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CHAPTER 1

INTRODUCTION
1.1 Background

Reinforced concrete (RC) shear walls are commonly used as lateral force
resisting system in tall buildings. To design such structures to resist earthquake,
design engineer has several choices either to follow prescriptive code-based
approach, i.e.,, equivalent lateral force (ELF) and response spectrum analysis (RSA)
procedure, or performance-based design (PBD) approach, which requires nonlinear
response history analysis (NLRHA). PBD is an alternative approach for design of code-
exceeding tall buildings; however, it is not always used in current design practice
because of its complexity, such as nonlinear dynamic structural response and
analysis, nonlinear structural model, selection and scaling of appropriate ground

motions, and significant computational efforts.

As allowed in ASCE 7-16, the RSA procedure is widely used in current practice
to compute design demands of structures. However, there are limitations on height,
type and irregularity of structural system that can be used in ASCE 7-16. For example,
in building frame system, the special RC shear wall is limited to 48.8 m for seismic
design category D to F; and the ordinary RC shear wall is not permitted for seismic
design category D and E; and structural system with vertical irregularity of type 5b
(extreme week story irregularity) assigned to seismic design category D is not
permitted according to ASCE 7-16. Structural irregularities are one of the major
causes of damage amplification under seismic action as it can increase in seismic
demands of a structural system. The dynamic response of irregular structures is an
issue that is explicitly warned against in design guidelines. However, design engineers
do not pay much attention on those limitations, and they use RSA procedure in the
code to compute the design demands of tall building with RC shear walls with height
taller than 48.8m, which is not compliant to the scope of the prescriptive code. This
can lead to unsafe design of tall building because RSA procedure has been found to
underestimate the actual demands computed from NLRHA procedure. For example,

RSA method have been found to underestimates design shear force of tall RC wall



buildings, which can lead to brittle failure mode (Khy & Chintanapakdee, 2017; Khy et
al,, 2019; Najam & Warnitchai, 2018) and it cannot predict inelastic deformation
locations where ductile detailing should be implemented to avoid brittle failure
mode. The concept of RSA procedure is to reduce the elastic demand by response
modification factor R, and to amplify the displacements by deflection amplification
factor C, in order to predict the real inelastic displacement that may results from a
strong earthquake. Also, building codes assumes that shear forces are limited by
flexural yielding, and they would be reduced in the same manner as bending
moment. However, it was proved by many researchers that shear forces can still

increase after flexural yielding occurs.

In European Committee for Standardization (2004) and New Zealand Standard
(2006), there is no structural height limit as in ASCE 7-16, and there is no requirement
to use PBD approach to design of tall buildings. RSA procedure can be used for all
types of buildings; however, there are provisions about design shear force and
bending moment for RC wall in these two codes. The main idea is to avoid brittle
shear failure and unintended yielding location along the height of the wall. Shear
force and bending moment in RC wall are computed by a design envelop using
amplification factor method to scale up the force demands computed by ELF or RSA
procedure before being used as design demands (EC8-1, 2004; NZS 3101, 2006).
However, there is no such amplification method yet in ASCE 7-16 because maybe
PBD approach is used for design of code-exceeding tall buildings in US (SEAONC
2007; LATBSDC 2017). It should be noted that such amplification factor method used
in EC8-1 (2004); NZS 3101 (2006) cannot be applied for the case-study buildings in
Bangkok because of its special tectonic and geological setting which leads to

significantly different spectral shape comparing to the general code spectrum.

Modern tall buildings are often having irregular shapes, and multiple tower
buildings are often a typical building that used in many countries around the world.
The vertical lateral force resisting system that could be used for such kind of
structure is RC shear walls. The seismic force resisting system is composed of vertical

and horizontal elements. Diaphragms are horizontal planar elements that serve to



transfer lateral forces to vertical elements of the lateral force resisting system.
Diaphragms are designed to resist in-plane and out-of-plane forces, where the source
of out-of-plane forces induced in slabs are due to gravity loads, while the in-plane

forces can develop due to lateral loads.

In multiple tower buildings, large diaphragm transfer forces should be
anticipated at podium level, or where plane of resistance change. Therefore,
diaphragms are an essential part of the seismic force resisting system and require
design attention by the structural engineer to ensure that the structural system
performs adequately during earthquake shaking. Multiple tower buildings sharing a
common podium were not prevalent up to recent years since such structures were
designed using seismic joints, forcing the response of the towers to be independent
of each other. Therefore, although there is a scarce amount of relevant research in
the literature, analysis of multiple towers sharing a common podium is a subject that
is not yet adequately investigated. As well, considering code requirements, there is
also a need for development of more practical approaches to be used for analysis

and design of such structures.

A modified response spectrum analysis (MRSA) has been proposed by Khy et
al. (2019), and it was found that MRSA method can significantly improve the
underestimation of RSA in computing shear demand forces. However, MRSA method
was adopted for regular building, and diaphragm forces are not yet studied. Irregular
tall buildings should also be investigated to ensure safe design of these structures.
Weakness or critical failure modes in irregular tall buildings such as force transfer
mechanism in diaphragm at podium-tower intersection or at setback level, floor
acceleration, and other inelastic deformations and internal forces should be
investigated. Therefore, improved seismic analysis procedure for design of floor
diaphragms in irregular RC shear wall tall buildings is proposed. The selected
buildings are shown in the Figure 1.1, where the first has two towers with the same
height (building SH), while the second has two towers with different heights (building
DH).



(b) DH

Figure 1.1 Multiple towers with, (a) same height, (b) different height.

1.2 Objectives

1.3

The main objectives of this study are the followings:

1) To check the accuracy of conventional RSA and previously proposed MRSA

method when applied to irregular tall buildings.

2) To improve the design of diaphragms, by predicting the actual in plane

forces that may results from an earthquake event.

3) To investigate the critical failure modes, and identify the locations that

needs design attention.
Scope of research
The scope of this study are the followings:

1) Two irregular tall buildings are used to be designed in Bangkok (soft soil, site

class F) and Chiang Mai (stiff soil, site class D) sites of Thailand.

2) Both buildings composed of multiple towers with a common podium, where
one of the buildings consists of two towers with same height, while the

other consist of two towers with different height.



1.4

3) Six and ten matched spectral acceleration ground motion are employed for

Bangkok and Chiang Mai, respectively.

4) Soil structure interaction is not considered, and support were assumed to

fixed at the base.

5) The buildings are designed according to ACI 318M-14 (American Concrete
Institute, 2014) with earthquake load by mean of RSA procedure in ASCE 7-
16 (American society of Civil Engineers, 2016) and wind load according to

Thai code.
Research methodology
The procedure to conduct this study is outlined as follows:

1) Create the linear mathematical model using ETABS software (Computers and

Structures, 2018).

2) Compute the design demands that results from all factored load
combinations including gravity load, wind load according to Thai code, and

seismic forces from RSA procedure in ASCE 7-16.

3) Design the structural system according to ACl 318M-14, such that the design
strength of structural components is sligshtly larger than the design demands

obtained from the factored load combination.

4) Analyze the structures by NLRHA procedure using PERFORM-3D (Computers
and Structures, 2018) to evaluate the accuracy of RSA and MRSA methods.

5) Investigate the critical failure mode of the structure by using NLRHA results.

6) Compute the force response reduction factor of each mode by using modal

pushover analysis.

7) Check the applicability of MRSA method if to be used for diaphragm design,

and propose a new method to improve the design of diaphragms if needed.

8) Identify the critical location that needs a special detailing and design

attention.



1.5 Research significance

1)

The findings of this study emphasize that MRSA provides reasonably accurate
design demands for irregular tall buildings with multiple towers sharing a

common podium.

The findings of this study can contribute to the future revision of seismic

design standard in Thailand.

This study contributes to better understanding of seismic behavior of

irregular tall buildings, in which conventional RSA procedure cannot capture.



CHAPTER 2

LITERATURE REVIEW
2.1 Analysis methods

2.1.1 Response history analysis (RHA)

The governing equation for a multi-degree of freedom system subjected to

earthquake ground motion Uy (t) is defined as:

mu(t) +cat) + ku(t) = -mui (t) 2.1)

Py (t) = —muli, (t) (2.2)

where m, ¢, and K are mass, damping and stiffness matrix, respectively; U(t), u(t),
and u(t) are acceleration, velocity, and displacement vector time history,
respectively. The right hand side of Eq. (2.1) can be expressed as P (t), as shown in
Eg. (2.2), where u is the influence vector. The spatial distribution of effective
earthquake forces over the height of the building is defined by the vector s=mu.
This force distribution can be expanded as a summation of modal inertia force

distribution.
N
s=m=> T mg, (2.3)
n=1

where ¢, is the n' mode shape of the structure, and T, is the modal participation
factor, which is a measure of the degree in which the n"" mode participates in the

response. The contribution of the n™ mode to excitation vector mu is:

s, =1, még, (2.4)
T
n— ﬁT; (2.5)

The differential equations of Eq. (2.1) are coupled when at least one of the matrices
is not diagonal; then all equations must be solved simultaneously, which is difficult
to carry out. The problem can be solved easier if we convert the equations in term

of displacement u(t) into equations in terms of modal coordinate vector q. The



displacement vector u(t) can be written as a product of mode shape vector @,

and modal coordinate q,(t):

U0 =3 4,0, 26

Substitute Eq. (2.6) in the equation of motion and pre-multiplying by ¢nT leads to

the modal equation shown below.
" . 2 i
G, +28,@,4+@,q, =-T U, (t) 2.7)

where &, is the modal damping ratio, and @, is the natural frequency mode n.

Rewrite ¢, (t) as

q,(t) =T,D,(t) (2.8)
Substituting Eq. (2.8) in Eq. (2.7) leads to

D, +2&,0,D, + @D, =i, (t) (2.9)

Therefore, the modal response history analysis (RHA) is obtained using direct
summation in time history of response from all modes as shown in Eq. (2.10) and Eq.

(2.11), where the total displacement is:

u(t) = iun (t)= il‘n¢n D, (t) (2.10)

And the total response is:

(= r0=YrA® 211

where 1 is the modal static response determined by static analysis due to external
force s,; A (t) is the pseudo-acceleration of n™ mode SDF system obtained from
A (t)=w’D,(t); and D, (t) is deformation of n™ mode and it is obtained from
dynamic analysis of SDOF system. If the modal peak responses are combined using
SRSS or CQC combination rule the method is called modal response spectrum

analysis (RSA).



2.1.2  Nonlinear response history analysis (NLRHA)

The governing equation for an inelastic multi-degree of freedom system

subjected to earthquake ground motion U, (t) is defined as:
mu(t) +cu(t) +f (u,u) = —-mui, (t) (2.12)
where f (u,u) is the relation between structural resisting force and displacement

that defines yielding and degradation of the structure.
2.1.3 Modal pushover analysis (MPA)

Nonlinear static analysis is used to investigate the force-deformation behavior
of a structure for a spatial distribution of forces, typically lateral forces. Dropping the
inertia and damping terms in Eq. (2.12) gives the nonlinear equation to be solved in a

static problem:

f(u)=P (2.13)
The task is to determine the displacements U due to a set of given external forces
P, where the nonlinear force-deformation relation f,(u) is known for the system to
be analyzed. Chopra and Goel (2002) developed the modal pushover analysis that it
is equivalent to the well-known response spectrum analysis (RSA) procedure. To
develop a pushover analysis procedure consistent with RSA, they developed the

following formulas:

foo =TMe, A, (2.14)
S: = m¢n (215)
where f_ is lateral force distributed over the height; s, is the shape of the

distributed lateral load over the height of the building. Nonlinear static analysis is

conducted by pushing the building to reach the peak roof displacement (u,,, ) of the
n™ mode estimated by:
urno = rn¢rn Dn (216)

where D, = A / @’ . For elastic system; A, is obtained from response spectra in the
same way as in RSA procedure. The peak modal responses (), each determined
by one pushover analysis, can be combined by SRSS or CQC method to obtain an

estimate of the peak value (1)) of the total response.
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2.2 Performance based-design (PBD)

The design of special and irregular tall buildings in seismically active regions
varies dramatically from region to region. The performance-based design (PBD)
approach is required in some countries, including Japan, China, and US, whereas
many other countries do not require anything beyond traditional design practice that
is based on equivalent lateral force and response spectrum analysis procedure
(CTBUH 2008). In USA (SEAONC 2007; LATBSDC 2017), PBD is used for design of tall
buildings exceeding 48.8 m (160 feet). In Japan, PBD is used for buildings taller than
60 m (Nakai et al,, 2012), while in China, height limit on tall buildings is specified in
Chinese code (GB 50011-2001) depending on seismic zone and structural system; for
instant, the maximum height of code-design reinforced concrete structures is 80 m

for highest seismic hazard. For taller buildings, PBD approach must be adopted.

Seismic design of a tall building following PBD principles requires explicitly
consideration of two or more different-level earthquakes. In USA, two levels of
ground shaking are considered, the Service-Level Earthquake (SLE) and the Maximum
Considered Earthquake (MCE) (PEER TBI 2017; LATBSDC 2017). The SLE is defined as
an earthquake with a 43-year return period (50% in 30 years) and the MCE is defined
as an earthquake with 2475-year return period (2% in 50 years). Performance
objectives are typically measured at the SLE and MCE design levels. For SLE, the
building shall have capability to withstand moderate intensity earthquake with
limited damages, and for MCE, the building shall be able to withstand strong
earthquake with low probability of partial collapse. The performance is checked
under individual level of earthquake. Linear response spectrum analysis (RSA) using
elastic design spectrum is commonly used at SLE level, while nonlinear response
history analysis (NLRHA) is generally used at MCE level to demonstrate adequate
performance of high-rise buildings in regions of moderate-to-high seismic hazard.
However, in regions of low seismic hazard, multi-mode response-spectrum analysis

may be adequate according to Appendix B of CTBUH (2008).
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2.3 Nonlinear static procedure (NSP) on irregular buildings

Nonlinear static procedure (NSP) by mean of pushover analysis is widely used
because of its efficiency and capability to estimate seismic demands directly from
site-specific hazard spectrum without the effort of selecting and scaling of ground
motions as required by NLRHA. NSP is also recommended by rehabilitation code
(ASCE 41-13, 2013; EC8-3, 2005). However, code-based NSP is limited to regular and
first-translational mode dominant structure. In addition to higher-mode effect, in the
case of asymmetric buildings, there is an additional source of errors in code-based
NSP due to the coupled torsional-lateral displacement of the building. To consider
this torsional effect, many pushover analysis methods have been proposed in the
research field. Among many proposed methods for irregular buildings, two main
approaches can be well recognized. The first approach is a combination of a
nonlinear pushover analysis and linear elastic RSA (Cimellaro et al,, 2014; Fajfar et al,,
2005; Kreslin & Fajfar, 2012). The second approach is a combination of many
independent nonlinear pushover analysis representing several mode responses with
the application of a modal combination rule: square-root-of-sum-of-square (SRSS) or
complete quadratic combination (CQC) (Chopra & Goel, 2004; Reyes & Chopra, 2011;
Soleimani et al., 2017).

The first approach, named the Extended N2 method proposed by Fajfar et al.
(2005) for application to plan irregular building, is the extended version of the N2
method proposed by Fajfar (2000). This extended N2 method was latter improved by
Kreslin and Fajfar (2012) by considering higher-mode effects in both plan and
elevation. In Extended N2 method, the peak response is estimated using the
pushover analysis results multiplied by a “correction factor” to take into account for
torsional and higher-mode effects. The correction factor is computed using linear
elastic RSA on the assumption that the elastic envelop of lateral displacements is
conservative with respect to the inelastic one. Cimellaro et al. (2014) proposed
bidirectional pushover analysis (BPA) to improve the accuracy of the extended N2
method when applied to irregular building subjected to bidirectional ground motions.

The main different with respect to the extended N2 method is that the BPA applies
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lateral load patterns corresponding to the first mode in the two principal orthogonal

directions simultaneously.

The second approach, called modal pushover analysis (MPA), was proposed by
Chopra and Goel (2002) for regular buildings considering the higher-mode effect, and
was extended by Chopra and Goel (2004) and Reyes and Chopra (2011) for
asymmetric buildings subjected to unidirectional and bidirectional ground motions,
respectively. This approach involves multiple pushover analysis of multi-degree of
freedom (MDOF) systems, and multiple NLRHA of single-degree of freedom (SDOF)
systems to get the target roof displacement for each mode. For irregular structure,
the load pattern used in pushover analysis consists both lateral forces and a torque
based on the elastic mode shape for each mode. The total peak responses are
obtained by using SRSS or CQC modal combination rule. It was observed that there is
abnormality of reversal in higher-mode pushover curve in MPA procedure; therefore,
Soleimani et al. (2017) proposed energy-based modal pushover analysis (EMPA) to
circumvent this issue. The overall procedure of EMPA is well comparable to MPA, but
the capacity curve is established by energy-based approach. In this approach, the
work done by lateral loads and a torque through pushover analysis is used to

compute the displacement of a corresponding equivalent SDOF system.
2.4 Code guidelines on irregular buildings

Structural irregularities are one of the major causes of damage amplification
under seismic action as it can increase in seismic demands of a structural system.
Irregularities are generally classified into two major categories: horizontal and vertical
irregularities. The first type is related to in-plan asymmetric building causing a
substantial increase of torsional effects, and the second type involves variation of
geometrical or structural properties along the height of the building leading to
increase of the seismic demand in specific story. For design of an irregular structure in
ASCE 7-16, there are several special considerations depending on seismic design
category. For example, (1) structural system with extreme torsional irregularity, weak
story or extreme soft story irregularity are not permitted for seismic design category

E; (2) ELF procedure is not allowed for certain irregularities; (3) orthogonal load effect
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is required for structure with nonparallel system irregularity assigned to seismic
design category C through F; and (4) seismic demands of certain irregular structures
are increased; for instance, load combination with over-strength factor is used for
structural elements supporting discontinuous wall or frame; design force of
diaphragm, collector, chord is increased by 25% for certain irregular types;
redundancy factor (p) of 1.3 used to amplify horizontal earthquake load is required
for extreme torsional irregularity and amplification of accidental torsional moment is
required. EC8-1 (2004) does not have restriction on structural height or irregularities
as considered in ASCE 7-16, and RSA procedure is applicable to all types of buildings.
However, EC8-1 (2004) states more explicitly for non-regular building in elevation
(Vertical irregularity) that the behavior factor (force response reduction factor in ASCE
7-16) of a structural system shall be decreased by a factor of 0.8, and ELF procedure

is not permitted.
2.5 Special design considerations of diaphragms

One of diaphragm modeling concern is to determine whether the diaphragm
can be modeled as a rigid or flexible element. This modeling assumption affects the
distribution of lateral force in the structural system, due to a change in diaphragm
relative stiffness. Rigid diaphragm assumptions mean that no in-plane deformation is
taking place in slab elements, while the flexible or semi-rigid assumption allows for
the in-plane deformation. American society of Civil Engineers (2016) suggest to
idealize diaphragm as a rigid if span-to-depth ratio is 3 or less. Also, ASCE 7-16
provides analytical way to check diaphragm flexibility by checking the maximum in-
plane deflection with average story drift under lateral loads obtained using

equivalent lateral force (ELF) procedure, as shown in Figure 2.1.

MAXIMUM DIAPHRAGM
DEFLECTION (MDD)

AVERAGE DRIFT OF VERTICAL ELEMENT
(ADVE)

Note: Diaphragm is flexible if MDD > 2(ADVE).

Figure 2.1 Flexible diaphragm condition according to ASCE 7-16.
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American Concrete Institute (2019) (ACI 318-19) recommends design engineers
to consider diaphragm flexibility in the cases where such effects will significantly
affect the design actions. Also, a check of span-to-depth ratio could provide a
guidance for engineers in some cases, as shown in Figure 2.2. Even though, such
effect is considered for precast slabs, while it ignored in cast-in-place slabs, and this

can show that even the construction process could affect the choice of these

Diaphragm Diaphragm depth, h
span, ¢ }

Lateral force

assumptions.

6wall
Lateral-force resisting wall at each end

Figure 2.2 Diaphragm with long span-to-depth ratio (ACI 318-19).

ASCE 7-16 stated that the floor and diaphragms shall be designed to resist
the seismic forces obtained from the analysis, but shall not be less than that
determined in accordance with Eq. (2.17). Also, F, in Eq. (2.17) shall not be less

than Fo, min» and not exceed Fy -

"F
F :LW

px Z,HW. P (2.17)

Foomin = 0.2S I W, (2.18)

Foxmax = 04555 1.W,, (2.19)

where pr is the diaphragm design force, F, is the design force applied at level I

W, is the weight tributary to level I, w_ is the weight tributary to the diaphragm at

px

level X, Sy is design spectral response acceleration parameter at the short period

range, |, is the importance factor.

e
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In addition, for structure assigned to seismic design category (SDC) C, D, E and
F, ASCE 7-16 recommends to amplify the seismic forces by an overstrength factor for
the purpose of designing the collector elements (same approach is followed in ACI
code). The overstrength factor Q, shall be multiplied by the horizontal earthquake
load (Qg) as shown in Eg. (2.20).

Emh = QoQE (2.20)

where E_, is the horizontal seismic load effect used for the purpose of designing
collectors. The horizontal earthquake load Qg, shall be taken as the maximum
value obtained from one of the following analysis methods, which are: ELF, RSA or
forces obtained from Eqg. (2.17). Also, the value of E,, need not exceed the
maximum force that can develop in the element as determined by a rational plastic
mechanism analysis or nonlinear response analysis utilizing realistic expected values
of material strengths. Finally, the maximum effect obtained from Eq. (2.20) shall be

used in appropriate load combinations described in the code.

Fleischman et al. (2005) proposed a methodology for design of precast
concrete diaphragms under seismic demands. They mentioned that the seismic
demands obtained from equivalent force procedure (ELF) may significantly
underestimate diaphragm inertial forces for wall and frame structures. They aim to
satisfy the design requirements at diaphragm level, joints and connections, and to
provide adequate detailing at critical location. In addition, they recommend to

amplify the design forces results from DBE event by an amplification factor €2 .
2.6 Causes of inaccuracy of the code-based approach

Various research studies have shown that the base shear computed from static
and dynamic code procedure is significantly smaller than those that may result from
a real earthquake event. For example, the distribution of static forces obtained from
equivalent lateral force (ELF) method described in ASCE 7-16 is based on the first-
mode of vibration. However, the contribution of higher modes to the elastic

response produces base shear significantly larger than those resulting from the static
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code procedure. The contribution of higher modes in the structural response of an

RC wall becomes more critical when the RC wall starts to respond inelastically.

For RSA procedure, higher-mode effects are taken into account, but the building
code assumes that all modes of response are equally affected by inelastic action by
using a single force response reduction factor (R). However, previous researchers have
found that inelastic behaviors of each mode were not identical, and higher modes
were not significantly affected by inelasticity as the first mode (Khy et al., 2019; Rejec
et al,, 2012). Building codes assumes that shear forces are limited by flexural yielding,
and they would be reduced in the same manner as bending moment. However, it
was proved that shear forces can still increase after flexural yielding occurs (Blakeley
et al,, 1975). The excessive force demand needed to cause flexural yielding is due to
flexural overstrength inherent in design. There are many sources of flexural
overstrength such as expected material strength which is greater than the material
strength used in the design, reduction factor used in the design, and minimum
reinforcement requirement. Also, it was proved that increasing flexural overstrength
by providing additional vertical steel reinforcement at the base of core walls, will
leads to an amplification of shear forces at the base (Khy & Chintanapakdee, 2017). In
other words, when flexural capacity at the base of the wall is reached, the flexural
over-strength inherent in the design could increase shear force of the wall. As stated
by Priestley et al. (2008) that the problem in conventional force-based seismic design
is that the initial stiffness is not known at the start of the design process, because
stiffness is dependent on the strength, and increasing or decreasing reinforcement to
satisfy code requirements will change the member stiffness. In addition, the lateral
force distribution based on elastic stiffness is illogical (Blakeley et al., 1975; Priestley

et al., 2008).
2.7 Improved estimations of seismic force demand

Many subsequent studies have suggested different methods to account for
higher-mode contribution of inelastic RC shear walls. Here, the proposed methods
were classified into two approaches: amplification factor method, higher-mode-

elastic method. These proposed methods were developed based on different
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parametric studies such as structural configurations and ground motions; obviously,

the results depend on these choices.
2.7.1 Amplification factor approach

The first early work of checking the accuracy of RSA procedure was performed
by Blakeley et al. (1975), who shown that RSA underestimate shear forces, due to
excessive force needed to reach flexural capacity at the base of RC shear wall.
Blakeley et al. (1975) conduct a study on a 5 to 20 story building consisting of RC
cantilever walls. They conclude that the base shear from nonlinear dynamic analysis
can be much higher than would be derived by assuming a normal code lateral load

distribution. They proposed a simple formula to amplify the demand shear forces.

V, = oV, (2.21)

0.9+ n forn<6
o, = 10 (2.22)

1.3+1 forn>6
30

where V, is the design base shear, V¢ is the demand base shear, n is the number

of stories, and @, is the base shear amplification factor.

The amplification factor formula proposed by Blakeley was used by Paulay
and Priestley (1992), however they modify Eq. (2.21) by including flexural over-
strength factor ¢, . Additionally, New Zealand Standard (2006) (NZS 3101) use the
same formula proposed by Paulay and Priestly as shown in Eq. (2.23) to amplify the
design shear force envelope of walls obtained from equivalent static analysis.

*

V. = o4V, (2.23)

NZS 3101 recommends to modify the shear and moment envelope of
structural walls obtained from equivalent static and modal analysis to allow for
higher-mode effects. The bending moment envelope is based on the nominal
flexural strength of the wall at the critical section of the primary plastic hinge, which
is identified as point B in Figure 2.3. The reason for formation of plastic hinge at point

B is due to the moment drop below this level, and the drop of moment phenomena
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take place in many podium structures, were the walls are supported at an
intermediate height, by lower walls or frames. For most non-podium type walls,
points A and B will be co-incident. The identified points below are defined as: for
point B the bending moment corresponds to the nominal flexural strength (M, ;),
while the mid-height moment (M) is calculated from:

Mn,B < ME,C 14 n -1
2 0.85 4

} <2Mg. (2.24)

where n, is the total number of stories and M . is the bending moment at point C
found in an equivalent static or modal response spectrum analysis for design actions

at point C.

/\
(@ Nominal strength at B

S Donlon stwgth

Design moment envelope

Moment envelope offset N

CcC T+ to allow for tension lag EC

_— Critical section

L %_

— Reversed load
direction _
~
-
- o
~
A \
Design
_strengthatA _

(a) Elevation on wall (b) Bending moments

Figure 2.3 Capacity design bending moment envelope (NZS 3101).

Priestley et al. (2008) proposed a simplified capacity design approach for RC
cantilever wall, similar to the one recommended by NZS 3101. This method
amplifies shear force from direct displacement-based design (DDBD), where the shear
capacity design envelope is defined by a straight line between the base and top of

the wall as shown in Figure 2.4 (b). The design base shear is defined as:

=¢°w\V, (2.25)

Base
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Vv

o =1+ % C,e (2.26)

C,; =0.067+0.4(T, -0.5) <1.15 (2.27)
and the design shear force at the top of the wall is defined as:

VO =CV2 (2.28)

Base
C,=09-03T, =203 (2.29)

where V,’ is the design base shear, ¢° is the flexural over-strength factor, @, is the
dynamic amplification factor, Vg, is the base shear computed from DDBD, U is the

displacement ductility demand, T, is the initial period.

The moment capacity envelope shown in Figure 2.4 (a), proposed by Priestley

et al. (2008), is defined by the overstrength base moment capacity ¢°M obtained

Base

(o]

from DDBD analysis method, and a mid-height overstrength moment demand Mg,

computed from Eg. (2.30).

M (?.SH = 1T ¢0 M Base (2.30)
C,; =0.4+0.075T, (ﬁo—lj (2.31)
¢
Tension _— V0 —=
shift
Design
envelope

Bilinear
capacity
envelope

Design
envelope

H/2 V,
%
W/2|
f | Mbo \ Vf |
(a) Capacity design moment envelope (b) Capacity design shear envelope

Figure 2.4 Capacity design envelopes for cantilever walls (Priestly et al., 2008).



20

The Canadian Standard Association (2004) (CSA) accounts for shear
amplification in RC walls using capacity design shear envelope approach. The shear
demand at the base is required to be amplified by overstrength factor which is taken
as the ratio of probable moment capacity “M,” over the design bending moment
“M;” as shown in the equation (2.32). For location above the hinge zone, the shear
force is amplified by the ratio of the factored moment resistance “M,” over the
design bending moment “M;”. The shear force envelope computed from both
equations should be used, and the probable moment capacity is computed using

expected material strength. Both equations shall not exceed shear Uimit “Vj.

determined from the elastic shear forces reduced with R R, = 1.3, where R, and R,
are the ductility-related and overstrength-related force reduction factors,

respectively.

M p
Vp =Vf M_ (232)
base

M
Van =Vs LM : ] (2.33)
top

Possible
CSA A23.3-04
envelope

Design
envelope

1995 CAC
H envelope }

~

=g

(a) Capacity design moment envelope (b) Capacity design shear envelope

Figure 2.5 Capacity design envelopes for cantilever walls (CSA, 2004).
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Boivin and Paultre (2012) proposed a new capacity design method for the
Canadian Standard Association (2004), accounting for higher mode ampilification
effects in regular ductile RC cantilever walls. The proposed method was based on a
parametric study of a ductile RC cantilever wall, designed according to National
Building Code of Canada (2010) (NBCC) and CSA standards, and subjected to the
ground motion excitation of Vancouver, which has the highest urban seismic risk in
Canada. The concept of capacity design moment envelope proposed by Priestley et
al. (2008) was adopted for the new proposed method and was modified in what

follows based on the CSA standard.
M, =7 M, (2.30)
Mosy =ayMy, (2.35)

where M, is the required moment resistance at the base, M, is the design
demand of bending moment obtained from a linear elastic analysis, ¥, is the
minimum factored base overstrength which is equal to 1.7, M, is the nominal base
moment capacity, M, is the mid-height moment, «,, is the ratio of mid-height to

base moment determined from Table 2.1.

Table 2.1 Proposed «,, values for determining the mid-height moment M, .

RR,/y, T,<05 T,210

2.80 0.50 0.62
1.87 0.50 0.55
<1.40 0.50 0.50

The proposed capacity design shear envelope is based on that of Rutenberg
and Nsieri (2006), which is illustrated in Figure 2.6. The design base shear V,, s

calculated as follow:

Vpb = CT)vahase Svlimitbase (236)
M
Vphase :Vf (M_P} (2.37)
f
base

E=15-T, for05<&<1 (2.38)
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where @, is the dynamic shear amplification factor obtained from Table 2.2, V

limity,ee

is the elastic base shear force limit reduced by 1.3, V, and M, are the demand

shear and moment, M is the base probable moment capacity of the wall, & is

height ratio.

Table 2.2 Proposed @, values.

R,R,/y, T,<05 T,210

2.80 1.0 2.0
1.87 1.0 1.5
<1.40 1.0 1.0
Tension shift 0.5 Vpb

of 0.5 Iy

Design

Design envelope

envelope

Bilinear
envelope

(@) Moment Capacity Envelope (b) Shear Force Capacity Envelope
Figure 2.6 Capacity design envelopes for cantilever walls (Boivin and Paultre, 2012).

Luu et al. (2013) conduct a study for examining the seismic behavior of a
moderately ductile (MD) RC shear walls designed according to National Building Code
of Canada (2010) and Canadian Standard Association (2004). The walls were
subjected to high frequency eastern north America earthquake. The results obtained
from response spectrum analysis (RSA) procedure were compared to nonlinear
response history analysis (NLRHA) results. The results indicate that current code

provisions for MD shear walls need to be modified. They propose a new base shear
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amplification factor @, , applied to the base shear V,, obtained from RSA as shown

in equations below.

V, =V, (2.39)

(2.40)

Vv

_ [1.6+0.7(y,, D) +0.2(T-05) f05<T<15sec
~|1.8+0.7(y,, -1)-0.1(T -1.5) if1.5<T<35sec

where y,, is the base flexural over-strength.

Chao et al. (2007) conducted a study on 4 type of steel moment frames from
3 to 10 stories tall. They concluded that code lateral force distributions do not
represent the maximum force distributions that may be induced during nonlinear
response, which may lead to inaccurate predictions of deformation and force
demands. They proposed new lateral force distribution based on inelastic behavior

of the studied buildings.

F=C\V (2.41)
oT 02
C,=(8-5..) _owihy (2.42)
Zr_' w.h
j=1 1
n h aT %2
- w.h.
B :V_i: Q (2.43)
Vn Wl']hl']

where f3; is the shear distribution factor at level | V, and V,,, are the story shear
forces at level | and at the top (nth) level; w; is the seismic weight at level J; h;
is the height of level J from the base; W, is the weight at the top level; h, is the
height of roof level from the base; T is the fundamental period; F is the lateral

force at level |; and Vv is the total design base shear.

Filiatrault et al. (1994) conduct an analytical investigation on the shear
demand obtained from nonlinear time-history analysis of ductile flexural walls
designed for three different seismic zones in Canada. They conclude that the walls
can experience a brittle shear failure even if the shear strengths are established by

the Canadian standards. They observe that 77% of the cases, the computed dynamic
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shear demand is higher than the current code shear strength. Finally, they propose
for the Canadian code a force modification factor for shear, and one for modifying

flexural forces.
2.7.2 Higher-mode-elastic approach

Eibl and Keintzel (1988) perform a parametric study on 2 to 5 story RC
cantilever walls, that aims to check the accuracy of response spectrum analysis (RSA)
method when compared to inelastic response history analysis. A base shear
magnification factor was proposed to amplify the shear force demand obtained from
RSA. They assumed that the contribution of the first two modes is important, were

the first mode should be reduced by q, while the second mode remain elastic.

Vg = \/(VEd ,1)2 + (q-\/éd,z)z (2.44)

where Vi, is the design seismic shear at the base of the wall, VE.M and VEldlz is the
reduced shear force at the base of wall due to the 1% and 2" mode respectively,
is the behavior factor used in the design. A further simplification of Eq. (2.44) is

developed such that the ratio of the base shear from second mode to first mode is

equal to \/mse(rc)/se(rl) and the flexural over-strength factor yp Mgy / Mgy, was

added to the first mode shear, hence the following expression is derived:

Vig = g'VE,d 1 (2.45)
2 2
foq [ﬂj +0,1[SE_UC>J < (2.46)
qM Ed Se (Tl)

where & is the magnification factor, M, is the design bending moment at the base
of the wall, My, is the design flexural resistance at the base of the wall, y, is the
factor to account for over-strength due to steel strain-hardening, T, is the
fundamental period in the direction considered, T, is the upper limit period, S, (T)

is the ordinate of the elastic response spectrum.

Eibl and Keintzel (1988) formula described above was adopted by European
Committee for Standardization (2004) (Eurocode 8, EC8), however they recommend

to amplify the total demand shear force (Vg,) obtained from the analysis (RSA or
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ELF) as shown in Eq. (2.47). Also, the magnification factor & is taken as 1.5 for walls
with ductility class medium (DCM), while for walls classified as ductility class high
(DCH), & is computed using Eq. (2.46). The design shear force Vg, is computed from

the following equation:

Ve, = Vg, (2.47)

Priestley et al. (2008) stated that modal superposition approach can be non-
conservative, particularly for structures braced with walls, since all modes are
reduced by a single force-reduction factor (R). Nonlinear time history analysis
(NLRHA) was conducted for multi-story RC wall buildings, and the results obtained
were compared to the formula of capacity design envelope developed by NZS 3101,
and to modal superposition approach. They conclude that the current capacity
design envelops are generally non-conservative, and this inaccuracy is related to the
displacement ductility demand. Priestley, et al. (2008) proposed a modified modal
superposition (MMS), assuming that higher modes will behave elastically, and the
inelastic action takes place in the first mode only. The design shear and bending

moment profile is computed using the following formula:

Viaws.i = \/VlzD,i +V22E,i +V32E,i =iy (2.48)
M, =LL/MZ + M2, +MZ .. (2.49)
where Vs ; and M; are the design shear and moment at level | respectively, V,p ;

and M,; are the lesser of elastic first mode or inelastic (DDBD value) first-mode

response at level |, V.

,ei and M, are the elastic modal shears and bending

moment at level | for modes 2.

Rejec et al. (2012) conduct a study on a large number of single RC cantilever
walls ranges from 4 to 20 stories, which designed to satisfy the requirements of
Eurocode 8 (EC8) (CEN 2004). The aim of this study is to determine the reliability of
the procedure in Eurocode 8 (EC8), and the formulation propsed by Eibl and Keintzel
(1988), when compared to results obtained from nonlinear time history analysis

(NLRHA). It was found that EC8 procedure estimate accuralty the base shear for some
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of the studied cases, while it overestimate (up to 40%) the base shear for other
cases. Also, they found that the constant maginfaction factor of 1.5 used for walls
calssifed as DCM is non-conservative, and they recommends to apply the same
procedure used for DCH walls to DCM walls. Eibl and Keintzel (1988) fourmla was
found to be adequate in many cases, but it undersetiamte shear amplification for
walls with fundemntal period larger than 2 sec. The author stated that the reason for
these discrepancies lies in the inappropriate formulation of the upper bound for the
shear magnification factor in the Eibl and Keintzel (1988) expression. Finally, they
propose a to apply the magnifaction factor for shear forces obtained from first mode
only as shown in Eqg. (2.50), and the upper limit of the & factor should be related to

the total shear force, and should not be limited to ( factor.

Veg =6Vey, (2.50)

£=q (min{%;lD +o.1(se—(r°)J >15 (2.51)
qMEd Se(Tl)

Sahin et al. (2013) conduct a study on a 4, 8 and 16 story RC wall buildings,

designed to satisfy the requirements of Turkish Seismic Code (TSC 2007). A nonlinear
response history analysis (NLRHA) was conducted, and compared to the demand
results obtained from RSA. They conclude that, the results obtained from NLRHA
were much larger than the results obtained from RSA. In addition, the dynamic shear
amplification factor computed in the study was larger for buildings with long
fundamental period (tall building). The Turkish Seismic Code recommends to amplify
the design shear forces by a constant factor equal to 1.5. however, it was shown that
the Turkish Seismic Design Code procedure needs some modification in order to

provide an improved estimate of shear magnification factor.

Khy and Chintanapakdee (2017) conduct a study on RC split core walls in five
buildings varying from 5 to 25 stories, located in Bangkok and Chiang Mai of Thailand
were first designed by response spectrum analysis (RSA) procedure in ASCE 7-10. A
nonlinear response history analysis (NLRHA) was conducted, and compared to the

demand results obtained from RSA. They conclude that the results obtained from



27

NLRHA were significantly larger than those from RSA procedure. In addition, modal
contribution of each mode to the base shear and base moment were studied, and
they found that higher modes are primary contributors to base shear for tall building
with long period, while base moment responses were always dominated by the first
mode for all periods considered. Also, the accuracy of previously proposed formulas
for estimating shear forces of RC walls, developed by Rejec et al. (2012), European
Committee for Standardization (2004) (EC8), Priestley et al. (2008), and Luu et al.
(2013) were studied and compared to NLRHA results. They conclude that Rejec, et al.
(2012) formula provide good results for Bangkok in Y direction, while it overestimates
shear demand in X direction, and Luu, et al. (2013) formula provide good results in

Chang Mai for both directions.

Khy et al. (2019) conduct a study on six RC shear wall tall buildings ranging
from 15 to 39 story. The buildings were assumed to be in Bangkok (soft soil, site class
F) site of Thailand. The structural members were designed according to ACI 318M-14
considering all factored load combinations, and earthquake load developed using
the RSA procedure in ASCE 7-10. A nonlinear response history analysis (NLRHA) was
conducted to obtain benchmark results which were used to evaluate the accuracy of
the RSA. They found that shear and moment forces computed from NLRHA was
significantly larger than the design demand forces computed from RSA procedure.
They stated that, the main reason of underestimated results computed from RSA is
due to the use of a single (R) factor to reduce the force response of all modes.
Also, a modal pushover analysis was conducted to determine the elasticity of each
mode, and it was found that inelasticity of response in different modes were not the
same. Finally, they proposed a modified response spectrum analysis (MRSA)
procedure to improve the accuracy of the conventional RSA procedure. Two versions
of the MRSA method were proposed to compute shear force demands. The first
method MRSA,. was based on a higher-mode elastic (HE) approach, and the
second method MRSA,, considered the inelasticity of higher modes which requires
nonlinear static analysis. The methods are presented in heading (1) for MRSA ., (2)
for MRSA,,,.
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1) Modified RSA based on higher-mode elastic approach (MRSA,2)

This approach is similar to what was proposed by Priestley et al. (2008), by
assuming that the first mode is only affected by inealsticity. The shear forces in the
structure using the MRSA . method are computed using Eq.(2.52). However, same
approach can not be used for computing the bending moment in the structure,
because it will increase shear force due to the increase of flexural strength and it will

require a large vertical reinforcement due to a large bending.

FxQy . )
Vi, = I \/(S ’F; OVRJ FV2 AVE (252)

3e,i

where V, is the shear force at level i; V. . is the elastic modal shears of mode

HE,i je.i
j at level i; 1 is the importance factor; SF is the scale factor recommended by

ASCE 7-16; €, is the overstrength factor.
2) Modified RSA based on higher-mode inelastic approach (MRSA,,)

This approach requires a nonlinear structural model, and takes the inelasiticity of
hisher modes into account by using different force response reduction factor (R)
for each mode. The MRSA, method is essentially equivalent to the modal
pushover analysis (MPA) method proposed by Chopra and Goel (2002), but MRSA,,
does not include the task of extracting the desired response parameters at the target
roof displacement from pushover databases as required by the MPA method. In the

MRSA,, method, the shear forces in the structure are computed from:

2 2 2
VH| = | x Vle,i n VZe,i n VSe,i T (2.53)
' Rl RZ RS

where R, is the force response reduction factor of mode 1 .

Najam and Warnitchai (2018) proposed a modified response spectrum analysis
(RSA) procedure based on equivalent linearization concept, by examining three RC
shear wall tall buildings. RSA procedure may lead to inaccurate estimation of
demand forces that may results from nonlinear dynamic analysis. Reducing the

elastic demand by a single factor (R) is inappropriate, because recent studies have
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shown that it may not be appropriate to reduce the demand contributions of higher
vibration modes by the same factor. This method is based on converting a nonlinear
multi degree of freedom structure to an equivalent linear single degree of freedom
system. Assumptions are that the nonlinear seismic demands can be approximately
obtained by summing up the individual modal responses, and that the responses of
each vibration mode can be approximately represented by those of an equivalent

linear SDF system.
2.8 Summary

Many studies were conduct in order to enhance the performance of the
available method such as equivalent lateral force (ELF) and response spectrum
analysis (RSA), used in the seismic analysis. Nonlinear time history analysis (NLRHA)
was set as the best accurate method in all of the previous studies. However, NLRHA
is rarely used in practice due to the complexity of understanding the inelastic
behavior of the structure, and due to the long time needed to conduct such
analysis. Many research papers have confirmed that ELF and RSA methods
underestimate the demand forces when compared to the results obtained from
NLRHA. This issue was first recognized by Blakeley, et al. (1975), and due to his
pioneer work, a lot of effort was consumed by researchers, to solve this issue.

However it appears that a unique consensus is not avaliable yet.

Higher mode effects was mainly the reason of inaccuracy of the avaliable
methods. Many of previous studies proposed an amplification factor to overcome
this phenomena, while other proposed a higher mode elastic approach that assumes
that inelasticity takes place in the first mode only. Most of the researchers focused
on RC cantilever walls designed to have plastic hinge at the base. This may not be
appropriate, since cracking and yielding may occure anywhere along the height of the
building specially when dealing with irregullar building. New Zealand Standard (NZS
3101, 2006) provides a design moment envelope that’s take into consideration the
possibility of plastic hinge formation at the upper level, as shown in Figure 2.3. In

addition, the amplification factor method was adopted by some of the international



30

standards such as NZS 3101 (2006), and EC8 (2004). However, the accuracy offered

by this method is not warranted.

Higher mode elastic approach is more convenient to use in practical
application. Almost all proposed method, assumes that higher modes will remain
elastic, while the difference was in determining the first mode contribution to the
total response. Eibl and Keintzel (1988) assumes that the first two modes are
important, and then proposed a simplfied fourmla for comuting the design shear
forces by multiplying the first mode shear by a magnification factor. Eurocode (ECS,
2004) adopted the same equation recommended by Eibl and Keintzel (1988),
however they recommend to amplify the total demand shear force by the same
magnification factor. Priestley (2008) proposed a modified modal superposition
(MMS), assuming that higher modes will behave elastically, and the inelastic action is
taken place in the first mode only. Khy and Chintanapakdee (2018), proposed two
modified response spectrum analysis, to account for higher mode effect. The first
method was based on assuming that higher modes remain elastic, and the first mode
is multiplied by a coefficient. The second method is based on higher mode inelastic
approach, which requires a nonlinear modal to perform a pushover analysis, and
takes the inelasiticity of higher modes into account by using different force response

reduction factor (R) for each mode.

The inaccuracy of RSA procedure is due to the use of one force reduction
factor (R) for all modes, however recent studies have shown that it may not be
appropriate to reduce the demand contributions of higher vibration modes by the
same factor. Therefore, this study aims to evaluate the accuracy of RSA procedure
when compared to NLRHA results. Also, this study will confirm the reliability of the
modified response spectrum analysis proposed by Khy and Chintanapakdee (2018),
when applied to irregular tall building.
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CHAPTER 3

STRUCTURAL SYSTEMS AND EARTHQUAKE GROUND MOTIONS
3.1 Description of the studied buildings

Two hypothetical multi-tower buildings are used in this study and they were
designed for two sites in Thailand; Bangkok (soft soil, site class F) and Chiang Mai (stiff
soil, site class D). The first building consists of two towers with the same height
(building SH), while the second has two towers with different heights (building DH), as
shown in Figure 3.1. The structural system used to resist lateral forces is RC shear

wall. The floor plans of every floor are identical with a uniform story height of 3m.

(a) SH (b) DH

Figure 3.1 Towers denotation for building; (a) SH and (b) DH.



32

e 8m , T(m) o, 10(m) . T(m) pS5(m), 11(m) M 11(m) y  11(m) " 11 (m} L5(m) , 7(m) ., 10(m) , 7(m) ,5(m) ,
£ [SE=Smmmae| 1] 1 1 1 1 1 i T fh 1
al c1 W1 c1 . o 5 =z C1 W1 c1 .
e c1 c2 c2 c2 c1 c1
£
"l w2 w2 w2 w2
cB Eeess C2= C2s C2a e CB e
CB CB
g Core1 cB Core1 Core1 cB Core1
w2 cB w2 W2 cB w2
CB e C2s C2: C2s= e CcB [
E
“lie c1 C1 c1
& c1 W1 c1 & €2, C2, C24 = 1 w1 c1 =

SEX = = =

Figure 3.2 Podium floor plans (1 to 9" floor).
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Figure 3.3 Tower floor plans (10" to top floor).

Multiple towers buildings are often a typical building that used in many
countries around the world. The layout of the buildings was taken originally from an
existing building in Bangkok, but the structural configuration was modified to the
configuration shown in the figures above. Both buildings are 36-story RC shear wall
tall buildings (including 9-story podium), with uniform story height of 3m. The
Podium and towers are denoted by “P”, “T1”, and “T2” as shown in Figure 3.1
(more details are shown in Table 3.1). As shown in Figures 3.2 and 3.3, the structural
element configurations are the same in both towers. Due to symmetry in structural
element configurations and tower heights in building SH, both towers respond
symmetrically. However, building DH have distinct torsional modes due to different
heights of towers that lead to asymmetrical mode shapes. Structural elements with
the same size are denoted by the same name, as shown in Figure 3.2 and 3.3. A
constant thickness of 0.4m is provided for core walls along the height of the building,
while planar shear wall thickness is varied from 0.5m at the base to 0.3m at the top

floor.
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Table 3.1 Structural characteristics and design details.

Building SH DH
Tower P T1 T2 P T1 T2
Number of stories 9 21t 21| 9 18 27
Total height (m) 27 81 81|27 54 81
Effective seismic weight (kN) 1,122,548 1,000,010
Percentage of walls per floor area at the base 2.68% 2.68%
Percentage of Columns per floor area at the base 0.63% 0.63%
Maximum wall thickness (m) 0.5 0.5
Maximum column cross section (m x m) 1x1 1x1
f_ for vertical element (MPa) 50 50
f, for horizontal element (MPa) 35 35
Vertical rebar yield strength f, (MPa) 400 400

The lateral force resisting system composed of RC walls, columns, and flat-
slabs. The primary lateral force resisting system of the building consists of planar RC
shear walls aligned only in X-direction, and core walls which are composed of
coupled walls aligned in the X-direction, and cantilever walls aligned in the Y-
direction. The lateral force resisting system was considered to be special RC shear
wall whose design factors according to ASCE 7-16 are shown in Table 3.2, where R is
the response modification factor, C; is the deflection amplification factor, €, is the
overstrength factor, and | is the importance factor. The structural members were
designed according to factored load combinations presented in DPT (1301/1302-61,
2018). Gravity loads (live load and superimposed dead load) are assigned uniformly
over the slabs with the values shown in Table 3.3, while wind loads were taken from
Bangkok Building Control Act (Bangkok Metropolitan Administration, 2001) as shown
in Table 3.4. P-delta effect is included before computing the modal properties of the
buildings. The effective seismic weight was computed from all dead loads (DL+SDL)

only.



Table 3.2 Design factors according to ASCE 7-16.

Factors Values
R 6
Cq 5
Q, 2.5
I 1.25

Risk category Il

Site class F

SDC D

Design load combinations according to DPT (1301/1302-61, 2018) were used.
1) 14D+ 1.7L
2) 0.75(1.4D + 1.7L) + 1.0E
3) 0.9D + 1.0E
4) 0.75(1.4D + 1.7L) + 1.6W

5) 0.9D + 1.6W

Table 3.3 Design gravity load

Load source Value (kN/m?)
LL 3.0
SDL 2.5

Table 3.4 Wind load pressure according to Bangkok Building Control Act (2001).

Building height (H) Design Wind Pressure (kN/m?)
H<10m 0.5
10<H<20m 0.8
20<H<40m 1.2
40 <H<80m 1.6
H>80m 2
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Normally drift limit and other serviceability limit states control the design of
tall buildings. Hence, to provide enough lateral capacity for the lateral force resisting
system, design engineers increase the cross-sections of the structural elements. The
modal properties of building are affected by changing element size due to a change
in structure stiffness. Therefore, a statistical comparison of natural period and the
percentage of structural element used at the base is done on several buildings (SW1
to SW6) taken from Khy and Chintanapakdee (2018), and compared to SH building
(refer to Table 4.5 for natural periods of SH building).

Percentage of structural element at the base versus building height
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Figure 3.4 Percentage of structural element per floor area at base versus building

height.

Percentage of structural element at the base versus natural period
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Figure 3.5 Percentage of structural element at base versus natural period in X

direction.
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Figure 3.6 Percentage of structural element at base versus natural period in Y

direction.

As shown in Figure 3.4, there is a trend between building height and
percentage of structural elements used at the base of each building. The natural
period of buildings depends on the configuration of structural elements which
provides the lateral capacity of the building. Hence, any change in structural element
configuration will leads to different lateral capacity and to a different modal
property, even if the percentage of components is the same. The use of natural
period of buildings rather than building height in comparison with the percentage of
structural elements used at the base is more convenient because the effect of
structural elements configuration on providing the lateral stiffness has been taken
into consideration. The selected buildings in this study fit with the overall trend of

other buildings.
3.2 Structural models

The analytical models were developed considering all serviceability limit
state requirement of ASCE 7-16. AClI 318M-14 was used to compute member
capacities, and to provide appropriate reinforcement detailing. The main assumptions

done to construct the mathematical model are as follow:

1) Semi-rigid diaphragm was assigned to all podium floors, while a rigid

diaphragm was assigned to each floor in towers T1 and T2.
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2) Fixed supports were assigned at the base of all columns and structural walls.

3) Shear behavior of structural members was considered to be elastic and was

modeled using uncracked gross shear stiffness.

4) The out-of-plane behavior of walls and slabs was assumed to be elastic with

small effective stiffness of 0.25 E .
The assumptions above were applied in both linear and nonlinear models.
3.2.1 Linear model

The linear structural model was developed using ETABS (CSI 2018) software
(Computers and Structures, 2018). Cracked cross-section properties of structural
members were used for analysis and design of the structural system. The criteria for
selecting effective flexural stiffness of wall section was based on modulus of rupture
(f,) described in ACI 318M-14. If the tensile stress of a wall exceeds the modulus of
rupture computed using Eq. (3.1), a cracked cross-section property of wall was used.
It was found that cracked cross-section property should be used for all RC walls. The
effective stiffness of structural members used in the linear analytical model is shown

in Table 3.5.

f, =0.622.f, (3.1)

where f, is the modulus of rupture of concrete in MPa; f

c

is the compressive

strength of concrete in MPa; and A is a modification factor for concrete.

Table 3.5 Effective stiffness of structural members in linear model.

Elements Flexural Axial Shear
Shear wall (In-plane) 035E/, | LOEA, | 1.0 GA,
Shear wall (Out-of-plane) | 0.25 £, - -

Slab (in-plane) 1.0 Fd, | 1.0EA, | 1.0 GA,

Slab (Out-of-plane) 0.25 £, - -
Column 0.7 Fd, | 1.0EA, | 1.0 GA,
Beam 035 Ed, | 1.0 EA, | 1.0 GA,

where E. is the modulus of elasticity of concrete; /, is the gross moment of inertia of

cross section; A, is the gross cross-sectional area; G is the shear modulus of concrete.
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3.2.2 Nonlinear model

A nonlinear structural model was created in PERFORM-3D (Computers and
Structures, 2018) software for pushover analysis and NLRHA. A nonlinear fiber
element was used for walls and columns, while moment-rotation hinges were
assigned for coupling beams. The nonlinear fiber behavior is controlled by the
nonlinear stress-strain relation of concrete and steel material properties. The shear
behavior is not considered in the fiber elements, assuming that the shear behavior of
the structural elements will remain in the elastic range. The out-of-plane behavior of
the wall and slabs was assumed to be elastic with small effective stiffness of 0.25 El.
The effective stiffness of structural members used in the nonlinear model is

summarized in Table 3.6.

Table 3.6 Effective stiffness of structural members in the nonlinear model.

Elements Flexural | Axial Shear
Shear wall (In-plane) Fiber Fiber | 1.0 GA,
Shear wall (Out-of-plane) | 0.25 E, - -
Slab (In-plane) 1.0EJ, | 1.0EA, | 1.0 GA,
Slab (Out-of-plane) 0.25 £, - -
Column Fiber Fiber | 1.0 GA,
Beam 0.35EJ, | 1L.OEA, | 1.0 GA,

The nonlinear fiber behavior is determined by the nonlinear stress-strain
relation of concrete and steel material properties. The stress-strain relation of
concrete proposed by Mander et al. (1988) was adopted and represented by a tri-
linear relationship as shown in Figure 3.7. Non-degrading concrete material was used,
and the tensile strength of concrete was neglected. The steel material properties
were taken from specifications of Thailand industrial standard (SD40 in TIS 24-2548).
The expected strength was used in the model, as the actual strength is usually
greater than the nominal strength specified by the designer. The expected material
strength of concrete and steel were taken as 1.25 times the nominal strength. The
cyclic degradation parameters for reinforcing steel proposed by Moehle et al. (2011)

were used, as shown in Table 3.7.
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Figure 3.7 Stress-strain relationship of Unconfined concrete (f'C=50MPa).
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Figure 3.8 Stress-strain relationship of steel reinforcement.

Table 3.7 Cyclic degradation parameters for reinforcing steel (Moehle et al., 2011).

Points Strain Cyclic degradation factor
Y 0.00195 0.70
0.0025 0.68

1

2 0.004 0.64
3 0.006 0.62
X 0.09 0.6
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Nonlinear fiber elements were used for RC walls to capture the in-plane axial-
bending interaction (P-M) behavior along the height of the walls. The fiber-model
cross-section consists of eight equally spaced concrete and steel fibers assigned to

wall segments, as shown in Figure 3.9 (a).

For RC columns, the plastic hinge zones were modeled using nonlinear fiber
element embedded at both ends. The remaining portion of column was assumed to

remain elastic with an effective stiffness of 0.7 £_/,, as shown in Figure 3.9 (b). The

c'g’
length of the plastic zone was assumed to be equal to 0.5 of the least cross section
dimension of the column section (Paulay & Priestley, 1992). The axial-bending
interaction in both directions (P-M-M) was considered in the fiber elements assigned

for RC columns.

RC coupling beams were modeled using moment-rotation hinge elements
embedded at both ends. The modeling parameters are shown in Figure 3.9 (d) and
the acceptance criteria were obtained from ASCE 41-13 (American Society of Civil
Engineers, 2013). The yielding moment (My) of coupling beam was assumed to be
equal the beam nominal capacity (M,), while the ultimate bending moment (M) is
estimated by assuming M,/M,=1.13 suggested by Haselton et al. (2008). The
remaining portion of coupling beam was assumed to remain elastic with an effective
stiffness of 0.35 E_/,, as shown in Figure 3.9 (c). The cyclic degradation parameters for
coupling beams proposed by Naish et al. (2013) were used as shown in Table 3.8.

Table 3.8 Cyclic degradation parameters for coupling beams (Naish et al., 2013).

Energy degradation factor
Model Unloading stiffness factor
Y U L R X

Moment-hinge | 0.5 | 0.45 | 0.4 | 0.35 | 0.35 0.5

Most of the inelastic components in PERFORM-3D have the same form of
force-deformation relationship with optional strength loss as shown in Figure 3.10.
The degradation factors shown in Table 3.8 are related to points (Y, U, L, R, X) which

are shown in Figure 3.10. These points define the F-D relationship.
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3.3 Description of earthquake ground motions

The earthquake ground motion used in this study were obtained from a
similar study conducted for RC tall buildings in Bangkok and Chiang Mai sites (Khy &
Chintanapakdee, 2018). The uniform hazard spectrum (UHS) for both sites is obtained
from Thai code (DPT 1301/1302-61). Khy and Chintanapakdee (2018) selects several
ground motions records that have similar seismic mechanisms to Bangkok and Chiang

Mai, and they will be used in this study for both LRHA and NLRHA.
3.3.1 Bangkok earthquake ground motions

Bangkok site located on soft soil (site class F), were a long period earthquake
is expected to have most influence on that site. Also, tall buildings in Bangkok faces
a risk from distant large earthquakes, due to resonance phenomena. The uniform
hazard spectrum (UHS) for Bangkok is significantly different from the typical code
spectrum, and it is obtained from Thai code (DPT 1301/1302-61) (Department of
Public Work and Town & Country Planning, 2018) as shown in Figure 3.11. The design
spectrum (UHS) obtained from Thai code belongs to design basic earthquake (DBE)
having 10% probability of exceedance in 50 years. The UHS shown in Figure 3.11 is
for 2.5% damping ratio.

For RSA and the proposed MRSA methods, uniform hazard spectrum (UHS) is
used, while for NLRHA, consistent ground motions need to be used to ensure that
the analysis results from different methods are compatible for comparison; hence,
UHS spectral matching ground motions were used in NLRHA. The UHS spectral
matching ground motions used in this study were taken from Khy and
Chintanapakdee (2018) , who conduct a similar study for RC tall buildings in Bangkok.
Six ground motions having similar seismic mechanisms as in Bangkok were used for
NLRHA (Figure 3.13). The individual matching spectra, the mean value of matching
spectra, and the target spectrum (UHS) for 2.5% damping ratio in Bangkok zone 5 are

shown in Figure 3.12.



0.4

——— Original Spectra
0.35 |

e Target Spectrum (UHS)

o
w
T

0.25

0.15

Spectral acceleration (g)
o
N

o
[

0.05

0 05 1 15 2 25 3 35 4 45 5

Period (sec)

Figure 3.11 Original spectra of CMS

ground motions conditioned at 3 sec and

target spectrum for 2.5% damping ratio in

Bangkok zone 5.

HKDO60-EW-NEW

=]
=
&

200

=
g
E o
3
2 oos
01
0 100 200
Time (sec)
05K004-EW-NEW
01
3 aos
§
g 0
H
2 05
01
o 100 200
Time (sec)
PYAY-EW-NEW
01
3 aos
§
3
2 o0
01
o 100 200

Time (sec)

300

a3

I
~

--------- Individual matching spectra
== Mean matching spectrum

o

w

a1
T

Target spectrum (UHS)

o
w
T

o
o
a1

Spectral acceleration (g)
o
[N o
[$2] N

o
-

0.05

0 05 1 15 2 25 3 35 4 45 5

Period (sec)

Figure 3.12 Individual matching spectra,
mean matching spectrum, and target
spectrum for 2.5% damping ratio in

Bangkok zone 5.

HKDO60-NS-NEW

=)
[

o
o]

i
g
T 0
3
4 oos
01
o 100 200 200
Time [sec)
0SK004-NS-NEW
01
g 005
H
B o
s
i
2 g0
01
0 100 200 200
Time (sec)
PYAY-NS-NEW
01
= 005
cl
5
E o
1
2 o0s
01
0 100 200 200

Time (sec)
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3.3.2 Chiang Mai earthquake ground motions

Chiang Mai site located on stiff soil (site class D), where the target spectrum
(UHS) was developed using the procedure described in ASCE 7-16, for a response
spectral parameter of S, = 0.963g, and S; = 0.248g. The damping factor formula
(Eq.(A.1)) in ASCE 41-13 was used to obtain the design spectrum curve that
corresponds to 2.5% damping. The spectral matching ground accelerations were
obtained using ten ground motions that have similar seismic mechanism of the
studied site (Khy & Chintanapakdee, 2018). The original spectra of ground motions
are shown in Figure 3.14, while the matching spectra is shown in Figure 3.15. The UHS

spectral matching ground motions are shown in Figure 3.16.

2 1.2
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1r .
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Figure 3.14 Individual original spectra, Figure 3.15 Individual matching spectra,
mean original spectrum, and target mean matching spectrum, and target
spectrum for 2.5% damping ratio in spectrum for 2.5% damping ratio in

Chiang Mai. Chiang Mai.
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CHAPTER 4
MODIFIED RESPONSE SPECTRUM ANALYSIS

4.1 Introduction

This chapter presents response behavior of the studied buildings using
response spectrum analysis (RSA) procedure in ASCE 7-16, modal pushover analysis
(MPA), linear response history analysis (LRHA) and nonlinear response history analysis
(NLRHA). The NLRHA was conducted to evaluate the accuracy of other methods, as it
considered to be the most accurate method. The accuracy of RSA procedure is firstly
evaluated. The MPA procedure was used to estimate the inelasticity of modal
responses. Finally, the accuracy of the previously proposed modified response
spectrum analysis (MRSA) methods for computing shear demand is evaluated. Here,
two irregular tall RC shear-wall buildings (Figure 3.1) and earthquake ground motions
for Bangkok and Chiang Mai (section 3.3) were employed. The ground motions were
applied separately in each principle direction of the building at a time for all analysis

methods and vertical earthquake was not considered.
4.2 Response spectrum analysis procedure

The RSA procedure in ASCE 7-16 was adopted in this study. The demand
forces computed from RSA procedure were obtained with the use of the linear
model described in Section 3.2.1, and the design spectral acceleration curve (target
spectrum) shown in Figure 3.11 and 3.14. P-delta effect was considered by including
gravity loads of all dead load (DL & SIDL) plus 25% of live load. A constant viscous
modal damping of 2.5% was provided. The design factors R, C;, €,, and | were
taken from ASCE 7-16 with the values of 6, 5, 2.5, and 1.25 respectively, as shown in
Table 3.2. The concept of RSA procedure described in building codes is to reduce
the elastic demand by response modification factor (R), and to amplify the
displacements by a factor (Cd), in order to predict the real inelastic displacement
that may results from a strong earthquake. Complete Quadratic Combination (CQC)
rule was used to combine all modal responses. For simplicity, the concept of RSA

procedure is outlined below using square root of sum of squares (SRSS) method.
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m=%JW+W+w+m (4.1)

Mt=%JMf+M§+M§+m (4.2)

where V, and M, are the total reduced elastic shear force and bending moment
demand, respectively; V; and M, are the elastic shear force and bending moment

of the i mode, respectively.

As recommended by ASCE 7-16, the design forces obtained from RSA should
be scaled such that RSA base shear (V) is not less than 85% of equivalent lateral
force base shear (Vg p). Table 4.1 summarizes the values of the scaling factor (SF) for
this purpose, where EQX and EQY represents earthquake directions in X and Y,
respectively. It should be noted that ELF method was used in this study for
computing the scale factor only, because it is not permitted by ASCE 7-16 to use ELF

method for design of building exceeding 48m.

Fess = SF X F, (4.3)
PR B P (4.4)
RSA — R 1 2 3 :

SF =085V, /V, (4.5)

where Fq., represents the design (scaled) elastic demand of shear and bending
moment; F, represents the reduced elastic demand of shear and moment (V, and
M, ); SF is the scaling factor computed according to ASCE 7-16; Jgs, is the total

amplified displacement or drift; and &, is floor displacements or drift of i mode.

Table 4.1 Scaling factor for buildings in Bangkok.

Building SH DH
Direction EQX EQY EQX EQY
0.85V, 20,964 | 20,964 | 18,675 | 18,675
Vi 11,630 | 13,936 9,027 9,887
SF 1.80 1.50 2.10 1.89
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Table 4.2 Scaling factor for buildings in Chiang Mai.

Building SH DH
Direction EQX EQY EQX EQY
0.85Vg ¢ 37,559 | 37,559 | 33,459 | 33,459
Vi 19,532 | 28,466 | 17,070 | 20,986
SF 1.92 1.32 1.96 1.59

Due to scaling of reduced elastic demand of RSA procedure, it is more
convenient to know the effective response modification factor R used in the
analysis, instead of knowing R factor. The factor Ry is the ratio between the
unreduced elastic base shear (without the use of R and / factor) and design base
shear (Vgss). Summarized results are shown in Table 4.3 and 4.4 for Bangkok and

Chiang Mai buildings, respectively.

Table 4.3 Effective response modification factor ( Ry ) used for Bangkok buildings.

Building SH DH
Formula Ref-f’x Ref-f,y Reff,x Ref‘f,y
R
Ry = 27 32 23 25
SF x|

Table 4.4 Effective response modification factor ( Ry ) used for Chiang Mai buildings.

Building SH DH
FOI’m u La Reff’x Reff,y Reff,x Reff,y
R
Ry = 2.5 3.7 2.4 3.0
SF x|

The elastic response of RSA procedure is obtained by combining 30 modes of
vibration, to achieve a minimum of 90% of mass participation as recommended by
ASCE 7-16. The modal mass participation ratio for the first 20 modes of building SH
and DH is shown in Table 4.5 and 4.6, respectively.
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Table 4.5 Mass participation ratios for translation in X and Y directions and rotation

about Z-axis for building SH.

Mode number | Period (sec) UX Uy RZ
1 6.10 61% 0 0
2 5.31 0 58% 0
3 5.23 0 0% 60%
a 4.56 0% 0 0
5 2.88 0 0 0%
6 2.84 0 0 3%
7 1.50 16% 0 0
8 1.05 0% 0 0
9 1.01 0 20% 0
10 1.00 0 0% 18%
11 0.79 0 0 0%
12 0.76 0 0 0%
13 0.66 8% 0 0
14 0.43 0% 0 0
15 0.42 0 10% 0
16 0.41 0 0 6%
17 0.37 0 0% 0
18 0.36 4% 0 0
19 0.34 0 0 1%
20 0.25 0 4% 0

89% 91% 89%
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Table 4.6 Mass participation ratios for translation in X and Y directions and rotation

about Z-axis for building DH.

Mode number | Period (sec) UX Uy RZ
1 5.55 49% 0% 0%
2 5.27 0% 33% 26%
3 3.21 0% 22% 36%
a4 3.06 13% 0% 0%
5 2.81 0% 3% 1%
6 1.77 0% 0% 1%
7 1.29 11% 0% 0%
8 1.00 0% 11% 8%
9 0.78 0% 1% 1%
10 0.77 8% 0% 0%
11 0.61 0% 9% 10%
12 0.48 2% 0% 0%
13 0.46 0% 1% 0.3%
14 0.40 0% 4% 3%
15 0.38 5% 0% 0%
16 0.36 0% 0.3% 0.1%
17 0.27 0% 5% 2%
18 0.23 0% 1% 3%
19 0.23 1% 0% 0%
20 0.22 0% 1% 0%

89% 91% 91%

SH building was used in this study as a reference building for comparison with
DH building. As shown in Table 4.5 and 4.6, in order to obtain translational mode of
Y direction for SH building, more number of modes were needed. This due to
symmetry of towers’ response, while is not the case for building DH. Due to different
heights of towers in building DH, a coupled translational-torsional response in each

mode is obtained. Another interesting behavior was realized in SH building where
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shown in Table 4.5. This is due to symmetrical mode shape in both towers. This

some modes have zero mass participation ratios; e.g., modes 4, 8, 12, 14, 17, as

the second

as shown in Figure 4.1. The first two

)

means that if one of the towers moves toward the positive X-direction,
translational modes (ignoring modes with zero mass participation) in each direction

for SH and DH buildings are shown in Figure 4.2 and 4.3, respectively.

tower will move toward the negative X-direction

(d) Mode 10 -Y

Y

(c) Mode 3 -

X

(b) Mode 8 -
Figure 4.1 Three-dimensional mode shapes with zero mass participation ratios for SH

(@) Mode 4 - X
building.

(b) Mode 7 - X () Mode 2 -Y (d) Mode 9 -Y

(@) Mode 1 - X

and Y-

Figure 4.2 Three-dimensional mode shapes corresponding to translation in X-

directions of SH building.

(b) Mode 4 - X () Mode 2 -Y (d) Mode 3 -Y

Figure 4.3 Three-dimensional mode shapes corresponding to translation in X- and Y-

(@) Mode 1 - X

directions of DH building.
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Theoretically, symmetrical mode shapes with opposite sign will lead to a zero
modal participation factor T, and zero effective modal mass M,, computed from

the following equations (Chopra, 2012).

L 4m
[ =—— =1 4.6
M, gimg, o
VLG, (@.7)
n Mn
M, =M, /¥m (4.8)

where M is the modal mass; ¢, is the N mode shape of the structure; v is the

influence vector; m is the mass matrix; M

n

is the modal mass participation ratio;
and XM denotes the total mass of structure (effective seicmic weight). In addition,
zero modal participation factor will lead also to zero modal response, because the
modal response quantities are computed with the use of the participation factor, as

shown in equations below.
f, =L mg A (4.9)
u, =0,4D, (4.10)

where f is peak value of equivalent static force in the N mode; A, is the N mode
pseudo-acceleration spectrum ordinate; u, is the N modal displacement; D, is the
deformation spectrum ordinate obtained from A, /a)ﬁ; and @, is the natural

frequency of mode n.
4.3 Comparison of LRSA and LRHA results

In this section, comparison of results between linear response spectrum
analysis (LRSA) and linear response history analysis (LRHA) is presented. linear RSA
(without R and C,) model was used, and it will be referred to as LRSA. Linear RSA
(with R and C,) procedure, which is the practical way that most of engineers follow
is also presented, and it will be referred to as RSA (Eq.(4.3)). CQC modal combination
rule was used for linear RSA to obtain total responses, while modal response

histories were summed to obtain the total response of LRHA. The aim of this
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comparison is to check the accuracy of combining peak response by modal
combination rule (CQQC) rather than time history, and to check the compatibility of
UHS spectral matching ground motions selected in this study, before using them in
NLRHA. However, it was found that LRSA provides similar results to LRHA with minor
error, as shown in Figure 4.4 and 4.5. More details about structural element forces

are presented in APPENDIX B.

A cracked cross-section property described in section 3.2.1 was used for all
linear models described in this section. The results of LRHA are presented as the
mean value of the peak results obtained from all the ground motion selected for
each location. Normalized results are presented, where floor displacement is
normalized by total building height H, story-drift is normalized by story height h,
story shear is normalized by the effective seismic weight W, and overturning
moment is normalized by WH . The results of story shear and overturning moment
presented in Figure 4.4 and 4.5 are the sum of the forces in the two towers. For
example, the story shear at level 35 is the sum of shear in towers T1 and T2 at level
35, and the overturning moment at the bottom of story 35 is equal to story force of
level 36 (in T1 and T2) multiplied by the height of story 36 and 35, plus the force of
story 35 multiplied by the height of story 35. Floor displacements and drifts are
taken at center of mass of the taller tower, which is tower T2. Note that in SH

building both towers respond symmetrically.

It was found that LRSA and LRHA provide similar results, with minor error in
terms of all of the response quantities shown in Figure 4.4 and 4.5. RSA provides
similar results of floor displacement and drift ratio as LRSA and LRHA, but with minor
difference, while it underestimates force demand. The force demand obtained from
RSA is the reduced elastic demand by the factor R, which is more convenient to
compare RSA with NLRHA, to estimate the level of nonlinearity in structures, and to

evaluate the accuracy of RSA method.
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Figure 4.4 (a) Floor displacement (b) Inter-story drift ratio (c) Story shear (d) Story

overturning moment, for Bangkok buildings, due to earthquake in both directions.
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4.4 Nonlinear Response Time History Analysis (NLRHA) results

In this section, a comparison between linear RSA and NLRHA is presented.
The nonlinear analytical model described in section 3.2.2 was used for conducting
NLRHA using PERFORM-3D software (CSI 2018). The matched spectral ground motions
shown in Figure 3.13 and 3.16 were used for NLRHA. A linear model computed using
uncracked cross section properties of structural members (LRSA cracked)s Which have
the same initial stiffness as the nonlinear model is presented in this section. The
reason for using the LRSA,ncacked Model is to show the reduction of force in the
nonlinear model due to the inelastic effect. In addition, RSA (Eq.(4.3)) and LRSA
(without R and C,) model shown previously in section 4.3 are also presented in this
section. Note that RSA and LRSA model are computed using a cracked cross-section
property of structural members as described in section 3.2.1. Results from,
LRSAuncracked, LRSA, and RSA are compared with NLRHA results as shown in Figure 4.6

and 4.7. More details about structural element forces are presented in APPENDIX C.

The analysis is performed using step-by-step integration through time, using
the constant average acceleration method (also known as Newmark [ =1/4 method).
The numerical solution is obtained at every input time step of the ground motions,
which varies between 0.005 to 0.01 sec. A constant damping ratio of 2.49% was
assigned to all significant modes, while 0.1% damping ratio was assigned to Rayleigh
damping model, which is based on the initial stiffness of the structure (Chopra &
McKenna, 2016). The results of NLRHA are presented as the mean value of the peak
results obtained from all the ground motions selected for each location. Normalized
results are presented, where floor displacement is normalized by total building
height H , story drift is normalized by story height h, story shear is normalized by
the effective seismic weight W , and story overturning moment is normalized by WH
, as shown in figures 4.6 and 4.7. Absolute floor accelerations are normalized by
gravitational acceleration g, as shown in Figure 4.8, where the title of each figure

shows the building name, earthquake direction, and tower name.



57

108 SH - EQX 108 DH - EQX
I/
y/
81 |
E
c 54 F
2
g
5 27 / PL PL PL
0
0 0.003 0.006 0 0.0025 0.005 0.006
8/H 8/H
(a) Floor displacement
108 108 DH - EQX 108 SH-EQY 108
81 | 81 | 81 |
E
5 54 L 54 L 54 L
2
]
w 27 2 PL 27 PL 27
0 0 . 0 .
0 00025 0.005 0.0075 0 0.004 0.008 0 00025 0.005 0.0075 0 0.003 0.006
A/h A/h A/h A/h
(b) Inter-story drift ratio
108 SH - EQX 108 (v DH - EQX 108 [+ SH - EQY 108 DH - EQY
‘\
1
81 | 81 | 8L ! 81 |
z !
c 54 54 | 54 ! 54 |
Rl |
= \
g \
w27 PL 27 PL 27 27 PL
0 0 0 0
0 0025 005 0075 0 0025 005 0075 0 0.04 0.08 0 0025 005 0075
V/W V/W V/W V/W
(c) Story shear
108 SH - EQX 108 DH - EQX 108 SH - EQY 108 DH - EQY
\ [\
\ \ 1 A
81 v 81 v 81 p 81 h
—_— \ \ \ 1
€ \ \ \ |
Z ] \ 1 1
S sa | 54 L sa | sa4 |
=] ' \ | \
S ! \ 1 1
] 1 \ | \
L o,y \‘ Pl 27 Y PL 27 | PL 27 b PL
\ \ \ \
0 \ | 0 \ | 0 \ | 0 . \
0 0.015 0.03 0 0.0125 0.025 0 0.0225 0.045 0 0.02 0.04
M/ WH M/ WH M/ WH M/ WH
(d) Story overturning moment
----RSA —RSA — L RSA uncracked NLRHA

Figure 4.6 RSA and NLRHA results of (a) Floor displacement (b) Inter-story drift ratio

(c) Story shear (d) Story overturning moment, for Bangkok buildings, due to
earthquake in both directions.
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Figure 4.7 RSA and NLRHA results of (a) Floor displacement (b) Inter-story drift ratio
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earthquake in both directions.



59

SH-EQX -T2 DH-EQX-T2 SH-EQY-T2 DH-EQY-T2
108 108 ——
81 81
E
c \\
Ssa ! 54
5 |
] !
w )
27 / PL 27 PL PL
0 0
0 01 02 03 0 012 024 036 03
/g u/g
DH-EQX-T1
108
81 81
54 54
27 PL 27 PL
0 0
0 01 02 03 04 0 01 02 03 04
/g i/g
(a) Bangkok buildings
108 SH - EQX 108 DH - EQX 108 SH - EQY 108 DH - EQY
81 81 81
E /
5 !
= 54 54 l‘ 54
k1 \
w “
27 PL 27 //,‘ PL 27 PL
0 0 0
0.8 0 02 04 06 08 0 02 04 06 08
/g /g
108 DH-EQY-T1
81 81
54 54
27 PL 27 PL
0 0
0 02 04 06 08 1 0 02 04 06 08 1
/g u/g
(b) Chiang Mai buildings
----RSA —— LRSA ——— LLRSA uncracked NLRHA

Figure 4.8 Absolute floor accelerations for buildings in (a) Bangkok (b) Chiang Mai.
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4.5 Inelasticity of modal responses

The inelasticity of response in each mode was investigated using modal
pushover analysis (MPA). Linear and nonlinear structural model were used to
conduct MPA. The linear model used has the same initial stiffness as the nonlinear
model, which is different from the linear model described in 3.2.1, that was used for
computing the demand forces of RSA. The lateral load distribution for conducting
MPA was applied in proportion to the distribution of mass in the plane of each floor
diaphragm, multiplied by mode shape in the direction under consideration (mg,).
The first three translational modes in each direction were considered in this study
(refer to Table 4.5 and 4.6). It should be noted that modes with zero mass
participation ratio in SH building were ignored and mode number 8 in DH building
was used instead of mode number 5 (mode number 8 contributes more to the total
response). The modal contribution of the first three translational modes to story
shear is shown in Figure 4.9 for both buildings in each direction. The modal
contribution to story displacement shown in Figure 4.10 can clarify the location of
the target roof displacement selected to construct the shear-roof displacement
relation. For example, second mode in the Y-direction for DH building is contributing
to story displacements of tower T1 only; hence, roof displacement of tower T1 was

used for obtaining the pushover curve.

The base shear-roof displacement relation is shown in Figure 4.11 and 4.12
for all studied buildings, where base shear is normalized by building weight W, and
roof displacement is normalized by building height H . The target roof displacement
for the first translational mode in each direction was computed using displacement
coefficient method in ASCE 41-13 (American Society of Civil Engineers, 2013). The
target roof displacements for higher modes were assumed to be equal to the elastic
response computed by modal analysis of the linear structural model considering
cracked cross section of structural members. The force response reduction factor R,
is taken as the ratio of base shear of the linear to the nonlinear model at the target

roof displacement. Summary of the force response reduction factors are shown in
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Figure 4.13. The gravity loads of all dead loads plus 25% of live load were applied

before pushover analysis.
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case studies in Bangkok and Chiang Mai: (a) X-direction; and (b) Y-direction.

It was found that the level of inelasticity of response in different modes were
different, and the force response reduction factor R, ranges between 1 to 2.3, which
is about 2.5 to 6 times lowers than the response modification factor (R=6) used in
the design of these buildings. The force response reduction factor increases with
increasing mode order for most buildings. In general, the force response reduction
factor ranges between 1 to 1.5 for all modes in the X-direction, while it ranges
between 1 to 2.5 for all modes in the Y-direction. The R; factor of the first
translational mode in X-direction was generally close to 1 for all buildings, while it

ranges between 1.5 to 2 for the first mode in Y-direction.
4.6 Accuracy of modified response spectrum analysis (MRSA)

In this section, the modified response spectrum analysis (MRSA) procedure
proposed by Khy and Chintanapakdee (2018) is conducted. Two versions of MRSA
were proposed to compute the shear forces in RC shear walls, where the first
method assumes that higher modes will behaive elasticly, and the inelastic action
will takes place in the first mode only, and it refered to as MRSA.. The second
method takes into account the inelasticity of higher modes by estimating the force
response reduction factor of each mode (Ri) using pushover analysis, and it refered

to as MRSAy. The methods were proposed to estimate shear forces in structural
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element with a more accuracy, when compared to NLRHA results. Moreover, Khy and
Chintanapakdee (2018) suggest to compute the bending moments using RSA
procedure described in the interantional codes (Eq. (4.3)), because bending moments
computed from MRSA will require a large vertical reinforcement, and this will
increase shear forces due to increase of flexural strength. The pushover analysis
conducted to compute the force response reduction factor (Ri) is presented in
section 4.5. It should be noted that MRSAy requires a nonlinear model to compute
the force respones reduction factor (Ri), while MRSAy e can be applied directly in
linear model. Both methods were applied using a linear model with effective
stiffness corresponding to cracked cross-section properties of structural members, as
presented in section 3.2.1. The shear forces in the structure using the MRSA. e and

MRSA method are computed from Eq. (4.11) and (4.12) respectively.

2
Vie, = I % \/(mv j P2 AVE, 4 (4.11)

R le,i

2 2 2
VH| = | % Vle,i + VZe,i - V3e,i T (4'12)
' Rl RZ RB

where | is the importance factor, SF is the scaling factor computed using Eq. (4.4),

Q, is the overstrength factor, Vje' is the elastic modal shears of mode J at level i;

R, is the force response reduction factor of mode i.

The total combined elastic shear demand was obtained by considering 30
modes of vibration using ETABS software. For MRSA.g, the elastic first-mode shear
multiplier (SF xQ, /R is summarized in Table 4.7. Story shear and story overturning
moment from RSA, MRSA, and NLRHA are shown in Figure 4.14. More details about

structural element forces are presented in APPENDIX D.

Table 4.7 Elastic first-mode shear multiplier (SF xQ, / R) for MRSA.

Building SH DH
Direction X Y X Y
Bangkok 0.75 0.63 0.88 0.79

Chiang Mai 0.80 0.55 0.82 0.66
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The modified response spectrum analysis (MRSA) procedure is outlined as follow:

1)

2)

3)

4)

5)

Compute demand forces using RSA procedure, as described in Egs. (4.1) and

(4.2).

Compute scaling factor (SF) which is the ratio of 85% of base shear from

static analysis (ELF) and dynamic analysis (RSA).

Compute bending moment demand using Eq. (4.3), and provide the required

flexural reinforcement corresponding to this demand.
Compute shear demand from MRSA procedure, using Eq. (4.11) or (4.12).

If Eq. (4.12) is to be used, a nonlinear model is needed in order to estimate

the force response reduction factor of each mode (Ri)

4.7 Summary

The main findings of this Chapter are summarized as the followings:

1)

2)

3)

RSA procedure underestimates force demands when compared to NLRHA
results. The design (reduced) shear demand obtained from RSA procedure is
not sufficient and it could lead to brittle shear failure in RC shear walls, if

used in the design.

For buildings in Bangkok, RSA procedure provides fair results of floor
displacements, inter-story drift ratios, and absolute floor accelerations, while
estimating those response quantities by elastic value would be more accurate
than those obtained by procedure in ASCE 7-16. For buildings in Chiang Mai,
RSA procedure provides accurate estimates of inelastic floor displacements
and story drift ratios computed from NLRHA, while RSA procedure and other
elastic methods underestimates the absolute floor accelerations computed

from NLRHA (Figure 4.8).

The inelastic behaviors of each mode were not identical, and higher modes
were significantly affected by inelasticity as the first mode. The force
response reduction factor (Ri) increases with increasing mode order for most

buildings.
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4) The MRSA;: method provides good estimates of shear forces for both studied
RC shear wall tall buildings in Bangkok and Chiang Mai, except that it slightly
underestimates the shear forces due to earthquake in the X-direction for both
buildings in Chiang Mai (refer to Table 4.8). The MRSA. is preferred to be
used in the design practice as it can be applied directly using a linear

structural model.

5) The MRSAy method provides good estimates of shear forces due to
earthquake in the X-direction for both studied buildings in Bangkok, while it
slightly underestimates the shear forces due to earthquake in the X-direction
for both buildings in Chiang Mai. For earthquake in the Y-direction, MRSAy
method underestimates the shear forces in building SH, while it provides fair

results for building DH (refer to Table 4.9).

Table 4.8 Summary of accuracy of MRSAy: method.

Building SH DH

Direction X Y X Y

Bangkok Accurate Accurate Accurate Accurate
Chiang Mai Fair Accurate Fair Accurate

Table 4.9 Summary of accuracy of MRSAy method.

Building SH DH

Direction X Y X Y

Bangkok Accurate Underestimates Accurate Fair
Chiang Mai Fair Underestimates Fair Accurate




69

CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this study, two hypothetical multi-tower buildings subjected to earthquake
ground motions expected in Bangkok and Chiang Mai were first designed using
seismic demands determined by conventional RSA procedure in ASCE 7-16. Results
from nonlinear response history analysis (NLRHA), which is the most accurate
method, were used as benchmark values to evaluate the accuracy of the other
methods. Since elastic methods are preferred in practice, a modified response
spectrum analysis (MRSA) previously proposed to compute shear force in regular
building was tried in this study to irregular tall buildings. Two version of MRSA were
used, the first is based on higher-mode elastic approach denoted as MRSA,g, and the
second is based on a higher-mode inelastic approach denoted as MRSAy. The main

findings of this study are summarized as follow:

1) RSA procedure underestimates design demand when compared to NLRHA.
Due to overstrength inherent in the design, and by providing the required
detailed reinforcement in locations where flexural yielding occurs, RSA
procedure can be sufficient for computing bending moments of structural RC
shear walls. However, the design (reduced) shear demand obtained from RSA
procedure is not sufficient and it could lead to brittle shear failure in RC shear

walls, if used in the design.

2) RSA procedure provides good estimate of floor displacements, inter-story drift
ratios, while estimating those response quantities by elastic value would be

more accurate than those obtained by procedure in ASCE 7-16.

3) MRSAy e provides good estimates of shear forces for both studied RC shear
wall tall buildings, while MRSA provides accepted results for most buildings,
but it underestimates shear forces due to earthquake in Y-direction for SH

building. Therefore, MRSA¢ is preferred to be used in the design practice as it
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provides good estimate of shear forces in RC shear walls and in diaphragm

slabs, and it can be applied directly in a linear structural model.

Diaphragms are usually designed to remain elastic or nearly elastic for forces
acting within their plane under factored load combinations. Hence, designing
diaphragm components (chords and collectors) using the unreduced elastic
demand of RSA procedure is preferred. However, It was found that the two
versions of MRSA provide good estimate of shear and bending moments in
diaphragm slabs, much better than the use of the unreduced elastic demand
of RSA procedure (Figures D.22 to D.25). In addition, it was found that the
demand forces in diaphragms of the lower stories (story 1 to 4) obtained from
NLRHA are always larger than the demand forces obtained from the elastic

methods.

The effect of changing towers heights is also investigated by analyzing two
buildings, the first building consists of two towers with the same heights
(building SH), and the second building consist of two towers with different
heights (building DH). It was found that, changing towers height leads to a
significant change in building response with a dominant translational-torsional
coupling phenomenon in most of modes. All RC walls of building DH aligned
in the X-direction experienced severe discontinuity of demand forces at the
podium level (e.g., Figures C.4 and C.5), while such phenomenon is not seen
in members of SH building. The discontinuity of pier forces in DH building is
due to a large contribution of axial forces developed in podium floors.
Asymmetrical mode shapes in towers of DH building leads to a significant

increase in axial forces in podium floors (Figures C.26 and C.27).

The two versions of MRSA provide good estimate of shear and bending
moment forces in RC columns for Bangkok buildings (Figures D.9 to D.14),
while for RC columns in Chiang Mai buildings, the MRSA methods and other
elastic methods are incapable of estimating well the shear forces below the

podium level (Figures D.15 to D.17).
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5.2 Recommendations for future studies

The modified response spectrum analysis based on higher mode inelastic
approach MRSAy was recommended by Khy et al. (2019) as it can provide higher
accuracy than the MRSAy: method, which is contradictory to the finding of this study.
The main difference between both studies is that Khy et al. has studied regular
buildings without significant coupling effect between translational and torsional
modes such that each dominant translational mode in a building can be identified,
and the inelasticity of each mode can be investigated through uncoupled-mode
assumption, while buildings in this study have a significant coupling between
translational and torsional modes. The reason for underestimation could be due to
inaccuracy of estimating the force response reduction factor (Ri) in asymmetrical
buildings, where coupling between translational and torsional responses in each
mode is present. Therefore, a better estimation of the force response reduction
factor (Ri) is needed by using another pushover analysis method that accounts for
the torsional effect in asymmetrical buildings. Also, the present study considered
unidirectional earthquake when applied to structures. Tall buildings subjected to bi-

directional earthquake ground motions should also be studied.
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APPENDIX A

DESIGN CONSIDERATIONS AND TECHNICAL GUIDANCE
A.1 Studied building

In this section, SH building (Figure 3.1) was used as an example to explain the
design process followed in this study. The lateral force resisting system is considered
to be a special RC shear wall whose design factors are: R =6, C,=5, Q,=2.5, | =1.25
(Table 3.2). The location of the building was considered to be in Chiang Mai. Gravity

loads, wind loads, and load combinations are shown in section 3.1.
A.2 Design spectrum

The spectral acceleration parameters at short period (Ss) and at 1s (S;) were
taken from DPT 1301/1302-61 with the values of 0.963 and 0.248 respectively. The
ASCE 7-16 procedure was used to obtain the design spectral acceleration curve. It
should be noted that the design spectrum in ASCE 7-16 is for a 5% damping ratio. To
obtain a spectrum with a 2.5% damping ratio as recommended by PEER (2017) for
tall buildings, the damping factor formula in ASCE 41-13 was adopted (Eq. (A.1)).

B, =4/[5.6—1n(100/3)] (A1)

where f is the effective viscous damping ratio.

Table A.1 Basic parameters (ASCE 7-16).

Site class D
Ss 0.963
S 0.248
Short-period site coefficient “F,” 1.115
Long-period site coefficient “F,” 1.904
Spectral parameter adjusted for site class effect “Sys= F, x Ss” 1.074

Spectral parameter adjusted for site class effect “Sy;; = F, x S;” 0.472

Design spectral parameters at short period “Sps = (2/3) x Sys” 0.716
Design spectral parameters at long period “Sp; = (2/3) x Sy;” 0.315
TO = 02 SDJ/SDS 0088

TS = SDJ/SDS 0440
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Figure A.1 Design spectrum.
A.3 Effective seismic weight

The effective seismic weight “W” of a structure shall include the total dead
load, and sometimes a portion of live load. Live load is included only when
designing areas used for storage, .... etc. In this study, the effective seismic weight is
computed from all dead loads (DL+SDL) only. The weight of the structural element
is computed using the volume of the structural element multiplied by the unit
weight of concrete (24 kN/m?). Structural elements with the same size are denoted
by the same name in Figure A.2. Elements dimensions, thickness, length, and number

of structural elements are shown in Table A.2, Table A.3, Table A.4, and Table A.5.

L8my . T(m) 10 (m) e f(m) ,5(m) , 11 (m) v 11 (m) L 11 (m) v 11 (m} L 5(m) , 7(m) 10 (m) y T(m) ,5(m) ,
£ [SE=Smmmae| 1] 7 1 gl 1 iy  —— N f
gL et W1 cl o, L l | . ¢ w1 cl .
e c1 c2 c2 c2 c1 c1
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Figure A.2 Denotation of the structural elements in SH building.



Table A.2 Structural element dimension.

Symbol Story Range  Cross section (mm x mm) / Thickness (mm)
C1 All Stories 1000 x 1000
C2 1t - g 600 x 1000
Core 1 All Stories 400
15— 6™ 500
7t —gth 450
W1 & W2 10" - 18" 400
191 — 27t 350
28" - 36" 300
CB All Stories 400 x 800

Table A.3 Walls thickness and length in stories of SH building.

Story Wall thickness (m)  Wall length (m)
0.5 80
P (1 to 6™
0.4 148
0.45 80
P (7™ to 9™)
0.4 148
T1 or T2 (10™ to 18™) 0.4 114
0.35 40
T1 or T2 (19" to 27™)
0.4 74
0.3 40
T1 or T2 (28" to 36™)
0.4 74

Table A.4 Number of columns and cross section dimensions in SH building.

Towers Column cross section Number of columns

1x1 16
P

1x0.6 12
T1 1x1 8

T2 1x1 8



Table A.5 Dimensions of horizontal component.

75

Slab area  Slab thickness = CB length
Towers CB dim. (m?)
(m?) (m) (m)
P 3546 0.3 24 0.8 x0.4
T1 1047 0.3 12 0.8 x0.4
T2 1047 0.3 12 0.8 x0.4
Table A.6 Summary of stories weight.
Weight of one story in range
Story range 156" 10" - 18™ 19" - 27" 28 - 36"
Slab weight (kN) 25,066 7,401 7,401 7,401
Columns weight (kN) 1,640 565 565 565
Wall weight (kN) 7,012 3,223 3,082 2,941
Coupling beam weight (kN) 181 90 90 90
SDL (kN) 8,365 2,618 2,618 2,618
Total 42,765 13,898 13,757 13,615

Note that the weight of stories sharing different cross-section from two-level should

be modified. For example, story 36 shares only half of the length of the vertical

element (columns and walls), while story 9 does not share any weight in the middle

region from the above stories. The effective seismic weight equals the summation of

stories weight, and it is equal to W=1,112,548 kN. Stories weight is shown in more

detail in Table A.7.

A.4 Equivalent lateral force procedure

The approximated fundamental period (T,) and upper limit period (T,,,,,) in ASCE 71-6

are computed as follow:

T, =C, x h* =00488 x 108" = 1.635 sec

T = Cy x T, = 1.4 x 1.635 = 2.289 sec
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where C; and x are coefficients determined from table 12.8-2 in ASCE 7-16, h,, is the
structural height, C, is the upper limit coefficient determined from table 12.8-1 in

ASCE 7-16.
The fundamental period used in ELF procedure is computed by

T = min(T a0 Totaps) = MIiN2.289, 6.1) = 2.289 sec

max’ " e

The Seismic response coefficient (C) is computed by

Spe 0716
C,= - - 0.149
R/ (6/1.25)
Sps 0.315
_ - - 0.029
YT (R 2.289 (6 /1.25)
C, = 0.0845,/ = 0.044 x 0.716 x 1.25 = 0.039

Therefore, Cg seq = 0.039.
The ELF seismic base shear (V) is computed by

V=C xW=0.039 x 1,112,548 = 44,188 kN

The vertical distribution of ELF seismic base shear (V) is computed by

F.=C,xV
W
C =
> ZW//’?;(

where C,, is vertical distribution factor, V is ELF base shear, w; and w, are the portion
of the total effective seismic weight of the structure located or assigned to level i or
x, h; and h, are the height from the base to level j or x, k is an exponent related to

the structure period determined as follow:
vV k=1,ifT<05
v ok=2,ifT>25

v k=05T+075if05<T<25



Table A.7 Vertical distribution of seismic load by ELF procedure in X-direction.

e

Tower | Level w (kN) h (m) hk whk Cyx E, (kN)
36th 11,862 108 7,115 8E+07 0.033 1,477
35th 13,615 105 6,745 9E+07 0.036 1,608
34th 13,615 102 6,385 9E+07 0.034 1,522
33th 13,615 99 6,034 8E+07 0.033 1,438
32th 13,615 96 5,692 8E+07 0.031 1,357
31th 13,615 93 5,360 7E+07 0.029 1,278
30th 13,615 90 5,037 7E+07 0.027 1,201
29th 13,615 87 4,724 6E+07 0.025 1,126
28th 13,615 84 4,420 6E+07 0.024 1,053
27th 13,686 81 4,125 6E+07 0.022 988
26th 13,757 78 3,841 5E+07 0.021 925
~ 25th 13,757 75 3,566 5E+07 0.019 859
— 24th 13,757 72 3,300 5E+07 0.018 795
5 23th 13,757 69 3,045 AE+07 0.017 733
— 22th 13,757 66 2,799 4E+07 0.015 674
— 21th 13,757 63 2,563 4E+07 0.014 617
20th 13,757 60 2,337 3E+07 0.013 563
19th 13,757 57 2,120 3E+07 0.012 511
18th 13,827 54 1,914 3E+07 0.010 463
17th 13,898 51 1,717 2E+07 0.009 418
16th 13,898 48 1,531 2E+07 0.008 373
15th 13,898 45 1,355 2E+07 0.007 330
14th 13,898 42 1,189 2E+07 0.007 289
13th 13,898 39 1,033 1E+07 0.006 251
12th 13,898 36 888 1E+07 0.005 216
11th 13,898 33 753 1E+07 0.004 183
10th 13,898 30 628 9E+06 0.003 153
9th 42,086 27 515 2E+07 0.009 379
8th 42,482 24 412 2E+07 0.007 306
7th 42,482 21 320 1E+07 0.005 238
6th 42,623 18 239 1E+07 0.004 178
(ol 5th 42,765 15 169 7E+06 0.003 127
4th 42,765 12 111 5E+06 0.002 83
3th 42,765 9 64 3E+06 0.001 48
2th 42,765 6 30 1E+06 0.001 22
1th 42,765 3 8 3E+05 0.000 6
Total | 1,122,548 2,524,067,007 1 44,188

The same ELF base shear is obtained in the Y-direction.
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A.5 Design demands fromm modal response spectrum analysis

In this section, the procedure of calculating the scaling factor and design
demand will be shown. The design factors R, C;, Q,, and | were taken from ASCE
7-16 with the values of 6, 5, 2.5, and 1.25 respectively, as shown in Table 3.2. The
concept of RSA procedure is discussed in section 4.2. The reduced dynamic demand
from RSA (Eqg. (4.1) and (4.2)) procedure is obtained as shown in Figure A.3. The
design demand forces of RSA procedure are obtained by scaling the reduced
demand by the scaling factor, as shown in Figure A.4. The calculation of the scaling
factor is shown in Table A.8. Floor displacements and drift ratios are computed by

multiplying the elastic spectrum by C4/R, as shown in Figure A.5.

Load Combination Data

General Data

Load Combination Name

X (@) Load Combination Data

General Data

Load Combination Name

Combination Type Linear Ad v Combination Type Linear Add

Notes Modfy/Show Notes Notes Mody/Show Notes

Auto Combination No Auto Combination Ne

Define Combination of Load Case/Combo Resuls Define Combination of Load Case/Combo Results
Load Name Scale Fact Load Name Scale Factor
RSA-X o[ oz ] Add RsA- ¥ [ oz Vol
______________
Delete Delete
I/R IR
OK Cancel 0K Cancel

Figure A.3 Load combination in ETABS for obtaining the reduced dynamic seismic

load of RSA procedure.

Table A.8 Calculation of scaling factor.

Direction X-direction Y-direction

Verr 44,188 kN 44,188 kN

Vi = Vaynamic X (I/R) 19,532 kN 28,466 kN
SF =0.85 Vge/ Vi 1.92 1.32

Design base shear of RSA 37,559 kN 37,559 kN

Note that V; is obtained from the load combination shown in Figure A.3.
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Load Combination Data x (@ Load Combination Data X
General Data General Data
Load Combination Name Internal foroes RSA-X \ Load Combination Name Internal forces RSA-Y
Combination Type: Linear Add v Combination Type Linear Add v
Notes Modfy/Show Notes Notes Modfy/Show Notes...
Auto Combination No Auto Combination No
Define Combination of Load Case/Combo Resuits Define Combination of Load Case/Combo Resuits
Load Name Scale Factor Load Name - S_ca\e_Fanr_ _
Reduced RSAX “T 192 1 Add Reduced RSAY v 132 1 Add
Delete T Delete
Scaling factor Scaling factor
oK Cancel 0K Cancel

Figure A.4 load combination defined in ETABS for the scaled dynamic force.

Load Combination Data % (@) Load Combination Data X
General Data General Data
Load Combination Name Displacement RSA-X Load Combination Name Displacement RSA-Y
Combination Type Linear Add ~ Combination Type Linear Add ~
Notes Modify/Show Notes Notes Modify/Show Notes..
Auto Combination No Auto Combination No
Define Combination of Load Case/Combo Results Define Combination of Load Case/Combo Results
Load Name Scale Factor Load Name Scale Factor
Reduced RSA-X v r 4 1 Add Reduced RSA-Y v r 4 | Add
e R S
-[ Deelete -l Delete
Cy/T Ca/l
0K Cancel 0K Cancel

Figure A.5 load combination for predicting inelastic deformation.

A.6 Design story drift

The design story drift (A) is computed as the difference of the displacement ()
at the centers of mass at the top and bottom of the story under consideration. The
displacement at any level, used to compute the design story drift (A) shall be
amplified by the factor C, /1. In practice, it is more preferred to compute drift ratio
using static lateral forces such as those from ELF procedure. If ELF seismic forces to

be used for computing drift ratio, the lower bound of seismic response coefficient
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(Csmin) Need not be considered. In addition, seismic forces shall be computed using

the fundamental period of structure without the upper limit (C,T,).

Table A.9 Inter-story drift ratio due to ELF seismic forces in the X-direction.

Story . Allowable

SOV | cpnemmbo [ | eI | peigne | AN | storyai

m m m ratio (A,)
Story36 ELF X - Drift 0.27 1.06 3 1.0% 1.5%
Story35 ELF X - Drift 0.26 1.04 3 1.0% 1.5%
Story34 ELF X - Drift 0.25 1.01 3 1.0% 1.5%
Story33 ELF X - Drift 0.24 0.97 3 1.0% 1.5%
Story32 ELF X - Drift 0.24 0.94 3 1.1% 1.5%
Story31 ELF X - Drift 0.23 0.91 3 1.1% 1.5%
Story30 ELF X - Drift 0.22 0.88 3 1.1% 1.5%
Story29 ELF X - Drift 0.21 0.85 3 1.1% 1.5%
Story28 ELF X - Drift 0.20 0.81 3 1.2% 1.5%
Story27 ELF X - Drift 0.19 0.78 3 1.2% 1.5%
Story26 ELF X - Drift 0.19 0.74 3 1.2% 1.5%
Story25 ELF X - Drift 0.18 0.71 3 1.2% 1.5%
Story24 ELF X - Drift 0.17 0.67 3 1.2% 1.5%
Story23 ELF X - Drift 0.16 0.63 3 1.2% 1.5%
Story22 ELF X - Drift 0.15 0.60 3 1.3% 1.5%
Story21 ELF X - Drift 0.14 0.56 3 1.3% 1.5%
Story20 ELF X - Drift 0.13 0.52 3 1.3% 1.5%
Storyl19 ELF X - Drift 0.12 0.48 3 1.3% 1.5%
Storyl8 ELF X - Drift 0.11 0.45 3 1.2% 1.5%
Storyl7 ELF X - Drift 0.10 0.41 3 1.2% 1.5%
Story16 ELF X - Drift 0.09 0.37 3 1.2% 1.5%
Story15 ELF X - Drift 0.08 0.34 3 1.2% 1.5%
Story14 ELF X - Drift 0.08 0.30 3 1.2% 1.5%
Story13 ELF X - Drift 0.07 0.27 3 1.1% 1.5%
Story12 ELF X - Drift 0.06 0.23 3 1.1% 1.5%
Storyll ELF X - Drift 0.05 0.20 3 1.0% 1.5%
Story10 ELF X - Drift 0.04 0.17 3 1.0% 1.5%
Story9 ELF X - Drift 0.04 0.14 3 0.9% 1.5%
Story8 ELF X - Drift 0.03 0.11 3 0.8% 1.5%
Story7 ELF X - Drift 0.02 0.09 3 0.7% 1.5%
Story6 ELF X - Drift 0.02 0.07 3 0.6% 1.5%
Story5 ELF X - Drift 0.01 0.05 3 0.6% 1.5%
Story4 ELF X - Drift 0.01 0.03 3 0.4% 1.5%
Story3 ELF X - Drift 0.00 0.02 3 0.3% 1.5%
Story2 ELF X - Drift 0.00 0.01 3 0.2% 1.5%
Storyl ELF X - Drift 0.00 0.00 3 0.1% 1.5%




Table A.10 Inter-story drift ratio due to ELF seismic forces in the Y-direction.

Load U y (5) Cd 0, /1 StF)ry Story drift AIIowab.Ie

Story Case/Combo height ratio (A) st?ry arift

m m m ratio (A,)
Story36 ELF Y-Drift 0.25 0.99 3 1.2% 1.5%
Story35 ELF Y-Drift 0.24 0.96 3 1.2% 1.5%
Story34 ELF Y-Drift 0.23 0.92 3 1.2% 1.5%
Story33 ELF Y-Drift 0.22 0.89 3 1.2% 1.5%
Story32 ELF Y-Drift 0.21 0.85 3 1.2% 1.5%
Story31 ELF Y-Drift 0.20 0.82 3 1.2% 1.5%
Story30 ELF Y-Drift 0.19 0.78 3 1.2% 1.5%
Story29 ELF Y-Drift 0.19 0.74 3 1.2% 1.5%
Story28 ELF Y-Drift 0.18 0.71 3 1.2% 1.5%
Story27 ELF Y-Drift 0.17 0.67 3 1.2% 1.5%
Story26 ELF Y-Drift 0.16 0.64 3 1.2% 1.5%
Story25 ELF Y-Drift 0.15 0.60 3 1.2% 1.5%
Story24 ELF Y-Drift 0.14 0.56 3 1.2% 1.5%
Story23 ELF Y-Drift 0.13 0.53 3 1.2% 1.5%
Story22 ELF Y-Drift 0.12 0.49 3 1.2% 1.5%
Story21 ELF Y-Drift 0.11 0.46 3 1.1% 1.5%
Story20 ELF Y-Drift 0.11 0.42 3 1.1% 1.5%
Story19 ELF Y-Drift 0.10 0.39 3 1.1% 1.5%
Story18 ELF Y-Drift 0.09 0.36 3 1.1% 1.5%
Storyl7 ELF Y-Drift 0.08 0.33 3 1.0% 1.5%
Story16 ELF Y-Drift 0.07 0.29 3 1.0% 1.5%
Story15 ELF Y-Drift 0.07 0.26 3 1.0% 1.5%
Story14 ELF Y-Drift 0.06 0.23 3 0.9% 1.5%
Story13 ELF Y-Drift 0.05 0.21 3 0.9% 1.5%
Story12 ELF Y-Drift 0.04 0.18 3 0.9% 1.5%
Storyll ELF Y-Drift 0.04 0.15 3 0.8% 1.5%
Story10 ELF Y-Drift 0.03 0.13 3 0.8% 1.5%
Story9 ELF Y-Drift 0.03 0.11 3 0.7% 1.5%
Story8 ELF Y-Drift 0.02 0.09 3 0.6% 1.5%
Story7 ELF Y-Drift 0.02 0.07 3 0.6% 1.5%
Story6 ELF Y-Drift 0.01 0.05 3 0.5% 1.5%
Story5 ELF Y-Drift 0.01 0.04 3 0.4% 1.5%
Story4 ELF Y-Drift 0.01 0.02 3 0.3% 1.5%
Story3 ELF Y-Drift 0.00 0.01 3 0.3% 1.5%
Story2 ELF Y-Drift 0.00 0.01 3 0.2% 1.5%
Storyl ELF Y-Drift 0.00 0.00 3 0.1% 1.5%
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A.7 Amplification of accidental torsion

Accidental torsion is caused by displacement of the center of mass each way
from its actual location by a distance equal to 5 percent of the dimension of the
structure perpendicular to the direction of the applied forces. Accidental torsion
should be amplified if the value of A, shown in figure below is greater than 1. The

ELF seismic forces are used for checking accidental torsion effect.
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Figure A.6 Torsional amplification factor.
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Figure A.7 Selected joints for checking accidental torsion.



Table A.11 Calculation of torsional amplification factor for earthquake along X-axis.

Story Load 01 02 Omax 6avg Ax
Case/Combo m m m m
36 ELF X+ecc 0.93 0.99 0.99 0.96 0.74
35 ELF X+ecc 0.91 0.97 0.97 0.94 0.74
34 ELF X+ecc 0.88 0.94 0.94 0.91 0.74
33 ELF X+ecc 0.85 0.91 0.91 0.88 0.74
32 ELF X+ecc 0.83 0.88 0.88 0.85 0.74
31 ELF X+ecc 0.80 0.85 0.85 0.83 0.74
30 ELF X+ecc 0.77 0.82 0.82 0.80 0.74
29 ELF X+ecc 0.74 0.79 0.79 0.77 0.74
28 ELF X+ecc 0.71 0.76 0.76 0.74 0.74
27 ELF X+ecc 0.68 0.73 0.73 0.71 0.74
26 ELF X+ecc 0.65 0.70 0.70 0.67 0.74
25 ELF X+ecc 0.62 0.66 0.66 0.64 0.74
24 ELF X+ecc 0.59 0.63 0.63 0.61 0.74
23 ELF X+ecc 0.56 0.59 0.59 0.58 0.74
22 ELF X+ecc 0.52 0.56 0.56 0.54 0.74
21 ELF X+ecc 0.49 0.52 0.52 0.51 0.74
20 ELF X+ecc 0.46 0.49 0.49 0.47 0.74
19 ELF X+ecc 0.43 0.45 0.45 0.44 0.74
18 ELF X+ecc 0.39 0.42 0.42 0.41 0.73
17 ELF X+ecc 0.36 0.38 0.38 0.37 0.73
16 ELF X+ecc 0.33 0.35 0.35 0.34 0.73
15 ELF X+ecc 0.30 0.31 0.31 0.31 0.73
14 ELF X+ecc 0.27 0.28 0.28 0.27 0.73
13 ELF X+ecc 0.24 0.25 0.25 0.24 0.72
12 ELF X+ecc 0.21 0.21 0.21 0.21 0.72
11 ELF X+ecc 0.18 0.18 0.18 0.18 0.72
10 ELF X+ecc 0.15 0.16 0.16 0.15 0.71
9 ELF X+ecc 0.13 0.13 0.13 0.13 0.71
8 ELF X+ecc 0.10 0.10 0.10 0.10 0.70
7 ELF X+ecc 0.08 0.08 0.08 0.08 0.70
6 ELF X+ecc 0.06 0.06 0.06 0.06 0.70
5 ELF X+ecc 0.04 0.04 0.04 0.04 0.70
4 ELF X+ecc 0.03 0.03 0.03 0.03 0.70
3 ELF X+ecc 0.02 0.02 0.02 0.02 0.70
2 ELF X+ecc 0.01 0.01 0.01 0.01 0.70
1 ELF X+ecc 0.00 0.00 0.00 0.00 0.70
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Table A.12 Calculation of torsional amplification factor for earthquake along Y-axis.

Story Load 03 02 Omax 6avg Ax
Case/Combo m m m m
36 ELF Y+ecc 0.74 0.81 0.81 0.77 0.75
35 ELF Y+ecc 0.71 0.78 0.78 0.75 0.76
34 ELF Y+ecc 0.69 0.75 0.75 0.72 0.76
33 ELF Y+ecc 0.66 0.72 0.72 0.69 0.76
32 ELF Y+ecc 0.63 0.69 0.69 0.66 0.76
31 ELF Y+ecc 0.61 0.66 0.66 0.64 0.76
30 ELF Y+ecc 0.58 0.64 0.64 0.61 0.76
29 ELF Y+ecc 0.55 0.61 0.61 0.58 0.76
28 ELF Y+ecc 0.53 0.58 0.58 0.55 0.76
27 ELF Y+ecc 0.50 0.55 0.55 0.52 0.76
26 ELF Y+ecc 0.47 0.52 0.52 0.50 0.76
25 ELF Y+ecc 0.45 0.49 0.49 0.47 0.76
24 ELF Y+ecc 0.42 0.46 0.46 0.44 0.76
23 ELF Y+ecc 0.39 0.43 0.43 0.41 0.76
22 ELF Y+ecc 0.37 0.40 0.40 0.38 0.76
21 ELF Y+ecc 0.34 0.37 0.37 0.36 0.76
20 ELF Y+ecc 0.32 0.35 0.35 0.33 0.76
19 ELF Y+ecc 0.29 0.32 0.32 0.30 0.76
18 ELF Y+ecc 0.27 0.29 0.29 0.28 0.75
17 ELF Y+ecc 0.24 0.26 0.26 0.25 0.75
16 ELF Y+ecc 0.22 0.24 0.24 0.23 0.75
15 ELF Y+ecc 0.20 0.21 0.21 0.21 0.75
14 ELF Y+ecc 0.18 0.19 0.19 0.18 0.74
13 ELF Y+ecc 0.16 0.17 0.17 0.16 0.74
12 ELF Y+ecc 0.14 0.14 0.14 0.14 0.73
11 ELF Y+ecc 0.12 0.12 0.12 0.12 0.73
10 ELF Y+ecc 0.10 0.10 0.10 0.10 0.72
9 ELF Y+ecc 0.08 0.09 0.09 0.08 0.75
8 ELF Y+ecc 0.07 0.07 0.07 0.07 0.74
7 ELF Y+ecc 0.05 0.06 0.06 0.05 0.74
6 ELF Y+ecc 0.04 0.04 0.04 0.04 0.74
5 ELF Y+ecc 0.03 0.03 0.03 0.03 0.74
4 ELF Y+ecc 0.02 0.02 0.02 0.02 0.74
3 ELF Y+ecc 0.01 0.01 0.01 0.01 0.74
2 ELF Y+ecc 0.01 0.01 0.01 0.01 0.74
1 ELF Y+ecc 0.00 0.00 0.00 0.00 0.74
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A.8 P-Delta effect

In P-Delta effect checking, the stability ratio (€) is computed for each story
by

PAl
V,h,C,

X" 'sX

where P, is the total unfactored design gravity load at level X, A is the design story

drift, 1 is the importance factor, V, is the shear force at level x, h,, is the story

height, C, is the deflection amplification factor.
There are three cases to check with stability ratio
1) if 8<0.1, P-Delta effect is not required

2) 6<0.1<46

max ’

P-Delta should be considered by multiplying displacement and
member forces by 1/1-6

3) >0

max ?

structure is unstable and shall be redesigned

0.5
Orax = —=—<0.25, where f is the ratio of shear demand to shear capacity. This

d
ratio is conservatively taken as 1.0, but it was taken into account in this section. The

ELF procedure described in section A.6 for computing design drift was also used for
checking P-Delta effect. The P-Delta effect is taken into account in computing design
story drift in section A.6, while the design story drift in this section is obtained
without including the effect of P-Delta. Hence, there is a slight difference in design
story drift and lateral forces in this section and in section A.6. As shown in Table A.13
and A.14, stability ratio exceeds 0.1 in mid-height regions. Therefore, P-Delta effect

should be included in the structural model.



Table A.13 Checking of P-Delta effect in X-direction.
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Level H(er'r?)h‘ V. (kN) | P (kN) | A (m) 0 9. Cehjcg_ 1“‘
36th 3 448 10,804 0.028 0.06 0.25 ok
35th 3 935 25,205 0.028 0.06 0.25 ok
34th 3 1,394 39,605 0.029 0.07 0.25 ok
33th 3 1,827 54,006 0.029 0.07 0.25 ok
32th 3 2,234 68,406 0.030 0.08 0.25 ok
31th 3 2,616 82,807 0.030 0.08 0.25 ok
30th 3 2,973 97,208 0.031 0.08 0.25 ok
29th 3 3,307 111,608 0.032 0.09 0.25 ok
28th 3 3,619 126,009 0.032 0.09 0.25 ok
27th 3 3,910 140,409 0.033 0.10 0.25 ok
26th 3 4,182 154,951 0.034 0.10 0.25 Modify
25th 3 4,432 169,493 0.034 0.11 0.25 Modify
24th 3 4,664 184,035 0.034 0.11 0.25 Modify
23th 3 4,876 198,577 0.035 0.12 0.25 Modify
22th 3 5,070 213,119 0.035 0.12 0.25 Modify
21th 3 5,247 227,661 0.035 0.13 0.25 Modify
20th 3 5,408 242,203 0.035 0.13 0.25 Modify
19th 3 5,553 256,745 0.035 0.13 0.25 Modify
18th 3 5,684 271,287 0.035 0.14 0.25 Modify
17th 3 5,801 285,971 0.034 0.14 0.25 Modify
16th 3 5,905 300,654 0.034 0.14 0.25 Modify
15th 3 5,996 315,337 0.033 0.14 0.25 Modify
14th 3 6,075 330,021 0.032 0.14 0.25 Modify
13th 3 6,144 344,704 0.031 0.14 0.25 Modify
12th 3 6,202 359,387 0.030 0.14 0.25 Modify
11th 3 6,252 374,071 0.028 0.14 0.25 Modify
10th 3 6,292 388,754 0.027 0.14 0.25 Modify
9th 3 12,684 821,858 0.025 0.13 0.25 Modify
8th 3 12,763 866,999 0.023 0.13 0.25 Modify
7th 3 12,824 912,141 0.020 0.12 0.25 Modify
6th 3 12,868 957,282 0.018 0.11 0.25 Modify
5th 3 12,900 1,002,707 0.015 0.10 0.25 Modify
4th 3 12,920 1,048,131 0.013 0.09 0.25 ok
3th 3 12,931 1,093,555 0.010 0.07 0.25 ok
2th 3 12,936 1,138,980 0.006 0.04 0.25 ok
1th 3 12,937 1,184,404 0.002 0.02 0.25 ok




Table A.14 Checking of P-Delta effect in Y-direction.
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Level | MOV 0N | RKN) | A m) |0 | O | O
36th 3 505 10,804 0.034 0.06 0.25 ok
35th 3 1,054 25,205 0.034 0.07 0.25 ok
34th 3 1,572 39,605 0.034 0.07 0.25 ok
33th 3 2,060 54,006 0.034 0.07 0.25 ok
32th 3 2,519 68,406 0.034 0.08 0.25 ok
31th 3 2,950 82,807 0.034 0.08 0.25 ok
30th 3 3,353 97,208 0.034 0.08 0.25 ok
29th 3 3,730 111,608 0.034 0.09 0.25 ok
28th 3 4,082 126,009 0.034 0.09 0.25 ok
27th 3 4,410 140,409 0.034 0.09 0.25 ok
26th 3 4,716 154,951 0.034 0.09 0.25 ok
25th 3 4,999 169,493 0.034 0.10 0.25 ok
24th 3 5,260 184,035 0.034 0.10 0.25 ok
23th 3 5,499 198,577 0.033 0.10 0.25 Modify
22th 3 5,718 213,119 0.033 0.10 0.25 Modify
21th 3 5,918 227,661 0.032 0.10 0.25 Modify
20th 3 6,099 242,203 0.032 0.11 0.24 Modify
19th 3 6,263 256,745 0.031 0.11 0.23 Modify
18th 3 6,410 271,287 0.031 0.11 0.23 Modify
17th 3 6,542 285,971 0.030 0.11 0.22 Modify
16th 3 6,659 300,654 0.029 0.11 0.22 Modify
15th 3 6,762 315,337 0.028 0.11 0.22 Modify
14th 3 6,852 330,021 0.027 0.11 0.21 Modify
13th 3 6,929 344,704 0.026 0.11 0.21 Modify
12th 3 6,995 359,387 0.024 0.10 0.21 Modify
11th 3 7,051 374,071 0.023 0.10 0.20 Modify
10th 3 7,096 388,754 0.021 0.10 0.19 ok
9th 3 14,305 821,858 0.020 0.06 0.18 ok
8th 3 14,394 | 866,999 0.018 0.07 0.16 ok
7th 3 14,463 912,141 0.016 0.07 0.14 ok
6th 3 14,513 957,282 0.014 0.07 0.13 ok
5th 3 14,548 | 1,002,707 | 0.012 0.08 0.12 ok
4th 3 14,571 | 1,048,131 | 0.010 0.08 0.11 ok
3th 3 14,584 | 1,093,555 | 0.007 0.08 0.11 ok
2th 3 14,589 | 1,138,980 | 0.005 0.09 0.10 ok
1th 3 14,591 | 1,184,404 | 0.002 0.09 0.10 ok




A.9 Designed section of SH building
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The design of structural members was done using all factored load

combinations including gravity loads, wind loads, and earthquake loads from RSA

procedure. The accidental torsional effect was considered in the design process, by

shifting the center of mass with a distance of 5 percent of structure dimension,

perpendicular to the earthquake motion. The design process leads to minimum

reinforcement requirements in most of structural members, while the design of the

remaining members was governed by the gravity loads. The designed columns cross-

sections are shown in Table A.15.
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Figure A.8 Denotation of designed columns cross-sections.

Table A.15 Steel reinforcement of columns.

~._Sto
c ‘r‘ﬁh[y Story1 Story2 Story3 Story4-9 | Story10-36
1000 r 1000 LU
€1 g
1000 = _ A 1000
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g
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A

The percentage of vertical steel reinforcement (o =—x100) used in walls is shown

in Table A.16. The walls’ names shown in Table A.16 are indicated in Figure A.9.

Eii w\1 a ] :EI B L] w1 m
] ] 1]
] ] B

§

;-%:E] w1 ] ] B B L] w1 (]

Figure A.9 Designed RC walls denotation.

Table A.16 Percentage of used vertical steel reinforcement in RC walls.

Floor Walls thickness Percentage of vertical reinforcement
(cm) Cores w1 W2 W3

1 0.653 2.21

2 1.69

3 50 0.306 1.044

0.320

4 0.423

5-6 0.311

7-9 45 0.284 0.256 0.261 0.261

10-18 40 0.288 0.294 0.294

19-27 35 0.330 0.336 0.336
28-33 0.385

34-35 30 0.510 0.392 0.392
36 1.292

A.10 Structural irregularities

Irregularities are generally classified in two major categories: horizontal and
vertical irregularities (ASCE 7-16). The first type is related to in-plan asymmetric
building causing a substantial increase of torsional effects, and the second type
involves variation of geometrical or structural properties along the height of the

building leading to increase of the seismic demand in specific story.
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A.10.1 Horizontal structural irregularities

1. Torsional irregularity (Type 1a)

Torsional irregularity shall be considered to exists when the maximum story drift,
computed including accidental torsion, at one end of the structure transverse to an
axis is more than 1.2 times the average of the story drifts of the two ends of the
structure (0, >1.26,,) . Since, the torsional amplification factor ( A,) computed in

section A.7 is smaller than 1, torsional irregularity does not exist.

2. Reentrant corner irregularity (Type 2)

Plan configurations of a structure and its lateral-force resisting system contain
reentrant corners, where both projections of the structure beyond a re-entrant
corner are greater than 15 percent of the plan dimension of the structure in the
given direction. Since the plane layout is rectangular (no corners), re-entrant corner

irregularity does not exist in the studied buildings.

- <
>0.15D

Figure A.10 Plan configuration of reentrant corner irregularity.

3. Diaphragm discontinuity irregularity (Type 3)

When a diaphragm has an opining greater than 50% of diaphragm area, or when
there is a change in diaphragm stiffness of more than 50%, diaphragm discontinuity
irregularity exits, as shown in Figure A.11. The diaphragm discontinuity irregularity

does not exist in the studied buildings.

fDIAPHRAGM

’( —COLLECTOR
/ ELEMENT

> 50%

Figure A.11 Plan configuration of diaphragm discontinuity irregularity.
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4. Qut-of-plane offset irrecularity (Type 4

Defined to exist where there is a discontinuity in a lateral force-resistance path,
such as an out-of-plane offset of at least one of the vertical elements, as shown in
Figure A.12. The out-of-plane offset irregularity does not exist in the studied

buildings.

R P

/ OUT OF PLANE OFFSET
DIAPHRAGM

Figure A.12 Out-of-palne offset irregularity.

5. Nonparallel system irregularity (Type 5)

Defined to exist where vertical lateral force-resisting elements are not parallel to
the major orthogonal axes of the seismic force-resisting system, as shown in Figure

A.13. The nonparallel system irregularity does not exist in the studied buildings.

NON_- PARALLEL
SYSTEMS
Figure A.13 Plan configuration of nonparallel system irregularity.

A.10.2 Vertical structural irregularities

1. Stiffness-soft story irregularity (Type 1a)

Defined to exist where there is a story in which the lateral stiffness is less than
70% of that in the story above or less than 80% of the average stiffness of the three
stories above. The stiffness-soft story irregularity does not exist in the SH building, as

shown in Table A.17.



Table A.17 Checking stiffness soft story irregularity along X-direction.

Floor

Storyl

Story2

Story3

Story4

Story5

Story6

Story7

Story8

Story9

Story10
Storyll
Storyl12
Storyl13
Storyl4
Storyl5
Storyl6
Storyl7
Story18
Story19
Story20
Story21
Story22
Story23
Story24
Story25
Story26
Story27
Story28
Story29
Story30
Story31
Story32
Story33
Story34
Story35
Story36

Load case

ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X
ELF X

K, (kN/m)
22,159,251
10,816,273
6,222,206
4,477,694
3,566,350
3,005,291
2,620,008
2,330,255
2,118,325
971,419
906,148
850,679
805,736
767,979
735,573
707,199
681,845
658,682
636,982
616,355
596,328
576,685
556,813
536,266
514,588
491,311
465,947
438,268
408,123
374,273
336,105
292,972
244,334
189,779
129,124
62,565

ki/kii1
205%
174%
139%
126%
119%
115%
112%
110%
218%
107%
107%
106%
105%
104%
104%
104%
104%
103%
103%
103%
103%
104%
104%
104%
105%
105%
106%
107%
109%
111%
115%
120%
129%
147%
206%

Check

Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular

ki/((kit1.3)/3)
309%
227%
169%
146%
134%
128%
145%
175%
233%
114%
112%
111%
109%
108%
108%
107%
107%
107%
107%
107%
107%
108%
108%
109%
111%
112%
115%
118%
122%
129%
139%
156%
192%

92

Check

Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular



2. Weight (mass) irregularity (Type 2)

Defined to exist where the effective mass of any story is more than 150% of the
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effective mass of an adjacent story. The mass irregularity exists in SH building, as

shown in Table A.18.

Table A.18 Checking weight (Mass) irregularity.

Floor

Storyl

Story2

Story3

Story4

Story5

Story6

Story7

Story8

Story9

Story10
Storyll
Story12
Story13
Storyl4
Story15
Story16
Storyl7
Story18
Story19
Story20
Story21
Story22
Story23
Story24
Story25
Story26
Story27
Story28
Story29
Story30
Story31
Story32
Story33
Story34
Story35
Story36

Weight (kN)

42,765
42,765
42,765
42,765
42,765
42,623
42,482
42,482
42,086
13,898
13,898
13,898
13,898
13,898
13,898
13,898
13,898
13,827
13,757
13,757
13,757
13,757
13,757
13,757
13,757
13,757
13,686
13,615
13,615
13,615
13,615
13,615
13,615
13,615
13,615
11,862

Wi/Wiiq Status
100% Regular
100% Regular
100% Regular
100% Regular
100% Regular
100% Regular
100% Regular
101% Regular

©303%  Irregular
100% Regular
100% Regular
100% Regular
100% Regular
100% Regular
100% Regular
100% Regular
101% Regular
101% Regular
100% Regular
100% Regular
100% Regular
100% Regular
100% Regular
100% Regular
100% Regular
101% Regular
101% Regular
100% Regular
100% Regular
100% Regular
100% Regular
100% Regular
100% Regular
100% Regular
115% Regular
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3. Vertical seometric irrecularity (Type 3

Defined to exist where the horizontal dimension of the seismic force-resisting
system in any story is more than 130% of that in an adjacent story, as shown in
Figure A.14. This type of irregularity does not exist in the seismic force-resisting
system. However, the studied buildings should be considered to have a vertical

geometric irregularity, due to their 3D layout, which is two towers sharing a common

podium.
by
< Lateral
force
resisting
elements
b,

Figure A.14 Vertical geometric irregularity.

4. In-plane discontinuity irregularity (Type 4)

Define to exist where there is an in-plane offset of the vertical seismic force
resisting system. The lateral force resisting system in the studied buildings are
continuous over the height without in plane offset. Therefore, vertical structural

irregularity type 4 does not exist.

Figure A.15 In-plane discontinuity in vertical lateral force-resisting element.
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The tables below show a summary of irregularities in building SH, where SH building
is considered as vertically irregular (type 2 and 3) while horizontally regular. For DH
building same irregularities are present, in addition to horizontal irregularity type 1a.
Refer to ASCE 7-16 for other irregularities presented in the tables A.19 and A.20, and

not discussed in this section.

Table A.19 Summary of horizontal structural irregularity in building SH.

Irregularity type X-direction Y-direction
Regular Irregular Regular Irregular
Type 1a v . > -
Type 1b v - v -
Type 2 v N v -
Type 3 v \ v -
Type 4 v \ v -
Type 5 v \ v -

Table A.20 Summary of vertical structural irregularity in building SH.

Irregularity type Xedirection Y-direction
Regular Irregular Regular Irregular
Type 1a v - % -
Type 1b v 4 v -
Type 2 J v i v
Type 3 - v i v
Type 4 v ) % -
Type 5a v . v -
Type 5b v } v -

A.11 Diaphragm demand forces

In this section, the procedure for obtaining the diaphragm demand forces
from ETABS is discussed. In ETABS, the user can display the slab stress due to any

kind of loads. However, it is more preferred to obtain the demand forces in terms of
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a unit force, and not in terms of stress. The procedure for obtaining diaphragm

internal forces is as follow:

1) Select slab elements and node at the cut line, then assign these objects into

group as shown in Figure A.16 (do not assign any other elements such as

walls and columns).

2) Define a section cut by selecting the previously defined group, as shown in

Figure A.17.

(@ £7A8S Uitimate 1802 - LDHA-Bangkok-SH - 6 x
BVHa2e /1@ > Q"% o R RED-e-Oviaw it ¢+l I-O-T-0-=-C-L-
| v | N fam , ==
A Model Dapiay Tables Reports B s
Hodel < L
B o e —— e
+ Propetes i
Strctral Objects &
s — n n
i Named Output kems i
& Named Pots g i
i
Gauge Properties » !
[‘7.' Wos,m:mm.:
F5) - Clear Display of Assigns [=: (] ']
- & Assign |
i - [ —;-_.m?
S
== = i
= ‘ i
[ o ]
L ol |
3
‘\_ e ot ] ]
{
= [——} °
4
N
SRR ———r—n
Figure A.16 Assigning slab elements and node into group.
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Figure A.17 Defining

section
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Cancel
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cut for the previously defined section cut group.
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Figure A.18 Section-cut locations.
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Figure A.19 Exporting results from ETABS.
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Figure A.20 Rearranging results in excel (highlighted columns refer to in-plane shear

and bending moment due to earthquake in the Y-direction).
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APPENDIX B
LINEAR RESPONSE SPECTRUM ANALYSIS AND LINEAR RESPONSE
HISTORY ANALYSIS

B.1 Vertical element forces

In this section, walls and columns forces obtained from LRSA and LRHA are
presented for the two-buildings located in Bangkok and Chiang Mai. Due to
symmetrical response in both towers in building SH, and symmetry of structural
configuration in towers, some of the structural elements are sharing the same
demand forces. For example, walls denoted in Figure B.1 as W1 are experiencing the
same demand forces. Therefore, the results presented below may describes several
structural elements at same time. In every building, structural elements that share
the same demand force are denoted by the same name, as shown in Figures B.1 and

B.2.

p8m , 7(m 10 (m) y 7(m) ,5(m) , 11 {m) 11 (m) 11 (m) 11 (m) L5(m) , 7(m) , 10(m) y 7(m) ,5(m)
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Figure B.1 Denotation of vertical members in building SH.
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Figure B.2 Denotation of vertical members in building DH.
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B.1.1 Wall forces
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Figure B.3 Wall shear forces and bending moment of building SH located in Bangkok
due to earthquake in X- and Y-direction.
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Figure B.5 Wall bending moment of building DH located in Bangkok due to

earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure B.6 Wall shear forces and bending moment of building SH located in Chiang
Mai due to earthquake in X- and Y-direction.
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Figure B.7 Wall shear forces of building DH located in Chiang Mai due to earthquake
in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure B.8 Wall bending moment for building DH located in Chiang Mai due to
earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure B.9 Column shear forces of building SH located in Bangkok due to earthquake

in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure B.10 Column shear forces of building DH located in Bangkok due to
earthquake in X-direction (EQX).
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Figure B.13 Column bending moment for building DH located in Bangkok due to
earthquake in X-direction (EQX).
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Figure B.14 Column bending moment of building DH located in Bangkok due to
earthquake in Y-direction (EQY).
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Figure B.15 Column shear forces of building SH located in Chiang Mai due to

earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure B.16 Column shear forces of building DH located in Chiang Mai due to

earthquake in X-direction (EQX).
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Figure B.17 Column shear forces of building DH located in Chiang Mai due to

earthquake in Y-direction (EQY).
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Figure B.18 Column bending moment for building SH located in Chiang Mai due to
earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure B.19 Column bending moment for building DH located in Chiang Mai due to
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Figure B.20 Column bending moment for building DH located in Chiang Mai due to
earthquake in Y-direction (EQY).
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B.2 Diaphragm forces

In this section, diaphragm forces developed in diaphragm floors of the
podium are presented (note that the podium consists of 9 stories). The forces are
obtained along section cuts previously defined in ETBAS software. The section-cut
locations are shown in the Figure B.21. Floors at the podium level are spanning
between two main cantilever core walls aligned in the Y-direction. Hence, the
interest is in the shear and bending moment in diaphragms resulted from an
earthquake load in the Y-direction, while axial forces in diaphragms are obtained due
to an earthquake in the X-direction. The peak response along all section cuts are
shown in Figures B.22 to B.27. It should be noted that the slab elements were
modelled using elastic shell element, and the demand forces along section cut are

obtained by integrating the stress field determined from finite element analysis.

S9-L01 02 03 04 05 06 07 08 09 10 S9-R

X=90m

Figure B.21 Section-cut locations.

From figures below, the diaphragm demand forces that corresponds to SH building
are similar to demand forces of a simply supported beam subjected to a uniform
load. The out of synchronize behaviour of towers in DH building leads to significant

contribution of axial forces in the podium floors as shown in Figure B.26 and B.27.
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Figure B.22 Shear forces in diaphragms due to earthquake in the Y-direction for

buildings SH and DH located in Bangkok.
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Figure B.23 Bending moment in diaphragms due to earthquake in the Y-direction for

buildings SH and DH located in Bangkok.
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Figure B.24 Shear forces in diaphragms due to earthquake in the Y-direction for

buildings SH and DH located in Chiang Mai.
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Figure B.25 Bending moment in diaphragms due to earthquake in the Y-direction for

buildings SH and DH located in Chiang Mai.
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Figure B.26 Axial forces in diaphragms on the 9™

in Bangkok due to earthquake in the X-direction.
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LINEAR RESPONSE SPECTRUM ANALYSIS AND NONLINEAR RESPONSE

HISTORY ANALYSIS

C.1 Vertical element forces

In this section, piers and columns forces are presented for the two buildings

located in Bangkok and Chiang Mai. Results from LRSA, cackess LRSA, and RSA are

compared to NLRHA results. Due to symmetrical response in both towers in building

SH, and symmetry of structural configuration in towers, some of the structural

elements are sharing the same demand forces. More details can be found in section

4.4 regarding methods described in this section.
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C.1.1 Wall forces
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Figure C.3 Wall shear forces and bending moment of building SH located in Bangkok

due to earthquake in X- and Y-direction.
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Figure C.4 Wall shear forces of building DH located in Bangkok due to earthquake in
(a) X-direction (EQX); (b) Y-direction (EQY).
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Figure C.5 Wall bending moment for building DH located in Bangkok due to
earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure C.6 Wall shear forces and bending moment in both directions for building SH

located in Chiang Mai.
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Figure C.7 Wall shear forces of building DH located in Chiang Mai due to earthquake

in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure C.8 Wall bending moment for building DH located in Chiang Mai due to
earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).



C.1.2 Column forces

134

108 SH-EQX-C1 108 SH-EQX-C2 108 _SH-EQX-C3 108 SH-EQX - C4
81 81 81 81
E
-
2 54 54 54 54
©
]
27 PL 27 PL 27 PL 27 PL
|
0 0 0 0
0 0.00005 0.0001 0 0.00005 0.0001 0 0.00005 0.0001 0 0.00005 0.0001
vV/W vV/W V/W V/W
-EQX - -EQX - -EQX - -EQX -
108 SH-EQX-C5 108 SH-EQX-C6 108 SH-EQX-C7 108 SH-EQX-C8
81 | 81 | 81 | 81 |
E
S5 T 54 54 | sa |
®
2
“ a7 PL 27 : PL 27 PL 27 PL
0 é ] o ﬁ ] 0 é ] 0 é ]
0 0.00006  0.00012 0 0.00006  0.00012 0 0.00006  0.00012 0 0.00006  0.00012
V/W V/W V/W v/ W
(@) Column shear forces due to EQX
108 SH-EQY-C1 108 -EQY-C2 108 SH-EQY-C3 108 SH-EQY-C4
:
L/
81 [ 81 81 81
1
— d
£
= 54 54 54 54
S
L b
w27 : PL 27 27 b PL 27 fe PL
o B 0 0 0 L
0  0.00005 0.0001 0.00015 0  0.00005 0.0001 0.00015 0 0.00005 0.0001 0.00015 o 000009  0.00018
vV/wW V/W V/W vV/w
SH-EQY - C5 SH-EQY-C6 SH-EQY-C7 - -
108 Q 108 Q 108 Q 108 sH-EQY-C8
81 | 81 | 81 | 81 |
E
=54 54 | 54 54 |
S
w7 PL 27 — PL 27 PL 27 o PL
'y ! <
] d : a
! 2 U ‘
o L= o L= o L= o L=
0 0.00005 0.0001 0 0.00005 0.0001 0 0.00005 0.0001 0 0.00005 0.0001
V/W V/W V/W V/W
(b) Column shear forces due to EQY
----RSA — |RSA — LRSA uncracked NLRHA

Figure C.9 Column shear forces of building SH located in Bangkok due to earthquake

in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure C.10 Column shear forces of building DH located in Bangkok due to

earthquake in X-direction (EQX).
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Figure C.11 Column shear forces of building DH located in Bangkok due to

earthquake in Y-direction (EQY).
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Figure C.12 Column bending moment of building SH located in Bangkok due to
earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure C.13 Column bending moment of building DH located in Bangkok due to

earthquake in X-direction (EQX).
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Figure C.14 Column bending

earthquake in Y-direction (EQY).

moment of building DH located in Bangkok due to
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Figure C.15 Column shear forces of building SH located in Chiang Mai due to

earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure C.16 Column shear forces of building DH located in Chiang Mai due to

earthquake in X-direction (EQX).
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Figure C.17 Column shear forces of building DH located in

earthquake in Y-direction (EQY).

Chiang Mai due to



SH-EQX-C1

143

SH-EQX-C2 SH-EQX-C3 SH-EQX-C4
108 108 108
\
A\ \ \ \
\ \ \ \
81 ki 81 81 i 81
) ] [} ]
. ] ] ] ]
S54 [ 54 |} 54 |} 54 |
'g ] ] 1 ]
s |t \ ' !
Yo7 | PL 27 | PL 27 |t PL 27 by PL
‘ & : \L “ & | \&\
\ \ \ \
\ \ \ \
0 = 0 = 0 = 0 =
0.0E+00  7.56-06  1.5E-05 0.0E+00  7.56-06  1.5E-05 0.0E+00  7.56-06  1.5E-05 0.0E+00  7.56-06  1.5E-05
M/ WH M/ WH M/ WH M/ WH
SH-EQX-C5 SH - EQX - C6 SH - EQX-C7 SH-EQX-C8
108 108 108 108
81 | 81 | 81 | 81 |
B
=sa sq | sa | sq |
5
H
w7 PL 27 PL 27 PL 27 PL
1 [ 1l [
] [} ] ]
] ] 1 ]
1 [} 1 )
0 0 S 0 S 0 S
0.E+00 2.E-06 4.E-06 0.£+00 2.E-06 4.E-06 0.E+00 2.E-06 4.E-06 0.E+00 2.E-06 4.E-06
M/ WH M/ WH M/ WH M/ WH
(@) Column bending moment due to EQX
SH-EQY-C1 SH - EQY-C2 SH-EQY-C3 SH-EQY-C4
108 108 108
\ f \ \
1\ \ \ \
1 ] 1 \
81 1 81 81 81 |
) ] ] ]
= \ \ H i
3 : ] ' '
s 54 | 54 54 ) 54 i
3 \ 1 \ \
o i i ) )
27 |4 PL 27 |4 PL PYR RS S — PL 27 e PL
! \ ; :
: : - '
0 = 0 L—= 0o L—== 0 ==
0.E+00 5.E-06 1.E-05 0.E+00 5.E-06 1.E-05 0.E+00 5.E-06 1.E-05 0.£+00 5.E-06 1.E-05
M/ WH M/ WH M/ WH M/ WH
SH-EQY-C5 SH-EQY-C6 SH-EQY-C7 SH - EQY-C8
108 108 108 108
81 | 81 | 81 | 81 |
E
Ss4 f 54 s4 | s4 |
©
3
27 PL 27 PL 27 PL 27 PL
\ \ \ \
] ] ] ]
] ] 1 ]
\ \ \ \
o L= | o L= ‘ o L= | o L=
0.E+00 4606 8.E-06 0.E+00 4.6-06 8.6-06 0.£+00 4.E-06 8.6-06 0.£+00 4606 8.E-06
M/ WH M/ WH M/ WH M/ WH
(b) Column bending moment due to EQY
----RSA —— LRSA ——— LRSA uncracked NLRHA

Figure C.18 Column bending moment of building SH located in Chiang Mai due to

earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure C.19 Column bending moment of building DH located in Chiang Mai due to

earthquake in X-direction (EQX).
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Figure C.20 Column bending moment of building DH located in Chiang Mai due to
earthquake in Y-direction (EQY).
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C.2 Diaphragm forces

In this section, diaphragm forces developed in diaphragm floors of the
podium are presented (note that the podium consists of 9 stories). The forces are
obtained along section cuts previously defined in ETBAS and PERFORM-3D software.
The section-cut locations are shown in the Figure C.21. Floors at the podium level
are spanning between two main cantilever core walls aligned in the Y-direction.
Hence, the interest is in the shear and bending moment in diaphragms resulted from
an earthquake load in the Y-direction, while axial forces in diaphragms are obtained
due to an earthquake in the X-direction. The peak response along all section cuts are
shown in Figures C.22 to C.27. It should be noted that the slab elements were
modelled using elastic shell element, and the demand forces along section cut are

obtained by integrating the stress field determined from finite element analysis.

S9-L01 02 03 04 05 06 07 08 09 10 S9-R

X=90m

Figure C.21 Section-cut locations.
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Figure C.22
buildings SH and DH located in Bangkok.

Shear forces in diaphragms due to earthquake in the Y-direction for
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Figure C.23 Bending moment in diaphragms due to earthquake in the Y-direction for

buildings SH and DH located in Bangkok.
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Figure C.24 Shear forces in diaphragms due to earthquake in the Y-direction for

buildings SH and DH located in Chiang Mai.
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Figure C.25 Bending moment in diaphragms due to earthquake in the Y-direction for

buildings SH and DH located in Chiang Mai.
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Figure C.26 Axial forces in diaphragms on the 9" floor of SH and DH buildings located

in Bangkok due to earthquake in the X-direction.
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Figure C.27 Axial forces in diaphragms on the 9 floor of SH and DH buildings located
in Chiang Mai due to earthquake in the X-direction.
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APPENDIX D
MODIFIED RESPONSE SPECTRUM ANALYSIS

D.1 Vertical element forces

In this section, piers and columns forces are presented for the two buildings
located in Bangkok and Chiang Mai. Results from RSA, and MRSA, are compared to
NLRHA results. Due to symmetrical response in both towers in building SH, and
symmetry of structural configuration in towers, some of the structural elements are
sharing the same demand forces. More details can be found in section 4.6 regarding

methods described in this section.
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Figure D.2 Denotation of vertical members in building DH.
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D.1.1 Wall forces
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Figure D.3 Wall shear forces and bending moment of building SH located in Bangkok

due to earthquake in X- and Y-direction.
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Figure D.4 Wall shear forces of building DH located in Bangkok due to earthquake in
(a) X-direction (EQX); (b) Y-direction (EQY).
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Figure D.5 Wall bending moment for building DH located in Bangkok due to
earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure D.6 Wall shear forces and bending moment of building SH located in Chiang
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Figure D.7 Wall shear forces of building DH located in Chiang Mai due to earthquake
in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure D.8 Wall bending moment of building DH located in Chiang Mai due to
earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure D.9 Column shear forces of building SH located in Bangkok due to earthquake
in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure D.10 Column shear forces of building DH located in Bangkok due to

earthquake in X-direction (EQX).
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Figure D.11 Column shear forces of building DH located in Bangkok due to

earthquake in Y-direction (EQY).
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Figure D.12 Column bending moment of building SH located in Bangkok due to
earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure D.13 Column bending moment of building DH located in Bangkok due to
earthquake in X-direction (EQX).
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Figure D.14 Column bending moment of building DH located in Bangkok due to

earthquake in Y-direction (EQY).
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Figure D.15 Column shear forces of building SH located in Chiang Mai due to

earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).
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Figure D.17 Column shear forces of building DH located in

earthquake in Y-direction (EQY).
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(b) Column bending moment due to EQY

Figure D.18 Column bending moment of building SH located in Chiang Mai due to
earthquake in (a) X-direction (EQX); (b) Y-direction (EQY).



DH-EQX-C1

173

DH - EQX - C2 DH - EQX-C3 DH - EQX-C4
108 108 Q 108 x 108 Q
81 81 81 81
—_ \ \
E | \
c
o54 54 |1 54 54
5 ] \
3 \ '
w
27 |y PL 27 |y PL 27 27
\ \
\ \
0 = 0 = 0 0
0.0E+00  8.0E-06 1.6E-05 0.0E+00  8.0E-06 1.6E-05 0.0E+00  8.0E-06 1.6E-05 0.0E+00 1.0E-05 2.0E-05
M/ WH M/ WH M/ WH M/ WH
108 DH - EQX - C5 108 DH - EQX - C6 108 DH - EQX-C7 108 DH - EQX - C8
\ \ \
\ \ \ \
81 81 | 81 ! 81 !
| [l | [l
E [ | | [
= | 1 \ 1
§54 0 54 |y 54 1y 54 1)
& \ \ \ \
3 N \ \ \
W7 e ] PL 27 s PL 27 ) PL 27 n PL
[ ] ’ /
| \ \ \
o Lt o LY o Lt o O
0.0E+00 1.5E-05 3.0E-05 0.0E+00 1.0E-05 2.0E-05 0.0E+00 1.0E-05 2.0E-05 0.0E+00 1.0E-05 2.0E-05
M/ WH M/ WH M/ WH M/ WH
DH - EQX - DH - EQX - C1i DH-EQX-C11 DH - EQX - C12
108 ax- 9 108 ax- c10 108 ax-c 108 ax-c
81 | 81 | 81 | 81 |
£
554t 54 | 54 | 54 |
=
©
>
2
w57 PL 27 PL 27 PL 27 PL
/ / / 4
) ) ) )
0 0 0 0
0.E+00 2.E-06 4.E-06 0.E+00 2.£-06 4.E-06 0.E+00 2.£-06 4.E-06 0.E+00 2.£-06 4.E-06
M/ WH M/ WH M/ WH M/ WH
DH - EQX-C1 DH-EQX-C14
108 Qx-c13 108 Lt
81 | 81 |
E
554 54 |
=
©
>
@
w 27 PL 27 PL
rd rd
] ]
| |
0 0 S
0.E+00 2.E-06 4.E-06 0.E+00 2.E-06 4.E-06
M/WH M/ WH

Figure D.19 Column bending moment of building DH located in Chiang Mai due to
earthquake in X-direction (EQX).
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Figure D.20 Column bending moment of building DH located in Chiang Mai due to
earthquake in Y-direction (EQY).
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D.2 Diaphragm forces

In this section, diaphragm forces developed in diaphragm floors of the
podium are presented (note that the podium consists of 9 stories). The forces are
obtained along section cuts previously defined in ETBAS and PERFORM-3D software.
The section-cut locations are shown in the Figure D.21. Floors at the podium level
are spanning between two main cantilever core walls aligned in the Y-direction.
Hence, the interest is in the shear and bending moment in diaphragms resulted from
an earthquake load in the Y-direction, while axial forces in diaphragms are obtained
due to an earthquake in the X-direction. The peak response along all section cuts are
shown in Figures D.22 to D.25. It should be noted that the slab elements were
modelled using elastic shell element, and the demand forces along section cut are

obtained by integrating the stress field determined from finite element analysis.

S9-L01 02 03 04 05 06 07 08 09 10 S9-R

X=90m

Figure D.21 Section-cut locations.
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Figure D.22 Shear forces in diaphragms due to earthquake in the Y-direction for

buildings SH and DH located in Bangkok.
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Figure D.23 Bending moment in diaphragms due to earthquake in the Y-direction for

buildings SH and DH located in Bangkok.
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Figure D.24 Shear forces in diaphragms due to earthquake in the Y-direction for

buildings SH and DH located in Chiang Mai.
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Figure D.25 Bending moment in diaphragms due to earthquake in the Y-direction for

buildings SH and DH located in Chiang Mai.
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