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A study of the performance evaluation of non-seismically designed buildings in Thailand is summarised and a simple
methodology for quicker estimation of their seismic demands is presented. Using six case study high-rise buildings
(20 to 44 storeys) and different types of input ground motions, it was found that the peak inelastic displacements
of taller structures (with natural periods >1 s) can be significantly higher than their elastic counterparts, especially
for ground motions with peak spectral acceleration occurring at longer periods. In such cases, use of the equal-
displacement assumption may result in significantly non-conservative estimates of seismic demands. A simplified
modal pushover analysis was then applied to the case study buildings. The combined seismic demands were
determined by combining the peak modal demands obtained from a series of pushover analyses. The target
displacement of the first vibration mode was determined by directly applying a modifying factor to the corresponding
elastic displacement, while higher vibration modes were assumed to remain elastic. The seismic demands obtained
from the detailed non-linear response history analysis procedure were used as benchmarks. The simplified analysis
procedure was able to predict overall seismic demands and individual modal contributions of the case study buildings
with reasonable accuracy. The method provides a relatively quick analysis option for performance evaluation of a
large number of non-seismically designed existing high-rise buildings in Thailand.

Notation
Cm effective modal mass participation factor of first mode
f 0c cylinder compressive strength of concrete
fy yield strength
g acceleration due to gravity
H total height of building
m mass of a single-degree-of-freedom system
Ry normalised yield strength factor
SA spectral acceleration at the initial natural period of

the first mode
Te effective time period corresponding to the initial slope

of the idealised first-mode pushover curve, prior to
yield

Vb base shear
Vy base shear force corresponding to yield point on the

first-mode idealised pushover curve
W total seismic weight of structure
Δe peak displacement of linear SDF system
Δin peak displacement of non-linear SDF system
Δroof roof displacement
ΔT first-mode target displacement
Γ modal participation factor for first mode

1. Background and research motivation
The past few decades have witnessed rapid urbanisation and a
massive scale of building construction in Bangkok, the capital

city of Thailand. The city has long been considered to be of
low seismic risk and thus the design of most existing high-rise
buildings was governed by gravity and wind loading, without
proper consideration of seismic loads. Many of these existing
structures are also characterised by a lack of ductile detailing
and plan/elevation irregularities (Suthasit, 2007). However,
some relatively recent studies (Warnitchai et al., 2000, 2003,
2004) have shown that high-rise buildings with natural periods
>1 s may be at moderate seismic risk from long-period
ground motions originating from far-source (>350 km) large-
magnitude earthquakes. In addition, the lack of seismic detail-
ing and absence of any well-defined yielding mechanism may
cause such buildings to exhibit a significantly different lateral
cyclic force–deformation response compared with typically
assumed bilinear hysteresis with complete loops. With all these
factors combined, the seismic risk of Bangkok needs to be con-
sidered and it is becoming imperative to assess the potential
impacts of large, distant earthquakes on buildings in Bangkok.
This realisation has resulted in studies on performance-based
evaluation and estimations of the lateral capacity of existing
buildings (Boonyapinyo et al., 2008; Warnitchai, 2004).

The latest guidelines (ASCE, 2013; TBI, 2010) recommend the
use of detailed non-linear response history analysis (NLRHA)
for the performance evaluation of high-rise structures.
However, this may not be a convenient option when a quick
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assessment of a large number of existing buildings is required.
Furthermore, the relatively conventional non-linear static
procedures (NSPs) prescribed in various seismic analysis
guidelines are applicable only to first-mode dominating low- to
mid-rise buildings and are usually based on assumed bilinear
behaviour (ASCE, 2013; ATC, 1996; Fema, 2000). Moreover,
these procedures are primarily developed considering typical
short-period ground motion records and their accuracy for
ground motions with special characteristics may be question-
able. For these reasons, it may not be appropriate to employ
an existing simplified analysis procedure without investigating
the validity of its underlying assumptions.

An important issue related to the seismic response of high-rise
buildings is the significant demand contribution from higher
vibration modes. Various multi-mode pushover analysis pro-
cedures have been proposed to address this issue (e.g. Chopra
and Goel, 2002). These procedures recommend conducting a
separate pushover analysis for a sufficient number of modal
load patterns and then approximately combining the peak
modal responses. The accuracy of response prediction by these
multi-mode procedures depends strongly on how well the
modal target displacements represent the true non-linear dis-
placement demands. The most widely used NSP (ASCE, 2013)
approximates the peak inelastic displacement by multiplying
elastic spectral displacement by a series of coefficients that
account for various aspects of non-linearity. In fact, the idea
that the inelastic response of single-degree-of-freedom (SDF)
systems can be estimated by applying appropriate modification
factors to corresponding elastic systems is not new. Veletsos
and Newmark (1960) and Veletsos et al. (1965) conducted the
very first studies on comparison of displacements of elastic
and inelastic SDF systems, which later led to the well-known
‘equal-displacement approximation/rule’. This states that
inelastic peak displacements tend to remain almost the same
as elastic peak displacements for structures with a fundamental
period greater than a certain threshold value (usually con-
sidered as 1 s), regardless of the selected yield strength or duct-
ility factor. Over the last three decades, significant research
efforts have been made to formulate simplified procedures
based on equivalent linearisation and displacement modifi-
cation approaches, which resulted in further generalisation of
the equal-displacement assumption for high-rise structures.
However, although this assumption is generally believed to be
a reasonable approximation for systems with periods in the
velocity- or displacement-controlled spectral range, several
researchers (Carr, 2003; Priestley et al., 2007) have criticised its
wide acceptance without evaluating its adequacy for given
specific cases and argued that it may provide significantly
non-conservative results especially for systems with hysteretic
behaviours other than bilinear/elasto-plastic.

In this paper, a multi-mode pushover analysis procedure based
on the displacement modification approach is proposed. For a
variety of considered ground motions, actual modification

factors were derived in order to convert the elastic spectral dis-
placement of the first vibration mode into the peak inelastic
displacement. This allows a quick estimation of first-mode
pushover target displacements for a large number of buildings
in a particular study area, subjected to the same set of ground
motions.

Using six case study high-rise buildings, the typical character-
istics of the quasi-static lateral cyclic response were evaluated
by subjecting detailed non-linear models to monotonic and
reversed-cyclic pushover analyses (under the modal inertia
load vectors of the first mode). The complete cyclic behaviours
of the buildings were optimally mapped to suitable hysteretic
behaviours in order to construct non-linear equivalent SDF
systems. These idealised non-linear SDF systems and their per-
fectly elastic counterparts (with initial elastic/uncracked stiff-
ness obtained from observed behaviours) were subjected to
various input ground motions to determine the peak inelastic-
to-elastic displacement ratios (or inter-storey drift ratios
(IDRs)). A parametric study was also carried out by varying
the initial period and yield strengths of the non-linear SDF
systems and the results are presented in the form of IDR
spectra. In the proposed simplified modal pushover analysis
(MPA) procedure, these IDR spectra are used to estimate the
mean modification factors to determine the pushover target
displacement of the first mode. The peak response of the first
mode is then extracted and combined with elastic response
contributions of higher vibration modes using the square-root-
of-the-sum-of-squares (SRSS) rule. The overall demand predic-
tions from this scheme were compared with those obtained
from detailed NLRHA. An approximate modal decomposition
procedure – the uncoupled modal response history analysis
(UMRHA) – was also carried out to evaluate the accuracy of
the simplified MPA procedure further.

2. Selection and modelling of case
study buildings

The case study buildings were selected and analysed primarily
as part of a project funded by the Bangkok Metropolitan
Administration with the aim of evaluating the seismic risk and
potential losses to existing buildings in Bangkok. As noted
earlier, most of these buildings were constructed prior to site-
specific studies on seismic hazard characterisation of Bangkok
and were designed based on gravity and wind loadings without
considering seismic demands. Detailed construction drawings
of more than 200 tall buildings were collected and their key
structural parameters (including total building height, aspect
ratio of plan, height of podium with respect to tower, plan
area of tower (normalised by podium area), typical span
lengths and cross-sectional areas of shear walls and columns
(as compared with the total building footprint area)) were
reviewed in order to select representative buildings for detailed
analysis. All the reviewed buildings had 15–50 storeys and
typical span lengths of 4–8 m. The total cross-sectional area
normalised by the total building footprint area varied between
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0·37% and 5·60% for columns and by 0·36% to as much as
14·50% in the case of shear walls.

After analysing the data, six reinforced concrete (RC) shear
wall high-rise buildings were selected for detailed analysis.
All the case study buildings (designated B1 to B6) have a
podium (for the first few storeys) and a tower continuing up
to roof level. Typical plan views of the podiums and towers
and their three-dimensional (3D) finite-element models are
shown in Figure 1. The primary gravity-load-carrying system
in buildings B1 and B5 is a RC beam–column frame with
RC slabs, while the others buildings have a flat plate system

(RC column–slab frame). The lateral load in all buildings is
mainly resisted by a number of RC walls and cores. All build-
ings have a mat foundation resting on piles. Masonry infill
walls are also extensively used in all the buildings. Being real
and practical examples, the selected case study buildings were
considered adequate to test the accuracy of the proposed sim-
plified analysis procedure. The salient structural and architec-
tural features of the buildings are provided in Table 1.

Detailed 3D non-linear finite-element models that were sophis-
ticated enough to capture various deformation limit states were
created in Perform-3D (CSI, 2006). The fibre modelling
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Figure 1. Basic geometry and configuration (typical plans and 3D views) of the case study buildings
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approach was employed using material strain as a demand-to-
capacity measure. The non-linear concrete fibres were modelled
using the unconfined stress–strain model of Mander et al.
(1988), approximated by a trilinear envelope. The tensile
strength of the concrete was set equal to 0·33( f 0c)1/2 MPa. The
steel fibres were modelled with a non-degrading type bilinear
hysteretic model including strain hardening. The post-yield
stiffness was set to 1·2% of the elastic stiffness. The yield
strength of the steel bars was assumed to be 1·17 times their
nominal yield strength (CTBUH, 2008). This is to account for
the fact that actual material strengths are generally greater
than the nominal strengths specified by the designer. For the
same reason, the cylinder compressive strength of concrete ( f 0c)
was set to 1·3 times the strength specified by the designer. The
hysteretic model for concrete in Perform-3D always sets the
unloading stiffness equal to the initial elastic stiffness. The
reloading stiffness, however, can be adjusted such that the stiff-
ness degradation is properly modelled with an increase in
plastic strain. The cracking, yielding and ultimate strain
capacities were defined in all the material models for con-
venient damage characterisation.

The structural walls were modelled by non-linear fibre
elements over the entire height since flexural cracking and
yielding may occur at any location due to the higher-mode
effects. The multi vertical line element model (Wallace, 2007)
was used for the shear walls. In this model, each wall panel is
divided into a number of vertical concrete and steel fibres to
simulate combined axial–flexural behaviour. It also has a hori-
zontal shear spring to simulate the elastic shear response.
However, the effect of shear on the flexural strength is not
taken into account. Each RC column was modelled by a com-
bination of a linear elastic beam–column element with non-
linear plastic zones at its two ends. Uncracked flexural rigidity
was assigned to the linear element. The plastic zones were
assumed to have a length of 0:5d, where d is the lesser cross-
sectional dimension of the column. They were modelled by
concrete and steel fibres in a similar manner to the RC walls.
In this way, the uncracked (linear elastic), cracked, yielded and
post-yield states of the columns can be fully simulated. The
shear behaviour of all structural members was assumed to be
elastic and the shear strengths of the columns and shear walls
were compared against force demands after the analysis to

check shear failure. The effects of geometric non-linearity
(P–Δ effects) were also included in the analysis.

The concrete slabs were assumed to remain elastic and were
modelled using elastic thin shell elements. Assuming that the
slabs are infinitely rigid in their own plan, rigid floor con-
straints were assigned at each level. The use of rigid floor con-
straints forces every node at a particular floor to move with
the same horizontal translation and rotation about the vertical
axis. This realistic assumption significantly reduces the number
of degrees of freedom and the analysis time. The mat foun-
dation was treated as a rigid boundary that is displaced hori-
zontally by the input ground motion. Each masonry infill wall
was modelled by two equivalent compression-only diagonal
struts. The axial stiffness, strength and inelastic deformation
capacity of these struts were determined from the geometric
and material properties of the masonry walls by following the
Fema 356 guidelines (Fema, 2000). The concrete cracking and
steel yielding levels for all important components were moni-
tored in terms of strain demand-to-capacity ratios at various
stages during the analysis. The models were also validated by
comparing the natural frequencies with available experimental
studies for tall buildings in Thailand (Petcharoen, 2002;
Poovarodom et al., 2004).

3. Cyclic behaviour of the case
study buildings

Accurate determination of displacement modifying factors
is a key prerequisite for the proposed simplified MPA pro-
cedure. A considerable amount of research (Chopra and
Chintanapakdee, 2004; Hatzigeorgiou and Beskos, 2009;
Miranda, 1993; Ruiz-Garcia and Miranda, 2003, 2004) has
been conducted in recent years to determine the peak inelastic-
to-elastic displacement ratios (IDRs) for most common hys-
teretic behaviours and typical short-period ground motions.
However, owing to the different expected hysteretic behaviours
of the case study buildings and the variable nature of the
ground motion records selected in this study, the peak IDR
values may deviate from the prescribed expressions for displa-
cement coefficients in the ASCE/SEI 41-13 NSP (ASCE, 2013)
based on the recommendations of Fema 440 (Fema, 2005).
Therefore, for the current study, it was deemed more rational

Table 1. Basic geometry of case study buildings B1–B6

Number of
storeys

Typical floor area: m�m

Total height: m
Typical storey
height: m

Podium
height: m

Irregularities in
plan and elevationPodium Tower

B1 20 47�33 33�33 60 2·8 14 No
B2 27 — 125�78 87 3 No podium Yes
B3 33 58�33 33�31 116 3·5 22 No
B4 35 92�35 35�35 109 3 No podium Yes
B5 38 — 73�40 118 3 22 No
B6 44 74�34 34�34 152 3·5 43 No
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to determine the actual IDRs instead of using any existing
guidelines.

The first step was to evaluate the characteristics of the lateral
cyclic behaviour of the buildings in order to identify the
most suitable hysteretic behaviour capable of capturing the
important aspects of the non-linear response with reasonable
accuracy. For this purpose, reversed-cyclic analysis of the case
study buildings was carried out by subjecting them to a gradu-
ally increasing inertial force vector proportional to the first
vibration mode (after the application of gravity loads). The
loading cycles were applied and reversed in directions with a
gradual increment in control displacement (after each cycle).
The resulting curves of cyclic roof drift Δroof=H against the
base shear coefficient Vb=W for both the strong and weak
directions are presented in Figure 2.

It can be seen from Figure 2 that at very low drift levels the
response was linear elastic and the slope of the initial curve
represents uncracked stiffness. As soon as tension cracking of
infill walls and RC walls starts, the unloading stiffness starts to
deviate from the loading stiffness, resulting in the formation of
thin loops upon load reversal. At this stage, the rebars start
taking a greater share of the tension stress and yield in tension
with a continuous increase in crack widths. In the unloading
phase (or reloading in the other direction), at first the instan-
taneous stiffness is approximately equal to the initial stiffness.
However, the high flexural and axial compression stresses soon
force the rebars, which were previously yielded in tension, to
yield in compression. Upon further unloading (or reversal of
loads), flexural cracks in the RC walls start to close due to the
effects of gravity loads and the low reinforcement ratio. Once
the cracks are fully closed, the initial stiffness is almost
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Figure 2. Reversed-cyclic pushover curves of the case study buildings
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completely restored, resulting in a self-centring mechanism.
Due to this mechanism, zero residual deformation is attained
and the flag-shaped hysteretic behaviour results. These findings
are in close agreement with the behaviour observed during
experimental testing of a large-scale high-rise wall model simu-
lating the first-mode lateral load pattern by Adebar et al.
(2007). In this study, it was found that the combination of
comparatively large axial force and low reinforcement ratio
was responsible for closing of the cracks and regaining initial
stiffness. The hysteretic loops widened with a continuous cyclic
degradation in stiffness as more components cracked and
yielded. At roof drift levels of 1·0–1·5%, the case study build-
ings started to experience global residual drifts in both direc-
tions, indicating a permanent deformation in overall geometry.

The monotonic pushover curves (and the backbone of cyclic
behaviour) of the case study buildings show a smooth and con-
tinuous decrease in stiffness soon after cracking of the infill
walls (at around 0·1% roof drift). As already noted, most exist-
ing RC buildings in Bangkok lack appropriate implementation
of seismic detailing requirements at the design stage (being
considered free of earthquake risk) and, as a result, may not
exhibit a well-defined yielding mechanism. For the case study
buildings, a significant amount of non-linearity was observed
only from concrete cracking of the infills, shear walls and
columns. Figure 3 shows an example of the damage pro-
gression under pushover analysis (building B6, strong direc-
tion). It can be seen that although the steel bars in the shear
walls started to yield at a roof drift of 0·85%, the structure
started to exhibit inelastic behaviour well before this stage due
to concrete cracking of the shear walls and masonry infills.

Soon after the onset of steel yielding (followed by concrete
crushing) in the shear walls, residual deformations (upon
unloading) were observed with increasing roof drift.

It is important to note that most of the NSPs recommend
approximation of the pushover curve as bilinear or
elasto-plastic (with unloading stiffness the same as initial stiff-
ness) and provide ways to locate the idealised yield point. This
yield displacement is then used to estimate the system ductility
for the determination of the pushover target displacement.
However, this generally assumed bilinear approximation
scheme is not suitable for cases with no well-defined yield
point (or a slow decrease in stiffness), continuous cyclic degra-
dation in stiffness and self-centring behaviour at low drift
levels (with low hysteretic damping). Moreover, it is difficult to
define the ductility ratio of such systems as the choice of ideal-
ised yield point may widely vary depending on one’s
judgement.

In order to determine the displacement modification factors
for the simplified MPA procedure, it is first necessary to con-
struct the equivalent non-linear SDF systems to represent the
lateral cycle responses of the case study buildings. For this
purpose, the reversed-cyclic pushover curves were mapped to
suitable hysteretic models capable of producing close-to-actual
behaviours. The controlling parameters (post-yield stiffness,
displacement corresponding to restoration of initial stiffness,
thickness of loops etc.) were iteratively tuned to ensure
optimum matching. OpenSees (Mazzoni et al., 2004) and
Ruaumoko-2D (Carr, 2004) provide a variety of hysteretic
models that can be customised to obtain any desired cyclic
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response. A sample comparison of the quasi-static reversed-
cyclic global response of the 20-storey building B1 (strong
direction) and its first-mode equivalent SDF under one ground
motion is shown in Figure 4.

It is important to note that, for low to medium seismicity, the
anticipated ground motions were not expected to cause roof
drift levels higher than those corresponding to the start of
residual drifts in the case study buildings. This expectation was
later confirmed during the analysis and therefore each equival-
ent SDF system was conveniently modelled using a single self-
centring spring element. However, in order to obtain optimum
matching for even higher roof drift levels (>1%), a combi-
nation of two spring elements (first with self-centring and
second with bilinear hysteretic behaviour) can be used to
model the additional energy dissipation and residual drifts.
Since the idealised equivalent SDF systems were intended to
be subjected to ground motions representing the true seismic
risk level in the case study area, their matching was optimised
only up the maximum expected roof drifts against all ground
motions (≈1%). It is also important to note that the idealised
yield strengths (turning point) for equivalent SDFs may corre-
spond to the combined effect of stiffness reduction due to
cracking of infill walls, columns and shear wall and may not
represent the true yield capacity (corresponding to tensile rebar
yielding of primary structural components) of the case study
buildings.

The cyclic pushover curve also shows a continuous stiffness
softening with each new cycle compared with the monotonic
pushover curve. Such behaviour can be best modelled by a
stiffness-degrading flag-shaped hysteretic model. However, the

readily available self-centring flag-shaped models (Ruaumoko-
2D (Carr, 2004) and OpenSees (Mazzoni et al., 2004)) do not
account for cyclic degradation. The modelling of SDF systems
with this behaviour requires either the development of a new
model in any open-source programming platform or the use of
a combination of two springs (flag-shaped and stiffness-
degrading). However, in this study, the effect of cyclic degra-
dation was ignored and the SDF systems were modelled with a
non-degrading, self-centring, flag-shaped hysteretic behaviour.
In future studies, more refined hysteretic models could be used
to improve the accuracy of the proposed analysis procedure.

4. Ground motions used in this study
Ground motions representing the actual seismic hazard at the
site of the case study buildings were used. As mentioned
earlier, Bangkok has long been considered as being free from
seismic risk due to the absence of nearby seismic sources.
However, recent seismic hazard studies have indicated that the
city is still at risk from damaging ground motions. The first
primary reason for this risk is the presence of several distant
seismic sources capable of producing large-magnitude earth-
quakes. These sources are active crustal faults in western
Thailand and Myanmar and the Sunda megathrust subduction
zone in the Andaman Sea (McCaffrey, 2009; Petersen et al.,
2007). The second reason is the ability of the thick soil
deposits in the Bangkok basin to amplify earthquake ground
motions by about three to four times, particularly in the long-
period range of about 1–4 s (Ashford et al., 2000; Poovarodom
and Plalinyot, 2013; Tuladhar et al., 2004; Warnitchai et al.,
2000). These amplified ground motions can be described as
narrow-band random motions and tend to have a rather long
predominant period (Poovarodom et al., 2017). Therefore, the
spectral shape of anticipated earthquake ground motions is
different from typical records with short-period spectra (peak
spectral acceleration in the range 0·2–0·5 s). These are mainly
characterised as near-periodic ground motions of relatively
long duration, large displacement and low acceleration
(Warnitchai, 2003, 2004).

Several research studies have been conducted to improve our
understanding of this risk. A probabilistic seismic hazard
assessment of Bangkok was carried out by Ornthammarath
et al. (2010), who accounted for the hazard contributions from
all active crustal faults, subduction zones and other seismic
sources in the region. In a study conducted by Poovarodom
and Plalinyot (2013) the shear wave velocity profiles from
surface down to several hundreds of metres at 50 sites in the
Bangkok basin were identified by the spatial autocorrelation
array microtremor method and the dynamic amplification
characteristics of the basin were determined by a 1D site
response analysis using these velocity profiles. Based on the
results of these studies, many representative earthquake ground
motions for different return periods were developed by follow-
ing the conditional spectrum procedure (Baker, 2011; TBI,
2010). These representative motions have been used in many
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studies (e.g. Mehmood et al., 2017) for numerical estimation
of their impacts on tall buildings in Bangkok.

These ground motion records, representing the MCE-level
(2475 year return period) seismic hazard at the site of case
study buildings, were also used in this study. They were classi-
fied into six groups (each containing six ground motion
records) that were expected to capture a reasonable range of
ground motion characteristics that the case study buildings
would experience during their intended lifetime. Sets 1–3 com-
prised relatively near-source ground motions from shallow
crustal earthquakes with spectral acceleration peaks at short
periods (<1 s) and were obtained from the Pacific Earthquake
Engineering Research Center’s ground motion database
(Mw= 7·0–8·0; rupture distance 100–200 km). Sets 4–6 rep-
resent very long-period ground motions originating from
megathurst earthquakes (Mw= 8·5+) occurring at a distance
greater than 600 km from Bangkok. The records in these sets
are characterised as long period, long duration, large displace-
ment, but low acceleration, and were obtained from the K-Net,
Kik-Net and BRI SMO databases. Table 2 shows some charac-
teristics of the selected ground motion sets while Figure 5
shows their mean spectral acceleration response spectra. The
mean spectra of typical short-period ground motions had a
peak in a period range 0·2–1·0 s while the peaks of the mean
spectra for long-period ground motions were in the period
range of 2·0–2·5 s.

5. Results and discussion

5.1 Validity of the equal-displacement assumption for
case study buildings

As mentioned earlier, the equal-displacement approximation
is generally considered valid for structures with periods in the
velocity- or displacement-controlled region of typical short-
period spectra. Besides acceleration records with a typical
spectral shape (sets 1–3), the case study buildings were also
subjected to long-period ground motions (sets 4–6) with spec-
tral acceleration peaks close to their fundamental periods. In
order to estimate the expected ductility level (or the extent
of non-linearity) for each building, the mean normalised yield
strength factors (ratio of elastic strength demand to yield
strength, Ry =mSA/fy) were determined for all six ground

motion sets. As the observed normalised base shear–roof drift
behaviours of the case study buildings exhibited significant
softening even before the onset of actual steel yielding (due to
the cracking of brick masonry walls, columns and shear walls),
it may not be adequate to use the base shear corresponding to
steel yielding as fy for the determination of Ry. Instead, the
lateral strength values resulting in optimum response matching
of the non-linear SDF systems (with actual cyclic response)
were used, which may correspond to only tensile cracking of
concrete in primary structural components, not actual yielding.

Table 3 shows the base shear values corresponding to idealised
yield points. Expressed as the percentage of the total seismic
weight of building, the table shows a maximum Vy/W of 5·01%
(for B6) and 2·86% (for B3) in the strong and weak directions,
respectively. The average normalised yield strength factors (Ry)
for the first mode of the case study buildings (in both direc-
tions computed for each set of ground motions considered) are
also presented in Table 3. It can be seen that the relatively
short-period ground motion sets (sets 1–3) would be expected
to result in significantly lower levels of non-linearity compared
with the sets scaled to higher periods (sets 4–6). A few cases
(e.g. both directions of B3 and B6) even tended to remain
elastic (i.e. Ry < 1) under the short-period scaled ground
motions. However, ground motions from sets 4–6 tended to
cause significantly higher elastic demands compared with the
idealised yield strengths of the case study buildings.

Figure 6 shows the observed differences between inelastic and
elastic displacements (expressed as percentages of elastic dis-
placement) determined from the first-mode equivalent SDF
systems for both strong and weak directions of the case study
buildings. Owing to the low non-linearity (i.e. smaller SA cor-
responding to fundamental periods), the typical short-period
ground motions (sets 1–3) tended to satisfy the equal-
displacement assumption (with percentage differences less than
10%). However, inelastic displacements as high as 2·72 and
2·42 times (172% and 142% higher than) the elastic counter-
parts were also found in the case of the strong and weak direc-
tions of B1, respectively. The ground motions in set 6 with
very long periods tended to deviate more from the equal-
displacement assumption than the other sets. However, the
overall trend is in agreement with the generally accepted direct

Table 2. Ground motion sets used in this study

Set Event(s)
Number of
records

Mean peak ground
acceleration: g

Mean peak
spectral

acceleration: g

1 Kobe Japan (1995), Hector Mine (1999) and Northridge-01 (1994) 6 0·055 0·158
2 Kocaeli Turkey (1999) and Hector Mine (1999) 6 0·044 0·112
3 Hector Mine (1999) and Chi-Chi Taiwan (1999) 6 0·035 0·073
4 Tohoku Japan (2011) 6 0·024 0·083
5 Tohoku Japan (2011) 6 0·027 0·093
6 Tohoku Japan (2011) and W. Coast of Northern Sumatra Indonesia (2004) 6 0·022 0·069
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relation between the normalised yield strength factor (Ry) and
inelastic-to-elastic peak displacement ratios, confirming that
the period range for which the equal-displacement assumption
is valid is not constant but depends primarily on the expected
level of non-linearity. The results further suggest that the
natural variability in ground motions with different predomi-
nant periods and characteristics may correspond to different
accuracy levels of the equal-displacement assumption.

This observation may be of particular interest since the spec-
tral shape and frequency content of anticipated ground
motions is generally not considered when estimating non-linear
displacement demand using simplified NSPs. It also invokes
a careful and sceptical consideration of the transitional period
of 1 s (beyond which the equal-displacement assumption is
believed to perform well) recommended by the NSP in
ASCE/SEI 41-13 (ASCE, 2013).

Although the results are limited to the selected cases only, the
careful selection of both the representative buildings and the
site-specific ground motion records (representing the actual
level of seismic risk) makes them useful for providing further
insight into the cyclic behaviour and inelastic displacement
demands of the high-rise building stock in Bangkok.
Moreover, these case studies can also serve as useful examples
of the non-conservative behaviour of the equal-displacement
assumption for high-rise structures (with natural periods >1 s)
located on sites susceptible to near-periodic long-period
ground motions from large-magnitude distant earthquakes, as
is the case of Bangkok.

5.2 Influence of various factors on IDR spectra of
selected ground motions

The peak inelastic-to-elastic displacement ratio (IDR) spectra
for all ground motions were developed for four levels of lateral
yield strength ( fy) corresponding to Ry = 2, 4, 6 and 8.
Figures 7(a) and 7(b) show the mean IDR spectra at a
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Figure 5. Mean response spectra of the six sets of ground
motions used in this study

Table 3. Characteristics of first-mode idealised pushover curves of the case study buildings

Direction B1 B2 B3 B4 B5 B6

Period, T1: s Strong 1·43 3·60 2·80 4·10 3·24 2·79
Weak 1·62 3·95 3·20 5·40 4·35 3·61

Modal mass participation
T1: % Strong 45·8 50·7 59·8 52·6 50·0 53·7

Weak 66·6 55·1 68·6 59·9 49·1 59·4
T2: % Strong 12·7 10·0 17·9 23·5 15·4 23·3

Weak 10·2 11·5 10·4 16·5 10·5 17·0
T3: % Strong 5·1 7·6 7·2 7·9 6·6 8·0

Weak 2·5 5·0 3·1 4·2 6·4 4·2
Base shear coefficient corresponding to idealised yield point, Vy/W: % Strong 2·72 1·37 3·56 1·32 2·64 5·01

Weak 1·32 1·12 2·86 0·86 0·95 2·54
Roof drift ratio corresponding to idealised yield point, Δroof/H: % Strong 0·31 0·64 0·71 0·72 0·83 0·61

Weak 0·33 0·66 0·42 0·83 0·95 0·64
Ry =mSA/fy (average of each ground motion set )
Set 1 Strong 1·73 <1 <1 <1 <1 <1

Weak 2·41 <1 <1 1·01 1·01 <1
Set 2 Strong 2·80 1·13 <1 1·13 <1 <1

Weak 4·21 1·35 <1 1·73 1·57 <1
Set 3 Strong 2·72 1·31 <1 1·31 1·00 <1

Weak 4·54 1·55 <1 2·00 1·81 1·01
Set 4 Strong 3·27 3·17 1·91 2·75 2·15 1·38

Weak 8·20 3·23 2·03 4·21 3·82 1·71
Set 5 Strong 3·78 2·85 2·15 2·52 2·21 1·55

Weak 9·65 3·01 2·14 3·87 3·50 1·54
Set 6 Strong 3·05 4·68 2·35 4·19 2·50 1·70

Weak 6·31 5·08 2·35 6·43 5·82 2·52
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damping ratio of 5% for all six sets of ground motions and for
two normalised yield strength factors (Ry = 2 and 8). Despite
the fluctuations in IDR values (owing to the natural variability
in the selected ground motions), it can be seen that for SDF
systems having a lateral yield strength of one-half of the
strength required to remain elastic (Ry = 2), the IDR values for
typical short-period ground motions (sets 1–3) approached
unity at periods close to 1 s However, the long-period ground
motions (sets 4–6) not only tended to cause more fluctuations
but also exhibited a higher transitional time period range
(around 2 s) separating the two spectral regions (first where
inelastic displacements are significantly higher than the elastic
displacements and second where the equal-displacement
approximation is valid). For systems with Ry = 8 (i.e. yield

strength set to one-eighth of the value required to remain
elastic), the IDR remained greater than one for almost the
whole range of periods considered (0·01–4 s), indicating that
the equal-displacement assumption is not valid for signifi-
cantly weaker structures and will result in significant underesti-
mation of the displacement demand (especially for long-period
ground motions).

Similarly, in Figure 8 the results from four ground motion sets
(1, 3, 5 and 6) are used to illustrate the effect of the normalised
yield strength factor of SDF systems (Ry = 2, 4, 6 and 8) on the
mean inelastic-to-elastic displacement ratios. It is well estab-
lished (Fema, 2000) that a decrease in yield strength (increase
in Ry) always results in increased IDRs. In agreement with
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Figure 6. Difference between inelastic and elastic displacements (expressed as percentage of elastic displacement) for (a) strong and
(b) weak directions of the case study buildings
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previous studies, it can be seen that although the equal-
displacement approximation holds good for relatively stronger
SDF systems subjected to short-period ground motions, the
IDRs are again greater than one for the whole range of
periods for higher values of Ry.

5.3 Simplified MPA procedure using IDR spectra
The developed IDR spectra (Section 5.2) can be employed to
estimate modification factors for converting elastic spectral
displacement into non-linear roof displacement. The lateral
yield strength of any building in the study area can be obtained
from its idealised pushover curve. The IDRs are assumed
to be primarily controlled by the normalised yield strength
factor (Ry) and the average modification factor (to convert
elastic spectral displacement into non-linear target displace-
ment) can be estimated for each ground motion set from the
IDR spectra. Based on this convenient estimation of peak
non-linear displacement, a simplified version of MPA (Chopra
and Goel, 2002; Chopra et al., 2004) was tested and compared
with detailed NLRHA for various buildings. In this procedure,
the first-mode base shear corresponding to the yield point (Vy)
can be estimated by mapping its cyclic behaviour to an ideal-
ised bilinear flag-shaped hysteretic model. The value of Ry for
the first mode can be determined as (ASCE, 2013)

1: Ry ¼ CmSA

Vy=W

where Cm is the effective modal mass participation factor of
the first mode, SA is the spectral acceleration at the initial
natural period of the first mode, Vy is the base shear force
corresponding to the yield point on the first-mode idealised
pushover curve and W is the total seismic weight of the
structure.

The Ry values for the first vibration modes of all the case
study buildings were determined for all sets of ground motions.
These values were then used to estimate the corresponding
amplification factors (i.e. the mean IDRs, denoted as Δin=Δe)
from the results presented in the preceding section. The first-
mode target displacement (ΔT) was then determined as
(ASCE, 2013)

2: ΔT ¼ Γ
Δin

Δe

� �
SA

T2
e

4π2
g

where Γ is the modal participation factor for the first mode, Te

is the effective time period corresponding to the initial slope of
idealised first-mode pushover curve, prior to yield, and g is
acceleration due to gravity.

The peak modal responses for the first mode were extracted
from the pushover analysis at the target displacement (ΔT)
while, for higher vibration modes, the elastic demand contri-
butions were determined. The overall combined response was
then obtained using the SRSS of peak modal demands for all
significant vibration modes. The results obtained from the
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Figure 7. Inelastic-to-elastic displacement ratio spectra for the six sets of ground motions (mean of six records); damping ratio = 5%.
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elastic demand)
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detailed NLRHA results were used as a benchmark to check
the accuracy of the response prediction from the simplified
MPA. For consistency with the developed IDR spectra, a
modal damping ratio of 5% was used for all significant
vibration modes in the detailed NLRHA procedure.

A relatively more rigorous procedure (UMRHA) was also per-
formed to rate the performance of the simplified MPA and

these results are included in the presented comparison. The
UMRHA procedure (Chopra, 2007; Chopra and Goel, 2002)
can be seen as a natural extension of classical modal analysis
for non-linear systems. It neglects modal coupling and is based
on the assumption that, even for non-linear systems, dynamic
equations of motions can be solved for each mode (with stiff-
ness defined by a non-linear SDF system) to obtain an
uncoupled response. The modal response histories from
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equivalent non-linear SDF systems are converted into corre-
sponding responses of actual multiple-degrees-of-freedom
structures and are directly combined in the time domain to
obtain the overall dynamic response. This eliminates the need
to use any combination rule to approximately combine the
peak responses of individual vibration modes (as in the MPA
procedure). For this reason, the UMRHA procedure is gener-
ally expected to provide better estimates than the MPA method
for systems with weakly coupled modes. However, it also
requires additional computational effort in terms of optimum
modelling and the solution of equivalent non-linear SDF
systems and post-processing of results. Further details of the
UMRHA procedure and its validation are provided by Chopra
and Goel (2002), Chopra (2007), Ahmed and Warnitchai
(2012), Mehmood et al. (2016, 2017), and Najam and
Warnitchai (2017).

Nowadays, various commercially available software such as
Sap 2000 (CSI, 2013) and Perform-3D (CSI, 2006) provide the
automated facility to apply monotonically increasing inertial
loads (proportional to any mode shape) and obtain the
response at any desired target displacement of control node
(usually roof level). This makes it very convenient to perform
multi-mode pushover analysis (provided the target

displacement of each mode is known) of a large number of
buildings for far less computational cost and time than
NLRHA. Although the inherent assumptions in both the
UMRHA and MPA procedures may not remain strictly valid
under higher levels of non-linearity, these procedures can
provide reasonably accurate demand estimations and useful
insights about individual modal contributions for most practi-
cal cases.

Various studies (Ahmed and Warnitchai, 2012; Mehmood
et al., 2016, 2017; Najam and Warnitchai, 2017) based on
application of the UMRHA procedure to real case study build-
ings indicated that the SDF systems representing higher
vibration modes tend to undergo no or little non-linearity
(with roof drift levels lower than that causing substantial con-
crete cracking in shear walls and columns). This observation is
consistent with the assumption of considering elastic higher
modes in the proposed simplified MPA procedure. However,
this assumption may also result in overestimation of storey
shears for cases where the second mode also experiences a
reasonable degree of non-linearity. Depending on the intended
purpose of the analysis and owing to the significant conven-
ience offered by this scheme, a slight overestimation may be
tolerated, being on the conservative side.
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Figure 9. Storey responses of 20-storey case study building (B1): (a) strong direction under typical short-period ground motions (set 1);
(b) strong direction under long-period ground motions (set 6)
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Figures 9 and 10 respectively show the storey displacement,
IDR, storey shear and overturning moment distributions for the
20-storey building (B1) and the 44-storey building (B6) for two
sets of ground motions (short and long period). As expected, the
short-period records with typical spectral shape resulted in sig-
nificantly lower storey displacements and IDRs than the long-
period records for both buildings. The shape of the storey shear
envelope for the 20-storey building indicates a higher contri-
bution of the second mode (Figure 9(a)) in the case of short-
period ground motions compared with long-period records
(Figure 9(b)). This is due to the second mode natural period
lying in the peak spectral acceleration range for short-period
spectra (0·2–1·0 s). To a lesser degree, similar observations can
be made for the 44-storey building: shear demand contributions
from the second and third modes were relatively higher for
short-period ground motions while, for long-period records, the
maximum contribution was from the first mode (with period
lying in the peak spectral acceleration range).

The peak seismic demands obtained from the simplified MPA
procedure (i.e. combined using the SRSS modal combination

rule) are compared with envelope responses from the combined
UMRHA and benchmark NLRHA demands in Figure 9. It
can be seen that the demand predictions from the simplified
MPA procedure matched those obtained from the detailed
NLRHA procedure reasonably well. The sufficient agreement
between the MPA and UMRHA procedures also suggests that
the SRSS combination rule for combining the first-mode peak
non-linear response (at a target displacement estimated using
the IDR spectra) with peak elastic higher-mode responses did
not induce significantly large errors in the demand estimations.
The overall accuracy for both short- and long-period ground
motions was also found to be comparable to that of the
UMRHA procedure. Therefore, in cases where a large number
of buildings need to be analysed in a short time, the simplified
MPA scheme can serve as an appropriate option for relatively
quick non-linear demand estimation.

This study is a first step towards developing a more versatile
and robust simplified analysis procedure based on the displace-
ment modification approach. Implementation of the proposed
procedure for practical purposes requires the development of
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Figure 10. Storey responses of 44-storey case study building (B6): (a) strong direction under typical short-period ground motions (set 1);
(b) strong direction under long-period ground motions (set 6)
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generalised relationships for the displacement modifying coeffi-
cients (IDR spectra). In this study, detailed non-linear models
of case study buildings were used to perform the cyclic pushover
analysis and to identify the key characteristics of their cyclic
behaviours. Based on these, the representative SDF systems with
a practical range of modelling parameters were constructed and
were used to determine the peak inelastic-to-elastic displacement
ratios for selected sets of ground motions. However, in future
studies, such generalised relationships could be developed in the
form of a family of representative curves (i.e. covering the varia-
bility in ground motion characteristics and the practical ranges
of controlling hysteretic parameters (e.g. the thickness of hystere-
tic loops, the ratio of post-yield stiffness to initial stiffness etc.)).
With the development and use of such relationships in future
studies, application of the proposed simplified analysis pro-
cedure can be extended to a wide range of structural systems
and their corresponding behaviours.

6. Conclusions
A systematic investigation was carried out to evaluate a simpli-
fied analysis procedure to determine the seismic responses of
non-seismically designed existing tall buildings in Thailand.
First, the cyclic behaviour of six case study buildings (having a
fundamental period >1 s in both principal directions) was
studied by subjecting their detailed non-linear models to
reversed-cyclic pushover analysis. Based on the observed hystere-
tic behaviours, representative SDF systems were modelled and
analysed under various ground motion sets to investigate the
adequacy of the equal-displacement assumption for the case
study buildings. It was found that the equal-displacement
assumption tends to significantly underestimate the non-linear
displacement for cases experiencing high levels of non-linearity.
This may also result in the underestimation of forces and related
damage states when used as target displacements in multi-mode
pushover analysis. The first-mode inelastic displacements were
found to be as high as 2·72 times the corresponding elastic dis-
placements (for building B1 in the strong direction). The set of
long-period ground motions (set 6) resulted in higher values of
the normalised yield strength factor (Ry) and higher inelastic-to-
elastic displacement ratios (IDRs) compared with the other
ground motion sets considered. The observed transitional
period ranges, separating the two spectral ranges pertaining to
the validity of equal-displacement assumption, were significantly
higher than the value of 1 s recommended by the NSP pre-
scribed in ASCE/SEI 41-13 (ASCE, 2013). However, it was also
observed that the equal-displacement assumption holds well
(with an average difference of less than 10%) for typical short-
period ground motions (sets 1–3) owing to low levels of non-lin-
earity (low spectral acceleration corresponding to the fundamen-
tal periods of the case study buildings). Lastly, a simplified
MPA procedure for a relatively quick estimate of seismic
demand was developed and evaluated for the case study build-
ings. This procedure uses the developed inelastic-to-elastic dis-
placement ratio (IDR) spectra to convert first-mode elastic
spectral displacements into peak non-linear (target)

displacements, whereas the higher modes are assumed to remain
elastic. It was found that this simplified analysis scheme can
provide accuracy comparable to the more rigorous analysis
approach of UMRHA while requiring significantly less compu-
tational cost/time and effort than the detailed NLRHA pro-
cedure. Although the results presented in this study are limited
to buildings with cyclic behaviours close to the reported case
study buildings (i.e. the high-rise buildings in Bangkok originally
designed against gravity and wind loads), they are useful for pro-
viding insight into many practical situations where use of the
equal-displacement assumption can result in highly non-conser-
vative estimates of seismic demands.
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