effective flexural
stiffness ratio (effective flexural stiffness to elastic stiffness) of wall 70%

and slab 35%.

Determination of the Fundamental Period for Equivalent Static Load

3
In the case of approximate fundamental period, 0.04%h? is used for both

x and y direction of structure.

If the natural period is between the upper limit period and the
approximate fundamental period, the natural period is used as the

equivalent static load period.

If the natural period is shorter than the approximate fundamental period,
the approximate fundamental period is used as the equivalent static load

period.

If the natural period is longer than the upper limit period, the upper limit

period is used as the equivalent static load period.
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5.4 Results of Analysis and Design

5.4.1 Natural Period

The results of the mode analysis method are shown in Figure 5-9 and Table

5-8 to Table 5-11.

In the case of natural period, it is the analysis result of the model for
fundamental period estimation (Slab 35% and Wall 70%). On the other hand,
in the case of modal participation mass ratios, it is the analysis result of the
model for design (Slab 15% and Wall 70%). In the case of the slab model, the
lateral resistance capacity increased by the slab, and the period decreased
compared to the diaphragm model. Modal participation mass ratio was
considered to be over 90%, and Table 5-8 to Table 5-11 show up to mode 12 to

compare the slab model and the diaphragm model.
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Table 5-8 Modal Analysis Result of — Shaped Mid-rise Structure

Period Diaphragm Model Slab Model

Mode [sec] Sum Sum Sum Sum Sum Sum

UX uy RZ UXx uy RZ
1 1.237 0.0021  0.5454 0.1105 0.0002 0.542 0.1202
2 0.958 0.4188 0.5674 0.3083 0.3412 05979  0.3652

3 0.808 0.6413 0.6568  0.6271  0.6535 0.653 0.64
4 0.351 0.7881 0.7115 0.6272  0.6549 0.653 0.6402
5 0.269 0.8205 0.8223 0.6783 0.7024 0.7765  0.6478
6 0.26 0.8363  0.8597 0.8308 0.8029  0.8007 0.693
7 0.216 0.9065 0.865 0.8313  0.8248 0.835 0.8242
8 0.159 0.9084 0.9167 0.8398  0.8257 0.835 0.8244
9 0.144 0.9124 09266 0.9042 0.8257 0.8351  0.8244
10 0.135 0.9454  0.9283 0.9057 0.8915 0.8416  0.8246
11 0.121 0.9459 09516  0.9071 0.895 0.8896  0.8363
12 0.117 0.9632 09516 0.9078 0.8951 0.8898  0.8364

Table 5-9 Modal Analysis Result of L Shaped Mid-rise Structure
Period Diaphragm Model Slab Model

Mode [sec] Sum Sum Sum Sum Sum Sum

UX Uy Rz UXx uy Rz
1 1.217 0.0091 05165 0.0967 0.0172 0.5169  0.0724
2 0.917 0.4826 05818 0.1744 0.4637 0.5831 0.159
3 0.798 0.6385 0.6554 05876 0.6239 0.6178  0.6148
4 0.334 0.6394 0.8411 0.6271 0.6263 0.7726  0.6445
5 0.239 0.846 0.8425 0.6276  0.8038 0.7809  0.6496
6 0.215 0.8468  0.8759 0.794 0.8112 0.7981  0.8047
7 0.168 0.8478 0.9337 0.8141 0.8144 0.8704 0.816
8 0.135 0.9242 09337 0.8159 0.8153 0.8704 0.8161
9 0.121 0.9242 0.9421 0.816 0.8859  0.8715  0.8163
10 0.108 0.929 0.9443  0.8958 0.892 0.882 0.8385
11 0.101 0.9581  0.9443 0.897 0.8922  0.9085  0.8846
12 0.079 0.9588 0.9444  0.8982  0.8922  0.9094 0.885
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Table 5-10 Modal Analysis Result of — Shaped Mid-rise Structure

Period Diaphragm Model Slab Model
Mode [sec] Sum Sum Sum Sum Sum Sum
UX uy RZ UXx uy RZ
1 1.778 0.0059 0.6002 0.0093 0.0018 0.6204 0.0004
2 1.541 0.0215 0.6125 0.5852 0.0419 0.6205 0.5898
3 1.257 0.6372 0.6161 0.6064 0.6635 0.6226  0.6245
4 0.404 0.7617 0.6168 0.6071 0.6757 0.7856  0.6273
5 0.391 0.762 0.8078 0.6073 0.7412 0.8081  0.6725
6 0.36 0.7655 0.8079 0.7941 0.7813 0.8089 0.7964
7 0.203 0.8214 0.808 0.795 0.8291 0.809 0.8
8 0.174 0.8214  0.8862 0.795 0.8291  0.8834 0.8
9 0.161 0.8258 0.8863 0.8749 0.8354 0.8834 0.8714
10 0.158 0.8641 0.8863 0.8763 0.8354 0.8838  0.8717
11 0.139 0.8642 09288 0.8764 0.8354 0.8838 0.8717
12 0.131 0.8954 0.929 0.8877 0.8692 0.8838  0.8742
Table 5-11 Modal Analysis Result of L Shaped Mid-rise Structure
Period Diaphragm Model Slab Model
Mode [sec] Sum Sum Sum Sum Sum Sum
UX Uy Rz UXx Uy Rz
1 1.805 0.5551 0.0056 0.0834 0.3984 0.2761 7.53E-06
2 1.603 0.5618 0.4861 0.2311 0.5544 0.4838  0.3157
3 1.418 0.6477 0.6369 0.6335 0.6873 0.666 0.6605
4 0.469 0.7862 0.6389 0.6699 0.8119 0.6699  0.6782
5 0.435 0.8044 0.7809 0.7018 0.8138 0.7857  0.7238
6 0.333 0.8291 0.8319 0.8225 0.8377 0.8369 0.8275
7 0.231 0.8746 0.8336  0.8396  0.8808  0.837 0.8394
8 0.202 0.8846  0.8848 0.8501  0.8851 0.8833 0.855
9 0.162 0.9063  0.9041 0.872 0.8851  0.8833 0.855
10 0.149 0.916 0.9046  0.9039 0.9155 0.8911  0.8568
11 0.146 0.9223 0.931 0.9091 0.9156 0.9032  0.8983
12 0.143 0.9379 09329 09134 0.9156 0.9034  0.9008
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5.4.2 Shear Force Distribution

The fundamental period for calculating the base shear force should be
determined in consideration of section 6.3.5 (d). After the fundamental period
is determined, the base shear can be calculated by response spectrum analysis
and equivalent static analysis. As defined in KBC 2016 section 0306.7.3.5., the
design base shear force should be designed in consideration of the C,, factor

of Egs. (5-1).

Eqgs. (5-1) limits the excessive reduction of the base shear force by the modal
analysis method compared to the base shear force obtained using the equivalent
static analysis. If the base shear force Vrg according to the response spectrum
analysis is smaller than 85% of the base shear force Vgg calculated by the
equivalent static analysis method using the natural period obtained according
to 0306.5.3, it is used by multiplying it by the amplication factor C,. In general,
since the modal analysis method can estimate the seismic response more
accurately, the base shear force may be somewhat reduced, but it may be wrong
to use the excessively reduced base shear force as a result of using a longer
period than the equivalent static analysis method. The reason is that the
vibration period of the actual building may be smaller than the value predicted

using the numerical model due to the influence of non-structural elements.

Vrs
Cp = 0.85-25 > 1.0 (5-1)
VEs
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Chapter 5. Elastic Design of Prototype Model Considering Slab Effect

Table 5-12 to Table 5-15 show the period and bottom shear force of the slab
model and the diaphragm model that have been analyzed and designed. It can
be seen that the shear force applied to the design increases from a minimum of

0% to an ultimate of 20.8% compared to the diaphragm model.

Table 5-12 Base Shear Force and Period of - Shaped Mid-rise Structure

Analysis Model Diaphragm Slab Model
Direction X Y X Y
Natural Period 1.13 1.312 0.958 1.237
Period Upper Limit Period 1.484 1.484 1.484 1.484
[sec] Approximate Period 1.022 1.022 1.022 1.022
Fundamental Period 1.13 1.312 1.022 1.237
Base Shear Equivalent Static 9,511 8,194 10,464 8,647
Force Response Spectrum 6,021 5,507 6,734 5,653
[KN] Cn Factor 1.342 1.265 1.235 13
Base Shear Force 8,084 6,964 8,895 7,350
Increased Ratio of Base Shear Force - - 10% 5.5%

Table 5-13 Base Shear Force and Period of L Shaped Mid-rise Structure

Analysis Model Diaphragm Slab Model

Direction X Y X Y
Natural Period 1.089 1.543 0.917 1.217
Period Upper Limit Period 1.474 1.474 1.474 1.474
[sec] Approximate Period 1.014 1.014 1.014 1.014
Fundamental Period 1.089 1.474 1.014 1.217
Equivalent Static 7,097 5,253 7,607 6,345
Ba's:e Shear Response Spectrum 4,650 3,782 5,069 4,042
[E’r\ff C.. Factor 1297 1181 | 1276  1.334
Base Shear Force 6,032 4,465 6,466 5,394
Increased Ratio of Base Shear Force - - 7.2% 20.8%
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Table 5-14 Base Shear Force and Period of - Shaped High-rise Structure

Analysis Model Diaphragm Slab Model

Direction X Y X Y
Natural Period 1.505 1.859 1.257 1.778
Period Upper Limit Period 1.671 1.671 1.671 1.671
[sec] Approximate Period 1.15 1.15 1.15 1.15
Fundamental Period 1.505 1.671 1.257 1.671
Equivalent Static 10,082 9,091 12,037 9,091
Ba‘;zfczear Response Spectrum | 7,333 7,152 | 8243 7,312
[KN] C,, Factor 1.169 1.081 1.241 1.057
Base Shear Force 8,569 7,728 10,232 7,728

Increased Ratio of Base Shear Force - - 19.4% 0%

Table 5-15 Base Shear Force and Period of L Shaped High-rise Structure

Analysis Model Diaphragm Slab Model
Direction X Y X Y
Natural Period 2.449 2.355 1.631 1.631
Period Upper Limit Period 1.723 1.723 1.723 1.723
[sec] Approximate Period 1.186 1.186 1.186 1.186
Fundamental Period 1.723 1.723 1.631 1.631
Base Sh Equivalent Static 8,247 8,247 8,279 8,279
aSFeorceear Response Spectrum | 5241 5263 | 5463 5353
[KN] Cn Factor 1.134 1.332 1.288 1.315
Base Shear Force 7,010 7,010 7,037 7,037
Increased Ratio of Base Shear Force - - 0.4% 0.4%
5] T
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Chapter 5. Elastic Design of Prototype Model Considering Slab Effect

Figures 5-10 shows the story shear force graph of the analyzed slab model
and diaphragm model. Although the tendency of story shear force is similar, it
can be seen that the shear force of all stories increased. This is because, in the
case of the slab model, the stiffness of the analysis model increased, which
decreased the period, and thereby increased the seismic load applied to the

structure.

—— X Dir of Slab Model — Y Dir Slab Model — = X Dir of Diaphragm Model =~ — = Y Dir Diaphragm Model

80

70

Heights [m]

Story Shear [kN] Story Shear [kN] Story Shear [kN] Story Shear [kN]
(a) — Shape Mid-rise (b) L Shape Mid-rise (c) — Shape High-rise (d) L Shape High-rise

Figure 5-10 Story Shear Force of Prototype Model
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Chapter 5. Elastic Design of Prototype Model Considering Slab Effect

5.4.3 Lateral Displacement and Drift Ratio

As can be seen from Figure 5-11, it can be confirmed that the diaphragm
model generally has a larger displacement than the slab model. By considering
the slab, a load-resisting mechanism such as a moment frame is generated,
resulting in increased stiffness and more restrained lateral displacement than
the diaphragm model. It can be seen from Table 5-12 through Table 5-15 that
the seismic load on the response spectrum is greater in the slab model than in
the diaphragm as the stiffness of the structure increases. However, due to the
large increase in stiffness due to the slab, the displacement decreased. In the
case of high-rise structures, it can be seen that the displacement is significantly
reduced except in the x direction of the - shape high-rise structure. As can be
seen in Table 5-14 and Table 5-15, the period is limited by the upper limit period,
so the seismic load applying on the structure does not increase significantly, so
the displacement is greatly reduced. Therefore, the slab effect is expected to

occur significantly in high-rise structures.

—— X Dir of Slab Model — Y Dir Slab Model — — X Dir of Diaphragm Model = — — Y Dir Diaphragm Model

o 0 0
0 10 20 30 40 50 60 70 30 90 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Dispalcement [mm] Dispalcement [mm] Dispalcement [mm] Dispalcement [mm]

(@) — Shape Mid-rise (b) L Shape Mid-rise (c) — Shape High-rise (d) L Shape High-rise

Figure 5-11 Lateral Displacemnt of Prototype Model
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5.4.4 Reaction

The gravity load is entered as the slab uniform load (out-of-plane direction
of the slab surface). In the ETABS program, due to a small error between the
slab model and the diaphragm model, some errors occurred when inputting the
load. However, the error was less than 0.5%, so it was judged not to have a

significant effect on the analysis study.

Table 5-16 Reaction Force of Analysis Model

Diaphragm Slab Model Error
T Error fi
ype DL | LL | Total DL | LL | Total | k] | 20
[kN] | [kN] [KN] [kN] | [kN] [KN] [%]
Mslzaﬁz‘: 147,232 23640 170872 | 146517 23633 170,150 | 722 | 0.4%
L Shaped | )50 143 16664 124,807 | 107,019 16,888 124807 | 0 | 0%
Mid-rise
“Shaped | 516002 34468 244560 | 210041 34,486 244527 | 33 | 0.4%
High-rise
L Shaped
Highrice | 196260 28,953 225213 | 197,220 29230 226450 | -1247 | -0.5%
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5.4.5 Wall Design

Referring to KBC 2016, ‘0306.8.4.3 Seismic Design Category ‘D"
determines the design member force of a structure using one of the following

two methods.

(1) Add the absolute value of the load effect for 100% of the seismic load in
one direction and 30% of the seismic load in the orthogonal direction, and select

the greater value from the two combinations.

(2) Combine 100% of the load effects in two orthogonal directions by the

root sum square root (SRSS) method.

Therefore, the load combination for wall design is designed through the
SRSS load combination, and the load combinations of Egs. (5-2) to Egs. (5-5)
are used. E in Egs. (5-4) and Egs. (5-5) is the SRSS load combination with

seismic loads in the X and Y directions.

14D (5-2)
12D+1.6L (5-3)
12D+10L + 1.0E (5-4)
09D + 1.0E (5-5)
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Chapter 5. Elastic Design of Prototype Model Considering Slab Effect

The wall was designed by applying the limit state design method through the
results obtained based on the elastic analysis. The results obtained through the

elastic design must satisfy Eqs. (5-6) to Egs. (5-8) in all sections.

oP, > P, (5-6)
oV, > V, (5-7)
oM, > M, (5-8)

Frames can have non-sway and sway effects. Therefore, in the case of
compression members, it is necessary to determine whether a slenderness effect
occurs. Referring to KBC 2016, for '0506.5.1.1 Short Column', the slenderness
effect of the compression member is possible to neglected if the following

conditions are satisfied.
(1) In the case of compression members of sway frames,

kl,
r

< 22 (5-9)

(2) In the case of compression members of non-sway frames,

Ky _ 5, 12(M1)<4o 5-10
s M,) < (5-10)

The value of (%) has a positive (+) value when the column has a single
2

curvature, and a negative (-) value when the column has a double curvature.

Also, [34 —12 (%)] cannot exceed 40.

2
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If the wall is slender, the wall will be buckled and be failed. In order to
calculate a value at which buckling occurs, it was calculated through Euler load
and considered as Egs. (5-11). If the conditions of Egs. (5-9) and Egs. (5-10)
are not satisfied, the slenderness effect of the compression member should be
considered. When considering the slenderness effect, the non-sway moment
magnification factor §,5 by P-0 effect and the sway moment magnification
factor &5 by P-A effect should be determined. Since the effect by P-A is not
considered when designing the wall, &5 is not calculated. For braced frames,
moment frames, and combined frames, the amplified first-order elastic analysis
method defined in 0703.3.2 in KBC 2016 can replace the second-order elastic

analysis, so the following equations are used.

T?Elpin
Pe = s (5-11)
=9%%%?E (5-12)
__ Factored dead load within a story (5-13)
4™ Total Factored shear in the story
Cm (5-14)
T

0.75P,

(5-15)

C —06+04M1
m_ . . MZ

E : The elastic modulus of column
Imin : The minimum moment of inertia of column

Ig girder : The effective moment of inertia of girger
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The quantity of reinforcing bars in the wall was calculated only for the wall
above the ground level. This is excluded because it is judged that there is no
significant difference between the slab model and the diaphragm model for the
wall below the ground level. The reinforcing bars of the wall were arranged
uniformly. In addition, in the case of vertical and shear reinforcing bars, the
maximum spacing of D10 rebars is 450mm, and the maximum spacing of D13

and above rebars is 150mm.

The wall design was designed according to the P-M capacity curve. Shear
design is designed according to section 0507.10.1 of KBC 2016. This is shown
in Egs. (5-16) to (5-18). For the shear force of concrete, the smaller of V.; and

V., was used.

N,d q
Vo1 = 0.28)\/fchd + 4E (5-16)
W
Ly, (0.10A/f + 0.2 LNuh (5-17)
ch = 005)\“ fck + M 3 W hd
—_u__ W
vV, 2
Ve = Min[Vy, Vo] (5-18)
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In the case of shear reinforcing bars, they were designed differently
depending on the value of V. generated on the wall. This refers to 0507.10.3
in KBC 2016.

(1) When 1, < %Q)VC, the horizonal shear reinforcement ratio (p;,) and the

reinforcement ratio for longitudinal reinforcement (p;) shall satisfy the

following requirements.

pn = 0.0025 (5-19)

sp < L?W , s, < 3h , s, < 450mm , (5-20)

h 5-21

p, = 0.0025 + 0.5 (2.5 —L—W) (pp, — 0.0025) > 0.0025 (5-21)
w

Sy < L?W , Sp < 3h , s < 450mm , (5-22)

(2) When V;, > @V,, V; should be calculated by the following Egs. (5-25).

y, = fenfyd (5-23)

Sh

Ay Area of horizontal shear reinforcement within the s,

Through the above formulas, the nominal shear force of the wall should be

calculated as Egs. (5-24) and Eqgs. (5-25)

h="V+V, (5-24)
W = 0V, , (5-25)
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5.5 Economical Comparison

In the case of the diaphragm model, the natural period is longer than that of
the slab model, so the seismic load by the response spectrum is less than slab
model. However, in the diaphragm model, since the wall is the main lateral
load-resisting system, the demands applied to the wall is greater. On the other
hand, the slab model has a short period, which increases the seismic load, but
the force acting on the structure is distributed according to the stiffness ratio
between the slab and the wall. Also, as mentioned in Chapter 3, when
considering the slab, the load resistance mechanism allows the structure to act
like a moment frame, thereby reducing the demand of walls. If the quantity of
wall reinforcement is compared after designing the walls of prototypes, it will

be clearly shown whether the demand on the wall has decreased.

Table 5-17 shows the results of the quantity of reinforcement used when
designing the diaphragm model and the slab model (proposed design method).
It can be seen that quantity of reinforcing bars in all prototype structures
decreased by 10%, 7%, 7%, and 19%, respectively. The design method
proposed in Chapter 5 was confirmed to have reasonable stiffness, and this was

verified for the prototype.

There is almost no slab effect in the Y-direction composed of long walls in
the - shaped plane, but there is a slab effect because the contribution of the
moment frame in the X-direction is great. The L-shaped plane with the
contribution of moment frame in both directions has a great slab effect

regardless of the direction.
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Table 5-17 Quantity of Wall Reinforcement

Diaphragm Model

Slab Model

Type Reinforcement (Wall 100%) (Wall 70% and Slab 35%)

- Shaped Total Rebar 852 kN 767 kN

Mid-rise Reduced Rebar - 85 kN (10%)

L Shaped Total Rebar 567 kN 527 kN

Mid-rise Reduced Rebar - 40 kN (7%)

- Shaped Total Rebar 1086 kN 1004 kN
High-rise Reduced Rebar - 82 kN (7%)

L Shaped Total Rebar 1427 kN 1156 kN
High-rise | Reduced Rebar - 271 kN (19%)
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5.6 Discussion

When the slab model is used, the natural period is shorter than the diaphragm
model, and the seismic load is excessively increased. Therefore, it is necessary
to use the effective stiffness of the wall and slab. (wall 70% and slab 35%).
Therefore, if 70% of wall stiffness and 15% of slab stiffness is used as a
structural design model for a given seismic load (wall 70% and slab 35%), it is
shown that the increase in the reinforcement of the slab can be suppressed and

the reinforcement of the wall can be effectively reduced.

The amount of vertical reinforcement in the wall decreases by 10%, 7%, 7%,
19% (In order of - shape mid-rise structure, L shape mid-rise structure, - shape
high-rise structure, L shape high-rise structure). This corresponds to the rebar
reduction amount of 85kN, 40kN, 82kN, and 271kN, respectively. The quantity
of horizontal reinforcing bars in the wall is expected to decrease slightly. As a
result, the quantity of vertical reinforcement in the wall decreases due to the

slab-wall interaction.

There is almost no slab effect in the Y-direction composed of long walls in
the - shaped plan structure. However, there is a great slab effect because the
contribution of the moment frame in the X-direction. The L-shaped plan
structure with the contribution of moment frame in both directions has a great
slab effect regardless of the direction. Therefore, the effect of reducing rebar is

the greatest in the high-rise L-shape.
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Chapter 6. Conclusion

In this study, structural performance tests and structural analysis were
performed on the two-story RC frame of slab-coupled wall structure specimens
to propose a design method that consider the effect of slab on the structure. For
structural analysis, preliminary analysis was carried out first to determine the
effect of the slab-wall interaction, and then to identify the typical wall shape in
which the slab effect occurs. Structural performance tests were conducted after
the specimen was constructed for the wall where the slab effect occurred. After
carrying out the structural performance test, numerical analysis was performed
on the specimens. The reliability of the test and proposed design method were
proved through nonlinear finite element analysis and elastic analysis of the
specimen. Through this, it is confirmed that economic benefits have occurred
when the proposed design method considering the slab-wall interaction for the

prototype is performed. The conclusions of this paper are as follows:

(1) In SWBI, SWB2, SWB3, and SWB4, strength increase of 36%, 53%,
55%, and 61% compared to the diaphragm strength (design strength),
respectively, occurred. It can be seen that the slab thickness is the most
effective variable for strength improvement, as the strength increase rate
by the slab thickness is the greatest. It also proved that the slab thickness

had the greatest influence by the load-resisting mechanism.

(2) The failure mode of the specimen includes flexural failure of the wall

and punching shear failure of the slab. The load distribution between the
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©)

(4)

()

(6)

(7)

wall and the slab can be predicted through the strain distribution of the

reinforcing bar.

Local failure occurred at the slab-wall joint, but the load redistribution
to the surrounding slab occurred due to the long width of slab. As a result,
the specimen showed great ductility and strength was maintained up to

1.0% of lateral drift ratio.

Among the variables, the thickness of the slab has the greatest influence
on the increase in strength due to the slab effect. The ratio of the slab
reabar and the local punching shear reinforcing bars do not have a

significant effect.

Energy dissipation capacity decreased by -1.3% for SWB1 specimen,
36.2% increase for SWB3 specimen, and 31.6% increase for SWB4

specimen compared to SWB2 specimen.

Test results and nonlinear finite element analysis are similar. This
proves the reliability of the test results and FEA. As the element size of
the slab is small, the local fracture of the slab and the double curvature
of the slab can be simulated. It is analyzed through FEA model that can

simulate it.

It is not possible to simulate local fractures of slab in the elastic analysis
model. Therefore, in order to simulate the slab effect, the effective
stiffness of the slab is applied so that the demands of the slab do not

exceed the yield strength of slab.

161 -']x‘i '..|| =]



Chapter 6. Conclusion

(8) The elastic analysis result of the 35% of effective stiffness of the slab
is close to the initial stiffness of the specimen. Therefore, the reliability
of using 35% of effective stiffness of the slab in the model for
fundamental period esitimation and model for seismic load calculation

is proven.

(9) Inthe case of setting the effective stiffness of the model for the design
in the elastic analysis, it is confirmed that the demand of the wall in the
elastic analysis is at the boundary of the wall PM curve. This proves its

suitability and reliability as a model for design.

(10) When the slab model is used, the seismic load is excessively increased
as the natural period is shorter than that of the diaphragm model.
Therefore, it is necessary to control the effective stiffness of the wall and

slab (70% for wall and 35% for slab).

(11) When using 70% wall and 15% slab stiffness as a structural design
model for a given seismic load, it is possible to control the increase in

reinforcing bars in the slab and effectively reduce the rebars in the wall.

(12) The quantity of vertical reinforcing bars in the wall decreases due to
the slab-wall interaction. The quantity of vertical reinforcing bars in the
wall decreases by 10%, 7%, 7% and 19% (Depending on the wall-type
structure floor plan and the story of structure, when 70% of wall and 15%
of slab design model used). This corresponds to the rebar reduction value

of 85kN, 40kN, 82kN, and 271kN, respectively.
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(13) The quantity of horizontal reinforcing bars in the wall is expected to
decrease slightly. In addition, since there is not much increase in the
quantity of rebar for slab, the decrease in rebar quantity due to the slab

effect can be judged as a decrease in the quantity of rebar in the wall.

(14) There is almost no slab effect in the Y-direction composed of long
walls in the - shaped plan structure. However, there is a great slab effect
because the contribution of the moment frame in the X-direction. The L-
shaped plan structure with the contribution of moment frame in both
directions has a great slab effect regardless of the direction. Therefore,

the effect of reducing rebar is the greatest in the high-rise L-shape.
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