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Abstract

Nowadays, numerous tall buildings are being constructed as limited urban land areas become used up and the shapes of
modern tall buildings are often irregular as the layout are governed by many constraints and architectural demands. The
tall buildings using shear walls as the lateral force resisting system having un-symmetrical floor plans such that center
of rigidity is eccentric from center of mass are the focus of this study. Many researchers have shown that shear forces
in shear walls computed by response spectrum analysis (RSA) procedure as specified in ASCE 7-10 [1] are much
smaller than the more realistic shear forces computed by nonlinear response history analysis (NLRHA). Khy et al. [2]
have proposed a modified response spectrum analysis (MRSA) procedure to obtain more accurate shear demands for
design of shear strength in shear wall of tall buildings and the proposed method provides satisfactory results when
implemented with regular-shaped buildings of 15, 20, 31, and 39 stories. In this study, the MRSA procedure is tested
with 16-story buildings with torsional irregularity. Floor plan of the building is symmetric about x-axis but not
symmetric about y-axis. The mode of vibration for translation in y direction is coupled with torsional (twisting) motion
about vertical axis. Three levels of torsional vibration properties are considered: 1) torsionally flexible, 2) torsionally
stiff, and 3) torsionally-similarly-stiff systems. The classification of these systems is based on Chopra and Goel [3] but
the participation mass ratio is considered rather than vibration period. The buildings are assumed to be located in
Bangkok, Thailand, and they are subjected to earthquake ground motions according to the Thai seismic design standard
[4]. The buildings were first analyzed and designed according to convention RSA procedure, and then analyzed by
NLRHA to obtain the more realistic seismic demands and to evaluate accuracy of RSA shear forces in shear walls and
columns. It was found that RSA procedure slightly underestimates story drift ratios, but significantly underestimates
design shear forces when compared with NLRHA results. Linear RSA is recommended to computed story drift ratios
for design. Vibration modes higher than the first-two modes can be conservatively assumed to be elastic. Previously
modified RSA based on higher-mode elastic (MRSAxe) method for regular buildings, can be extended to one-way
torsionally coupled buildings by considering the first-two modes as inelastic and other higher modes as elastic. This
proposed MRSA procedure can provide satisfactory estimates of shear force demands in all torsionally irregular
systems. The method to compute strain using internal forces from elastic analysis to estimate inelastic strains proposed
by Khy et al. [2] can provide results close to NLRHA when it is applied to tall buildings with torsional irregularity.
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1. Introduction

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 [5, 6], which requires nonlinear response history
analysis (NLRHA). PBD is an alternative approach for design of code-exceeding tall buildings; however, it
is rarely used in current design practice because of its complexity, such as nonlinear dynamic structural
analysis, nonlinear structural model, selection and scaling of appropriate ground motions, and significant
computational efforts. As allowed in ASCE 7-16 [7], the RSA procedure is widely used in current practice to
compute design demands of structures. However, there are restrictive 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 according to ASCE 7-16. However, some design engineers use
code-based RSA procedure to compute design demands of tall RC shear wall building with height taller than
48.8 m, which does not comply with the scope of the prescriptive code. This can lead to unsafe design of tall
buildings because RSA procedure has been found to underestimate shear demands in structural walls when
compared to results from NLRHA [2, 8-10] and RSA procedure in ASCE 7-16 does not provide information
on location of yielding in structural walls where ductile detailing should be implemented to ensure ductile
behavior.

Recently, a modified response spectrum analysis (MRSA) procedure using a simplified inelastic first-
mode and elastic higher mode to estimate shear force in structural walls, together with a method based on
equal displacement concept using internal forces from elastic analysis to estimate inelastic deformation
location in RC walls and columns has been proposed [2]. However, this MRSA procedure was developed
using regular tall buildings with RC shear walls where there is no significant coupling between torsional and
translational motion. In this study, translational modes in each principal direction can be identified based on
the large mass participating ratio in the direction of consideration, and generally the first-translational mode
response experiences inelasticity, while other higher modes can conservatively be assumed to remain elastic.
Applicability of the MRSA procedure to unsymmetrical plan buildings having strong coupling between
torsional and translational modes is yet to be investigated.

The objective of this study is to extend MRSA procedure to estimate seismic demands in torsionally
irregular buildings. Three types of torsionally irregular systems: (1) torsionally-flexible (TF) system, (2)
torsionally-stiff (TS) system, and (3) torsionally-similarly-stiff (TSS) system, previously defined by Chopra
and Goel [3], are used to represent different characteristics of torsional response. According to Chopra and
Goel [3], torsionally-flexible (TF) system is the system whose period of torsion-dominant mode is much
longer than that of translation-dominant mode; torsionally-stiff (TS) system is the system whose period of
torsion-dominant mode is much shorter than that of translation-dominant mode; torsionally-similarly-stiff
(TSS) system is the system whose period of the first two modes are close where translational and torsional
modes are strongly coupled. In this study, coupling is defined in term of modal mass participation ratios
(PMR) where translational mass in x-direction is denoted by PMRX, translational mass in y-direction PMRYy,
and rotational inertial about z-axis PMRz. A mode is considered as a “coupled” mode between translation
and torsion when its PMRs are large in both translational and torsional directions. Strong coupling happens
when the values of PMRs for translational and torsional directions are nearly equal for that mode. According
to this consideration, TSS system in this study is thus defined in term of similar PMRs in torsional and
translational directions, which is different from definition of TSS system by Chopra and Goel [3].

2. Methodology
The procedure adopted in this study is outlined as follows:

1) Prepare structural systems with three types of torsional irregularities: torsionally-flexible (TF),
torsionally-stiff (TS), and torsionally-similarly-stiff (TSS) systems.
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2) Analyze the structures by RSA procedure [1] and design the structures according to ACI 318M-14
[11], such that the design strengths are approximately equal to the demands from factored load
combinations including gravity load, wind load, and earthquake load. This step was facilitated and
accomplished by using ETABS [12].

3) Analyze the structures by NLRHA using PERFORM-3D [13] to evaluate the accuracy of the RSA
procedure used in the design. RSA results used for evaluation were computed again in
PERFORM-3D to avoid discrepancy from different software.

4) Compute the force response reduction factor of each mode by using modal pushover analysis
(MPA).

5) Develop a modified response spectrum analysis (MRSA) procedure to compute the design shear
forces in shear walls and columns in one-way torsionally coupled structures.

6) Evaluate the accuracy of RSA and MRSA procedures by comparing the computed demands with
results from NLRHA in step 3.

3. Description of buildings

An existing 16-story RC building as shown in Fig. 1a was used as an example building. This building is
symmetric about x-axis but asymmetric about y-axis. Response of this building to earthquake excitation in y-
direction has coupling between translation and torsion while the response due to excitation in x-direction is
uncoupled and not presented. This building is thus defined as a one-way torsionally coupled structure. Only
responses due to earthquakes in y-direction are investigated in this paper. Basic characteristics of this
building are summarized in Table 1. The lateral force resisting system of this building is special-ductile RC
shear wall corresponding to seismic design parameters: R=6, C4=5, and ,=2.5. R is response modification
factor; Cq is deflection amplification factor; and o iS over-strength factor. The modal properties of this
building were computed from elastic model with effective cracked cross-sectional properties. The first-four
torsionally coupled modes in y-direction are identified (Table 2) based on large PMRy and PMRz. Torsion-
dominant mode is defined as when its PMRz is larger than PMRYy. Translation-dominant mode is defined as
when its PMRYy is larger than PMRz. The building in Fig. 1a is characterized as torsionally-flexible (TF)
system because torsion dominates in the first mode and its period is significantly longer than modal period of
translation-dominant mode (Tor/Tran=2.48).
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(a) TF system (b) TS system (c) TSS system

Fig. 1 — Typical floor plans and three dimensional models of the example 16-story buildings: (a) TF system;
(b) TS system; and (c) TSS system.
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The TF system in Fig. 1a was modified to create two other systems: torsionally-stiff (TS) system in
Fig. 1b and torsionally-similarly stiff (TSS) system in Fig. 1c. TS system was created by moving the c-
shaped walls to the right end of the floor plan. In TS system, torsion response dominates the second mode
and its period is significantly shorter than the translation-dominant mode (T Twar=0.21) as shown in Table
3. TSS system was created by symmetrically adding two walls in the x-direction with length adjusted so that
modal participating mass ratio in y-direction equals to modal participating rotational inertia ratio about z-axis
in the first two modes as shown in Table 4. In this TSS case, torsion- or translation-dominant mode cannot be
separately identified.

Table 1 — Basic characteristics of the example 16-story building.

Number of story 16
Total height (m) 49.2
Typical story height (m) 3
Aspect ratio in x-direction (height/length) 1.21
Aspect ratio in y-direction (height/width) 2.44
Typical span length x-direction (m) 5.1
Typical span length y-direction (m) 5.4
Floor area (m?) 824
Wall thickness (m) 0.25
Column size (m x m) 0.3x0.9
RC flat slab thickness (m) 0.18

Table 2 — The first-four torsionally coupled modes in y-direction of TF system.

Mode T (sec) PMRXx PMRy PMRz P
1t torsion 3.08 0% 26% 42% H
1*' translation |  1.24 0% 41% 25% ULl Ll
2" torsion 0.67 0% 7% 11% U
2" translation| 0.25 0% 13% 6% o -

Table 3 — The first-four torsionally coupled modes in y-direction of TS system.

Mode T (sec) PMRX PMRy PMRz T T '
1% translation| 3.66 0% 46% 20% .
1% torsion 0.78 0% 12% 51% e e e
2" translation|  0.75 0% 21% 1% o '
2" torsion 0.15 0% 6% 14%

Table 4 — The first-four torsionally coupled modes in y-direction of TSS system.

Mode T (sec) | PMRx PMRy PMRz IREEEEE r 1
1 2.45 0% 33.5% 33.6% EEEEEEEE ==
2 1.20 0% 33.2% 33.3% BRI | Voo
3 0.51 0% 9.4% 9.7% b — b
4 0.24 0% 9.4% 10.1%

All systems were designed using factored load combinations according to Thai seismic design
standard [4]. The design live loads of 2.5 kN/m? and super-imposed dead loads of 2.75 kN/m? were used at
each floor. The design wind pressure was used according to Bangkok Building Control Law [14]. The elastic
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spectral acceleration representing the earthquake load for downtown Bangkok is presented in Section 4.
Seismic demands were computed by RSA procedure.

4. Earthquake ground motions

| The studied building is assumed to be located on a soft-soil site in downtown Bangkok (zone 5). The design
spectral acceleration (Fig. 2), which is 2/3 of the maximum considered earthquake (MCE) level having 2%
probability of exceedance in 50 years, was taken from Thailand seismic design standard [4]. This spectrum
is considered as the uniform hazard spectrum (UHS). For the studied 16-story buildings, damping ratio of
2.5% was used as recommended by PEER [6]. While UHS spectrum in Fig. 2 is used in RSA procedure,
NLRHA needs to use earthquake ground motions that are consistent with the same seismicity to be able to
fairly evaluate accuracy of RSA procedure [15]. A set of six ground motions were selected based on
probabilistic seismic hazard analysis and hazard de-aggregation. They were selected from large magnitude
and long distance earthquakes and simulated to propagate through layers of soft soil underlying Bangkok
[16, 17]; their spectra are also shown in Fig. 2. In this study, the ground motions were modified by
SeismoMatch [18] to have spectral shapes closely matched the UHS. Individual spectra of these UHS
matching ground motions together with the mean spectrum are compared to the target spectrum (UHS) in

Fig. 3.
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Fig. 2 — Original spectra of CMS ground motions Fig. 3 — Individual matching spectra, mean matching
conditioned at 3 sec and target spectrum for 2.5% spectrum, and target spectrum for 2.5% damping
damping ratio in Bangkok zone 5. ratio in Bangkok zone 5.

5. Analytical models

All results presented were calculated using PERFORM 3D [13]. The linear structural model used for the
RSA considers cracked cross sections of RC structural members according to ACI 318M-14 [11].

For nonlinear structural model, the RC walls were modeled using nonlinear fiber elements over the
entire height of the walls because flexural yielding may occur at any location due to higher-mode effects in
tall buildings. The out-of-plane behavior of the wall was assumed to be elastic with small effective stiffness.
The material stress-stain relationship for concrete proposed by Mander et al. [19] was adopted and a bilinear
inelastic model proposed by Menegotto and Pinto [20] was used for steel. The expected material strength
was assumed to be 1.25 times the nominal strength for both concrete and steel [21]. RC columns were
modeled by linear elastic elements with nonlinear plastic zones at both ends modeled by fiber elements. The
conventional RC beams and coupling beams were modeled with a middle elastic portion and rotational
plastic hinge elements at both ends using modeling parameters from ASCE 41-13 [22]. Joints between
members were considered to be rigid connections. Slabs were modeled by elastic shell elements and all
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nodes in each floor were constrained to behave as an in-plane rigid floor diaphragm. Damping matrix for
NLRHA was formulated by modal viscous damping model recommended by Chopra and McKenna [23].

6. Response spectrum analysis procedure

The RSA procedure in ASCE 7-10 was adopted. For force demands, it requires that the RSA base shear is at
least 85% of the base shear computed from the equivalent lateral force (ELF) procedure by using a scaling
factor (SF). For story drifts, ASCE 7-10 employs a deflection amplification factor (Cq) to multiply the results
which were already divided by R factor. The design bending moment, shear force, floor displacement, and
story drift in the RSA procedure are then computed from the following equations:

M =SFF:'e\/Mlj+M292+M3j+--- (1)
V= SF; . Mo +Vo2 V2 4 )
_Cd 2 2 2
5_?\/51e 43,7 40, 4 ©)
A:C—d\/A12+A22+A32+-~- ()
R e e e

where Mie, Vie, &, and Aje are the elastic bending moment, shear force, floor displacement, and story drift of
mode i, respectively; le is the importance factor; and SF is the scaling factor required to make the RSA base
shear at least 85% of the ELF base shear.

7. Modified response spectrum analysis procedure

The modified response spectrum analysis (MRSA) method was previously developed to address under-
estimation of shear demands in structural walls and it has been tested with regular tall buildings with RC
shear walls by Khy et al. [2]. In development of this method it was found that behavior of modal response to
earthquake experience inelasticity only in the first modes, while the higher-mode responses remain
essentially linear elastic.

For torsionally irregular buildings, the first two modes have coupling between translation and torsion.
Figure 4 shows the modal pushover curves for the first four modes of each of the three systems (TF, TS and
TSS). Black dots indicate modal target roof displacement assuming that inelastic displacement is equal to
elastic displacement by the equal displacement rule. These results demonstrate that, for the one-way
torsionally coupled structures, the first two modes deform into inelastic range, while the third and fourth
modes experience little yielding. This observation leads to the proposed modified response spectrum analysis
such that the shear force demand for design of structural walls is calculated from elastic responses divided by
response modification factor R for the first two modes where there is coupling between translation and
torsion. The higher-mode shear forces are assumed to be elastic values. This method is called modified
response spectrum analysis assuming higher modes elastic (MRSAwg).

The overstrength in flexural capacity can lead to higher shear force in the system and the overstrength
factor is applied in the first two modes together with scaling factor SF. However, the values in those two
modes need not be larger than elastic values, or (SFx€,)/R needs not be larger than 1. For one-way

torsionally coupled buildings, shear forces in MRSAHe method are computed from
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2
(SF—;QO) (Vlg +V229 ) +V3i +V4i o Q)

SF—;QO <1; Vie is the elastic shear force contributed by mode i.
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Fig. 4 — Linear and nonlinear pushover curves along with the target roof displacements of the first four
modes: (a) TF system; (b) TS system; and (c) TSS system.

In MRSA procedure, bending moment is computed and designed for in the same manner as in the
conventional RSA procedure, yielding may occur at any location along the height of RC walls or columns.
Strains in RC walls or columns need to be determined to identify locations of yielding of vertical
reinforcement or possible crushing of concrete. Based on equal displacement concept, Khy et al. [2]
proposed a method using internal forces from elastic analysis to estimate inelastic strains and they were
found to be close to results from NLRHA. This method is adopted in this study where the maximum tensile
and compressive strains in RC walls or columns are computed from
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where g, and g, are the maximum tensile and compressive strains, respectively; M and P are the elastic

bending moment and vertical axial force computed from linear RSA combined with factored gravity load,
respectively; cis the distance from the elastic neutral axis to the location where strain is being computed,
Ciong IS defined as the longer distance measured from the elastic neutral axis to either edge of the wall ; A, is

the gross cross section of the wall or column; Ec is the Young’s modulus of concrete; |, is the effective

moment of inertia of cross section of the wall or column, which can be taken from Table 6.6.3.1.1(b) of ACI
318M-14 [11].

Ph

u

0351, <1, =(o.80+25i](1— M, —o.sijlg <08751, )
A, R

where 1 is the gross moment of inertia; A, is the area of vertical reinforcement in the wall or column; M,

and P, are the design bending moment and axial force of the wall or column that produces the least value
of I ; his the depth of the column or the length of the wall; and P, is the nominal axial strength at zero
eccentricity.

8. Results
8.1 Accuracy of RSA procedure

All analyses were conducted with earthquake ground motions applied in y-direction. Results shown for
NLRHA are the mean values of peak responses to six UHS spectral matching ground motions. RSA, linear
RSA without using Cq and R factors (LRSA), and linear response history analysis (LRHA) were conducted
using elastic models with cracked cross-sectional properties. The stiffness of these elastic models are smaller
than initial stiffness of nonlinear models used in NLRHA which are based on gross cross-sectional
properties. LRHA is also presented and compared to LRSA to demonstrate error due to modal combination
rule used in RSA. The difference between LRHA and NLRHA also indicate effect of nonlinearity if yielding
occurs. All results presented were computed from PERFORM-3D [13] software.

Story drifts at center of mass of each floor level computed from RSA, LRSA, LRHA and NLRHA are
compared in Fig. 5. Story drifts at stiff and flexible sides are presented in Fig. 6. It shows that LRHA
provides similar results to LRSA for TF and TSS systems, and LRHA gives slightly larger drifts than LRSA
for TS system; hence, the error due to modal combination rule used in RSA is minor. RSA procedure
slightly underestimates story drifts when compared to NLRHA while LRSA estimates well story drift at the
center of mass. LRSA and LRHA slightly underestimate story drifts at the stiff side but slightly overestimate
story drifts at the flexible side when compared to NLRHA results (Fig. 6). Normally, story drifts at the
flexible side are more interesting to investigate as they are the largest in each floor. Note that effects of
accidental torsion are included in all of the results presented in this study although accidental torsion was
considered during design stage (step 2 in Section 2).

It is important to note that RSA significantly underestimates story shear force demands when
compared to NLRHA (Fig. 7).
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Fig. 5 — Story drift at center of mass computed from RSA, LRSA, LRHA and NLRHA: (a) TF system; (b)
TS system; (c) TSS system due to earthquake load in y-direction.
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Fig. 6 — Story drifts at stiff and flexible sides computed from RSA, LRSA, LRHA and NLRHA: (a) TF
system; (b) TS system; (c) TSS system due to earthquake load in y-direction.

8.2 Accuracy of MRSA procedure

To evaluate the accuracy of the MRSAHe method, the computed results were compared with the benchmark
results obtained from NLRHA. The MMPA method proposed by Chopra et al. [24] was also included in the
comparison because the MRSAne and MMPA use similar higher-mode-elastic assumption. However, it
should be noted that MRSAe uses elastic model with cracked sectional properties, while MMPA require
inelastic model to compute inelastic response of the first-two modes for MMPA. The first-six modes of the
building in the direction of seismic excitation were used for MRSAxe and MMPA methods. The over-
strength factor of Q, =2.5 according to ASCE 7-10 were used in MRSAue method.

Shear forces in a story and RC walls of the TF, TS, and TSS systems computed from RSA, MRSA g,
MMPA, LRHA and NLRHA procedures are compared in Fig. 7. It is found that MRSAxe, and MMPA
significantly improve the underestimation of RSA procedure for all cases. Although, MRSAne computes
inelastic shear forces of the first-two modes in an approximate way, MRSAxe generally estimates well
NLRHA results for all cases. Its accuracy could be as good as MMPA method. Accuracy of MMPA
significantly depends on pushover analysis and the assumed elastic target displacement. For TS system,
although pushover analysis shows that large inelasticity occurs in the third mode where relatively large
elastic target displacement is used compared to that of TF and TSS systems, MMPA considering this mode
as elastic estimates reasonably well shear forces from NLRHA as shown in Fig. 7b.

8.3 Computation of strains

Variation of strain along the height of RC walls computed from MRSA and NLRHA procedures are
compared in Fig. 8 (where tensile strains are indicated as positive). Strain in columns is not presented
because columns mainly act as gravity load resisting members and there is no yielding occur in column in
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this study. It is found that the predicted strains in MRSA method can well estimate the inelastic strains in the
walls when compared to results from NLRHA. Yielding of vertical reinforcement is occurred at the first

floor of RC wall at the flexible side for all TF, TS, and TSS systems. Compressive strains in RC walls are
less than 0.2% for all cases in this study.
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Fig. 7 — Shear forces in a story and RC walls of: (a) TF system; (b)TS system; and (c) TSS system computed
from RSA, LRHA, MRSAHe, MMPA, and NLRHA due to earthquake in y-direction.

9. Conclusions

MRSA procedure is extended to buildings with translation-torsion coupled in one direction by using a 16-
story RC shear-wall building with asymmetric floor plan in one direction. This 16-story building is used to
create three types of torsional irregularities: torsionally-flexible (TF), torsionally-stiff (TS), and torsionally-
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similarly stiff (TSS) systems in order to evaluate the accuracy of RSA and MRSA procedures. The main
findings can be summarized as the followings:

1. LRSA provides good estimate of floor displacement and story drift ratios compared to NLRHA. RSA
procedure slightly underestimates story drift ratios, but significantly underestimates design shear
forces when compared to NLRHA results.

2. The first-two modes (first mode of torsion-dominant mode and translation-dominant mode) experience
inelasticity, while other higher modes can be conservatively assumed to be elastic.

3. MRSAwe using the first-two modes multiplied with (SFx€)/R and elastic higher modes can
estimate well shear forces computed from NLRHA for all cases.

4. Predicted strains from MRSA procedure using elastic analysis are in good agreement with NLRHA

results.
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Fig. 8 — Strains in shear walls and c-shaped walls of TF, TS, and TSS systems computed from MRSA and
NLRHA due to earthquake in y-direction. The black dot indicates the location of computed strain.
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