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Abstract

This study demonstrates a performance-based regional structural damage prediction methodology through a case study on the Tuen 

Mun-Yuen Long Basin in Hong Kong, incorporating 3D topographic, basin, and site amplification effects into fragility mapping. Regional-

scale spectral element method simulations, accounting for soil nonlinearity, are conducted to quantify the spatial distribution of 

spectral acceleration amplifications (SaAmp). The 2%-in-50-years uniform hazard spectrum for Hong Kong was disaggregated to identify 

dominant magnitude-distance scenarios governing the fragility of short-period structures. An input ground motion was selected to 

match a short-period conditional mean spectrum, ensuring that the seismic hazard controls structural fragility. Two prototypical low-

rise reinforced concrete frame structures were analyzed in ETABS to determine their modal properties and base shear threshold values 

corresponding to three structural component damage states defined in FEMA P-58-1. Structural fragility was subsequently mapped 

based on the probability of exceeding these damage states under 2%-in-50-years design spectral demand, spatially amplified using the 

regional SaAmp datasets. The resulting fragility maps reveal pronounced spatial variability in structural damage potential governed by 

local geological conditions. The prototypical three-story residential structures located above 20–30 m deep basin deposits exhibited 

collapse probabilities exceeding 50% due to double resonance between the soil and structure. The prototypical single-story warehouse 

structures remained resilient, with negligible damage probability. The study demonstrates that accounting for the seismic demands 

that govern structural fragility, together with spatially-distributed 3D site effects, strongly influences the expected level of structural 

damage. Neglecting these factors may lead to a substantial underestimation of seismic consequences.
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1 Introduction
Urban earthquake risk mitigation increasingly relies on 
performance-based analysis to support accurate emer-
gency response planning and reduce casualties. Current 
practice, however, largely performs regional-scale struc-
tural hazard assessments using generic ground-shak-
ing intensity measures, such as peak ground accelera-
tion (PGA), without accounting for their spatial variability 
arising from complex amplification mechanisms trig-
gered by topography, basin geometry, and site effects. 
Moreover, regional structural seismic damage assess-
ments remain scarce in the literature due to the complex-
ity and computational cost of simulating fully coupled 

seismic soil-structure interaction at the scale of entire city 
blocks. Existing regional studies [1–3] typically provide 
deterministic results or conduct collapse-based assess-
ments, which limits generalizability and does not pro-
vide a probabilistic characterization of structural safety. 
Recent trends in regional seismic hazard assessment and 
early earthquake warning systems (EEWS) have been 
moving toward evaluating structural damage potential 
using engineering-based, practical damage indicators 
(e.g., critical component fragility) with fully quantified 
uncertainties, to enable clearer risk communication and 
more informed decision-making.
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Despite advances in numerical simulation of regional 
ground motions, significant challenges remain in fore-
casting structural damage at this scale. Two primary lim-
itations arise from the complexity of the model and the 
computational demands. First, capturing the 3D variabil-
ity of ground motions induced by local site conditions and 
topography remains challenging [4, 5]. Second, integrat-
ing detailed structural models with regional geological 
models, while preserving modelling accuracy and numer-
ical stability, remains computationally prohibitive  [5]. 
Large urban regions may contain hundreds or thousands 
of distinct sites, each characterized by different soil 
depths, layering, topography, structural types, and struc-
tural dynamic properties.

Concerning ground motion characterization, simpli-
fied Ground Motion Models (GMMs) are most commonly 
used [6, 7], which typically rely on a single site parame-
ter (e.g., Vs30 ) to scale a uniform hazard spectrum (UHS). 
This overly simplified approach, however, neglects key 
physical mechanisms governing amplification. In partic-
ular, GMM-based hazard spectra often fail to capture the 
effects of complex soil layering, basin geometry, and local 
site resonance, which strongly influence both the ampli-
tude and frequency content of spectral accelerations (Sa). 
Amongst many researchers, Bantis et al. [8] noted that 
soft soils can significantly modify ground motions such 
as PGA, Sa, frequency content (spectral shape), amplifica-
tion at specific frequencies (local resonances), and shak-
ing duration. 3D spectral element method (SEM) simula-
tions have demonstrated that realistic representations of 
topography and subsurface structure can produce sub-
stantial localized amplification. As shown by Kato and 
Wang  [3,  5] in coastal and hilly regions, such as Hong 
Kong, strong impedance contrasts, variable soil thick-
ness, and steep topography give rise to pronounced 3D 
site response effects. Du [9] reported amplification factors 
exceeding 10 at certain frequencies when modelling real-
istic mountainous terrain and soil layering in Hong Kong. 
Chen et al. [10] further showed that irregular valley and 
ridge geometries can produce up to two-fold differences 
in shaking intensity, with strongly frequency-dependent 
amplification patterns. Sedimentary basins similarly exert 
a significant influence on ground motion and structural 
demand. Seismic waves entering deep basin deposits may 
become trapped and reverberate, amplifying motion at 
periods corresponding to basin resonance. Amongst many 
others, Somala et  al.  [11] noted that deep sedimentary 
basin effects increase the consequences of earthquakes on 
civil infrastructure, particularly for long-period structures 

such as high-rise buildings and bridges. They demon-
strated that the collapse fragility of tall bridges is signifi-
cantly underestimated by standard models (e.g., FEMA's 
HAZUS) when deep-basin amplification is neglected. 
Parla et al. [12] showed that basin geometry, includ-
ing depth, width, and impedance contrast, substantially 
affects fragility estimates for structures with long nat-
ural periods. Importantly, Kato and Wang [5] identified 
strong 3D effects even in shallow basins (<50 m), show-
ing that bowl-shaped and half-pipe basin geometries can 
amplify the first three site periods (defined per 1D rep-
resentative soil column) by up to five-fold at the basin 
center and three-fold at the edges. Overall, these findings 
demonstrate that ground motion amplification is highly 
spatially variable and strongly frequency-dependent, 
and therefore cannot be neglected in urban-scale haz-
ard assessment. Without explicitly accounting for basin 
and topographic effects, regional ground motion esti-
mates, and the resulting structural demand predictions, 
may be significantly underestimated.

To translate ground motions into predicted structural 
damage, performance-based engineering employs fragil-
ity curves that relate the probability of exceeding damage 
states to an intensity measure. In seismic risk assessment, 
fragility curves (e.g., as codified in FEMA P-58-1 [6]) pro-
vide the fundamental link between ground motion and 
building damage. However, the level of detail in fragil-
ity models varies. Camayang et al. [13] reviewed fragil-
ity methodologies and emphasized that building-specific 
structural capacities combined with site-specific ground 
motions yield the highest precision, while generic fragil-
ity functions, based on simplified ground motion parame-
ters and structural capacity, are faster to generate but may 
misrepresent both the spatial distribution and magnitude 
of expected damage. The importance of building-specific 
fragility assessment has been further demonstrated for 
RC frame-tube tall buildings, where explicitly incorporat-
ing soil-structure interaction was shown to significantly 
alter fragility estimates across all damage states [14]. 
In  regional studies, generic curves are often adopted for 
practicality, but this comes at the cost of reduced accuracy 
in representing the true vulnerability of individual struc-
tures under realistic site conditions. Accurately captur-
ing building-specific capacities requires detailed numer-
ical simulations of structural dynamics to define reliable 
damage thresholds, such as Damage States (DS) per 
FEMA  P-58-1 [6]. Similarly, generating realistic ground 
motion hazards through numerical simulation requires 
careful selection of earthquake scenarios that are relevant 
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to the dynamic properties (e.g., fundamental period) of 
the structures of interest. This selection depends on rigor-
ous hazard disaggregation for the region, which is used to 
identify dominant magnitude-distance pairs (i.e., faults or 
seismic zones) contributing to hazard at a given structural 
period. Sousa et al. [15] showed that approximations in 
hazard disaggregation can significantly bias damage esti-
mates. They concluded that only fault zone-by-fault zone 
disaggregation yields sufficiently accurate fragility results. 
Therefore, robust structural damage prediction requires 
disaggregation of the targeted hazard (e.g., 2% UHS) and 
subsequent generation of conditional mean spectra (CMS), 
conditioned around the predominant periods of the struc-
tures of interest, to select representative earthquake sce-
narios as input for regional-scale ground motion simula-
tions. Any comprehensive damage prediction framework 
must incorporate structural hazard-consistent ground 
motions, site and topographic amplification effects, and 
accurate structural capacity models.

High-fidelity site effects and structural capacity are 
also central to the concept of live performance-based 
structural damage mapping for EEWS. In principle, 
such systems would rapidly estimate structural demands 
(e.g.,  floor accelerations or base shear) and associated 
damage probabilities for vulnerable buildings once early 
PGA estimates are available following event detection. 
Previous studies have explored this concept by extend-
ing performance-based approaches into the early-warning 
context (e.g., integrating ShakeAlert outputs with simpli-
fied structural models) [16, 17]. However, practical lim-
itations remain. Ghahari et al. [17] note that many stud-
ies rely on highly simplified structural representations 
(e.g.,  Timoshenko beam models) to approximate multi-
story behavior and that these beam models introduce mod-
elling errors that are not quantified within current FEMA 
P-58-1 report [6]. While, approaches that adopt high-fidel-
ity structural capacity estimates, such as Pappin et al. [18], 
often neglect site effects on PGA. Moreover, codified 
homogeneous Sa amplification factors are not applica-
ble to EEWS-derived estimates as the estimates are of 
a deterministic case and their spectral content will signifi-
cantly differ from UHS-consistent Sa, defined by seismic 
codes (e.g., EC-8 [7]). In summary, current EEWS frame-
works generally lack the spatial resolution and site speci-
ficity needed to predict where structural damage will con-
centrate. They also do not adequately incorporate accurate 
structural capacity models for the diverse building inven-
tory present in urban environments.

Overall clear gap can be identified in the above discussed 
fields: no existing framework fully integrates 3D site ampli-
fication, disaggregation and conditional spectra to generate 
structure-relevant hazard, high-fidelity structural capacity 
data, and performance-based fragility into regional struc-
tural damage-mapping. Conventional seismic risk analyses 
either use uniform-hazard spectra and generic amplifica-
tion factors that ignore small-scale site and regional-scale 
topographic effects, resulting in homogeneous structural 
demand on a regional or city-block scale. Likewise, EEWS 
typically stop at predicting shaking intensity, without map-
ping its implications for structural damage states regionally. 
There is a need for a comprehensive approach that trans-
lates a given ground motion estimate (e.g., PGA) into spa-
tially varying structural damage probabilities, accounting 
for local geology and building properties.

Therefore, this study presents a regional structural dam-
age-mapping approach through a case study, that combines 
regional 3D ground motion simulation data and high-fidel-
ity structural capacity curves to rapidly generate region-
al-scale, spatially-distributed structural fragility maps, 
based on FEMA P-58-1 [6] critical structural component 
damage states. The resulting damage forecast maps in 
response to a given PGA (e.g., one predicted by an EEWS) 
display computed damage probabilities in a spatially 
explicit way, to inform seismic emergency response plan-
ning and performance-based warning thresholds for EEWS.

2 Methods
2.1 Overview
First, hazard disaggregation of a target uniform hazard spec-
trum (UHS) is performed to identify the earthquake source 
(magnitude, Mw ) and path parameters (distance, R) gov-
erning the structural fundamental periods of interest. Input 
motions are then selected and scaled to match the condi-
tional mean spectrum (CMS) conditioned on the chosen 
structural period. These motions are subsequently used in 
3D spectral element method (SEM) simulations of the tar-
get region to quantify the spatially varying amplification of 
spectral accelerations (SaAmp), inherently capturing topo-
graphic, basin, and soil nonlinearity effects. Given the avail-
ability of SaAmp and structural capacity data, the following 
four-step workflow, illustrated in Fig. 1, is used to generate 
spatially distributed structural damage probability maps:

1.	 Generate the EC-8 [7] design spectral demand (Sa(T)d ) 
on rock, based on a given PGA demand;

2.	 Identify the appropriate regional spectral acceleration 
amplification (SaAmp(T)) datasets at the natural periods 
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of the structure of interest and map spatially distributed 
spectral accelerations: Sa(T) = Sa(T)d ∙ SaAmp(T);

3.	 Calculate and map the expected base shear demand 
(Vb ) for the structure of interest;

4.	 Calculate and map the probability of critical struc-
tural components exceeding FEMA P-58-1 [6] dam-
age states (DSi ) per the expected base shear.

The adopted hybrid methodology combines EC-8 spec-
tra for seismic demand characterization with the FEMA 
P-58-1 [6] framework for performance-based damage 
assessment. This approach is appropriate for Hong Kong, 
whose seismicity is more comparable to low-seismicity 
European regions reflected in the EC-8 spectral shape, 
while FEMA P-58-1 [6] provides a rigorous fragility-based 
assessment methodology. Consistency is maintained by 
calibrating the ground-motion dispersion parameter ( βgm ) 
given in FEMA P-58-1 [6] using Hong Kong-specific prob-
abilistic seismic hazard analysis, thereby ensuring that 
local seismic variability is appropriately represented by 
the resulting fragility curves.

2.2 Regional ground motion simulation
First, a UHS level is identified, such as a 2%-in-50-year. 
The UHS is then disaggregated to determine the dominant 
magnitude-distance pairs (i.e., faults or seismic zones) 

contributing to the hazard at a given structural period, T. 
The selected period should be representative of the range 
of modal periods of structures cumulatively mobilizing 
at least 75% of their total mass (often the median of the 
first flexural mode). Consequently, a single representative 
period can be used for a broad class of structures with sim-
ilar fundamental periods, T0. Fig. 2  (a) presents the fault 
zone-by-fault zone disaggregation results of earthquake 
magnitude-distance distributions and their respective con-
tributions to the 2% UHS at the representative structural 
period of T = 0.1 s for Hong Kong [18]. A conditional mean 
spectrum (CMS) is subsequently generated, conditioned on 
the UHS at the representative structural period. Example 
CMS generated following [19, 20] are shown in Fig. 2 (b).

Given the range of controlling magnitude-distance 
pairs, the "Design Ground Motion Library" tool [21] 
is used to select and scale earthquake records that best 
match the CMS. The selection is evaluated using the mean 
squared error (MSE) of the geometric mean of the two 
horizontal component spectra. Ground motion selected 
in this manner, when used as input motion for SEM sim-
ulations ensures that the resulting hazards (e.g., Sa and 
SaAmp) govern the fragility of structures with predomi-
nant periods near the chosen representative period, T.

The selected earthquake records are subsequently 
applied as vertically propagating waves from the bed-
rock in a regional-scale SEM model. Surface topogra-
phy is generated from publicly available digital eleva-
tion model  (DEM) data, whereas subsurface soil and 
rock stratigraphy, together with their material properties, 
are defined using dense borehole data across the region. 
The  model building procedure is described in detail 
in Kato and Wang [5]. Ground motions are simulated using 
the open-source SEM code SPEED [22], adopted herein for 
its capability to handle discontinuous (non-conforming) 
meshes. Defining a  discontinuous interface between soft 

Fig. 1 Workflow of the proposed methodology

Fig. 2 Hazard identification: (a) Disaggregation of UHS at 0.1 s; 
(b) Examples of CMS
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soil and hard bedrock layers enables independent meshing 
of these materials. Soil basins can therefore be discretized 
with fine meshes to capture high-frequency wave propa-
gation in low shear wave velocity (Vs ) materials, while 
larger mesh sizes are used for hard bedrock with high Vs. 
This approach minimizes the total number of DOFs and 
reduces computational cost. The  shear stress-dependent 
nonlinear degradation of soil shear modulus (and conse-
quently  Vs ), together with the increase in damping ratio, 
is modelled using a simplified variation of the equivalent 
linear approach first introduced by Seed and Idriss [23]. 
In the adopted formulation, the soil shear modulus, G, and 
damping ratio, ξ, are updated according to the experienced 
maximum shear stress in each soil element every time step. 
The major limitations of this model are that it cannot dis-
tinguish between loading and unloading and cannot cap-
ture residual behavior, i.e., the elastic stiffness and damp-
ing values are regained at the end of loading. The anelastic 
attenuation in SPEED [22] is implemented such that all fre-
quencies experience the same attenuation rate per unit time. 
However, because a high-frequency wave completes more 
cycles in the same time, the attenuation per cycle is indeed 
smaller for high frequencies than for low frequencies. 
To combat this, in SPEED ξ at frequency f is proportional 
to a reference ξ0 at a reference frequency f0 (ξ = ξ0(   f/f0 )), 
where ξ0 and f0 are inputted according to the frequency 
range of the propagated wave. In this study, f0 is chosen 
as the CMS conditioning period for input motion selec-
tion (10 Hz), to ensure that frequencies around the natural 
period of the structures of interest as well as around the 
peak frequency of the input motion (where overwhelming 
majority of seismic energy will lie) are damped correctly. 
Conventional G and ξ versus shear strain curves were used 
as material input parameters, such as Seed et al.  [24] for 
sands and Vucetic and Dobry [25] for clays.

Accelerations are recorded across the surface of the 
regional model, and the corresponding 5%-damped pseu-
do-spectral accelerations (Sa) are computed. The calculated 
Sa at each surface grid point is then normalized by the bed-
rock outcrop free-field Sa obtained from 1D wave propaga-
tion analysis. The resulting ratio defines the mapped spec-
tral acceleration amplification factors (SaAmp) relative to 
a free-field rock site. By explicitly modelling surface and 
subsurface geometry, soil layering, and material nonlin-
earity, the calculated SaAmp inherently capture the effects 
of local topography, basin geometry, and soil stratification. 
Furthermore, by selecting input ground motions deter-
mined via UHS disaggregation for a selected representative 

structural period, T, the resulting SaAmp are representa-
tive of earthquake scenarios with magnitude-distance pairs 
within the identified range (see Fig. 2 (a) yellow arrows) and 
directly applicable to structures with fundamental periods 
close to the representative period. A database of spatially 
mapped amplification functions, SaAmp(T), generated in 
this manner can be used to scale rock outcrop design spec-
tra in any subsequent analyses of structures whose funda-
mental periods are consistent with the CMS conditioning 
period within the investigated region.

2.3 Calculation of structural capacity and damage states
Performance-based structural damage prediction follow-
ing FEMA P-58-1 [6] employs fragility curves relating the 
probability of exceeding damage states (DSi ) to an earth-
quake intensity measure, Sa(T). FEMA P-58-1 [6] provides 
threshold capacity values for critical structural compo-
nents under seismic loading for different structural sys-
tems. For reinforced concrete (RC) frame systems, thresh-
old interstory drift ratio (IDR) values are defined for three 
column damage states: DS1 – minor damage, DS2 – mod-
erate damage, and DS3 – severe damage. However, accu-
rate calculation of IDR from Sa(T) is not possible as only 
empirical estimates are available. In contrast, the base 
shear (Vb ) generated by given Sa(T) can be calculated 
analytically when the detailed dynamic properties of the 
structure are known, via:

V m Sa Tb i ii r r rr
� � � � ��� � 2

2 2 2� , 	 (1)

where mi is the lumped mass and ϕi is the modal shape 
amplitude at floor i for mode r of the building. Sa(Tr ) and Γr 
are the spectral acceleration demand and modal participation 
factor at the rth modal period of the building, respectively.

To accurately determine mi, ϕi, and Γr , a high-fidel-
ity modal analysis must be performed for each building 
of interest. In addition, pushover analysis is required to 
translate the FEMA P-58-1 [6] IDR-based DSi thresh-
olds into corresponding Vb values that produce the exact 
IDR thresholds for each DSi. ETABS is adopted herein to 
conduct these structural analyses. It provides FEMA 356 
report [26] compliant nonlinear hinges for modelling RC 
columns, beams, masonry infill walls, and their connec-
tions, together with a straightforward framework for modal 
and multi-modal pushover analyses. After determining 
the modal parameters of a structure, the relevant modes 
are selected to form the load patterns used in multi-modal 
pushover analysis. For unidirectional pushover analysis, 
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flexural modes cumulatively mobilizing at least 95% of 
the total structural mass are selected to define the modal 
force patterns. First, the yield base shear (Vy ) is extracted 
from the base shear-displacement curve using the ideal-
ized bilinear procedure defined in FEMA 356 report [26]. 
Second, the Vb – max(IDR) relationship is obtained, and 
the base shear values corresponding to the exact threshold 
IDR values for each DSi are identified. These define the 
threshold base shears VDSi� �.

2.4 Structural fragility and damage probability mapping
Following FEMA P-58-1 [6] for seismic performance 
assessment, Eq. (2) is used to construct structural fragility 
curves and calculate the probability of exceeding a given 
damage state, DSi :

P DS V
V V

i b
b DSi

|
ln ln

,� � �
� � � � ��

�
��

�

�
���

�
	 (2)

where DSi are damage states of the primary structural com-
ponent of a building (i = 1…3), associated with VDS1, VDS2, 
VDS3, respectively. Vb is the base shear demand calculated 
using Eq. (1), ϕ is the standard normal distribution function, 
while β is the total fragility dispersion defined by Eq. (3):

� � � �� � �gm Vb m
2 2 2

. 	 (3)

The total dispersion, β, arises from three sources of 
uncertainty: 

•	  βgm represents the uncertainty in ground motions, 
herein, corresponding to the uncertainty in the PGA 
estimate from which the EC-8 Sa(T)d design spec-
trum is derived.

•	  βVb describes the influence of record-to-record vari-
ability of the input motions used in the SEM simula-
tions. Specifically, it accounts for how different earth-
quake records fitted to the same CMS affect SaAmp 
and, consequently, the calculated Vb demand.

•	  βm represents the epistemic uncertainty associated 
with numerical and analytical models.

βgm is taken as the dispersion associated with the ground 
motion prediction equation used to estimate PGA, whereas 
βVb and βm are defined as functions of S (see Eq. (4)) and T0 
in FEMA P-58-1 [6].

S
Sa T W
Vy

�
� �0 0

, 	 (4)

where T0 is the fundamental period of the structure, Vy is the 
yield base shear, and W0 is the fundamental mode seismic 

weight (participating mass at T0 × 9.81 m/s2 ), taken as not 
less than 80% of the total weight of the building.

With all parameters defined, workflow steps 1–4 are 
implemented as follows:

1.	  Following EC-8, the 5%-damped design spectral 
demand, Sa(T)d , on a rock outcrop is generated using 
the PGA estimate for a target hazard level (e.g., 2% 
probability of exceedance in 50 years). 

2.	  The SaAmp(T) values at each grid point of the 
regional map are used to scale Sa(T)d , producing 
spatially distributed Sa(T) demands that account for 
topographic, basin, and site effects. 

3.	  Vb is calculated at each grid point using Eq. (1), based 
on Sa(T) and the modal parameters of the building 
of interest.

4.	  Using the calculated Vb values and the threshold 
base shears VDSi ,  the probability of exceeding each 
DSi is determined using Eq. (2). If P[DSi | Vb ] > 0.5 
then P[DSi + 1 | Vb ] is recalculated iteratively until 
P[DSi | Vb ] < 0.5 or DS3 is reached. The resulting fra-
gility maps therefore display both the expected DSi 
level and its exceedance probability for the consid-
ered building type.

3 Case study
3.1 Overview of the study site and structures
To demonstrate the proposed methodology, a case study 
was conducted for the Tuen Mun-Yuen Long district of 
Hong Kong (Fig. 3). The district is dominated by three 
prototypical building types: high-rise residential buildings 
with shear wall systems, three-story village houses with 
RC frame systems and masonry infill, and single-story 
warehouse structures with RC portal frame systems. 
As the village house and warehouse prototypes have nat-
ural periods within a similar range (~0.35–0.05 s), they 
were selected to demonstrate the proposed structural dam-
age probability mapping methodology. A uniform hazard 
level corresponding to a 2% probability of exceedance 
in 50  years (2%-in-50-years UHS) was selected to cal-
culate the regional SaAmp(T) distribution, as this is the 
only hazard level expected to produce significant struc-
tural damage in the moderately seismic environment of 
Hong Kong [18]. The UHS was disaggregated to identify 
the magnitude-distance pairs out of 20 source zones that 
contribute to structural hazard in the short-period range, 
specifically at T = 0.1 s. Finally, an earthquake record 
matching the CMS conditioned on the 0.1 s ordinate of the 
2%-in-50-years UHS was selected for the regional-scale 
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ground motion simulations to quantify SaAmp(T) distri-
butions and generate fragility maps for the village house 
and warehouse prototypes under a 2%-in-50-years PGA.

3.2 Regional ground motion simulation
The testbed for this study is the Tuen Mun-Yuen Long 
Paleozoic sedimentary basin in north-western Hong Kong, 
surrounded by Mesozoic granitic and volcanic mountains, 
as shown in Fig. 3. A 14 × 16 km SEM model was con-
structed for SPEED [22] simulations. Surface topography 
was generated from DEM data, while basin soil stratig-
raphy was defined using over 550 borehole logs provided 
by the Geotechnical Engineering Office of the Hong Kong 
government. A discontinuous interface was introduced in 
SPEED between the bedrock (mountain and seabed) and 
basin sub-domains to simplify the meshing procedure, 
as illustrated in Fig. 3. The basin generally consists of 
four soil layers with highly spatially variable thicknesses. 
Overlying the granite bedrock are highly decomposed, then 
completely decomposed volcanic rock layers, followed 
by a silty sand layer, and finally a Quaternary superficial 
deposit or reclamation fill composed of silty/clayey sand. 
The Vs values of each layer (Fig. 3) were estimated 
using SPT-N blow count correlations developed for the 
region  [27]. Additional details regarding the model con-
figuration and simulation parameters are provided in Kato 
and Wang [5] and are omitted here for brevity.

The 2%-in-50-years UHS for Hong Kong was dis-
aggregated at T = 0.1 s (see Fig. 2  (a)), resulting in con-
trolling magnitude-distance pairs within the ranges  
Mw ∈  [5.5,  6.5] and R ∈  [10 km, 50 km]. Based on these 
ranges, a scaled earthquake record matching the 0.1 s CMS 
was selected using the "Design Ground Motion Library" 
tool [21]. During the fitting procedure, the expected spectral 

ordinate at the target period (0.1 s), although not anchored, 
was assigned a substantially higher weight in determining 
the scaling factor. The same scaling factor applied to the 
horizontal motions was also used for the vertical compo-
nent. The selected record corresponded to the scaled earth-
quake whose geometric mean horizontal spectra produced 
the lowest MSE relative to the 0.1 s CMS, while also hav-
ing the shortest duration to reduce simulation time. This 
selection procedure is explicitly recommended in FEMA 
P-58-1 [6] Appendix B.4.4 and B.7. The scaled spectra and 
acceleration histories of the selected Mw = 6, R = 30 km 
earthquake event are shown in Fig. 4.

The resulting 3D motion was applied as vertically 
propagating shear waves at the bottom boundary of the 
SEM model. Surface accelerations were recorded on an 
approximately 3 m × 3 m grid, and the corresponding 
5%-damped pseudo-spectral accelerations, Sa(T), were 
computed at the same resolution. The calculated Sa(T) 
values were then normalized by the bedrock outcrop free-
field Sa(T), producing SaAmp maps for T ∈ [0 s, 10 s]. 
Example SaAmp maps at the two orthogonal flexural fun-
damental periods of the selected structures are presented 
in Fig. 5. As the input motion was conditioned at T = 0.1 s, 
the resulting SaAmp(T), when applied to an EC-8 design 
demand spectrum, amplify or deamplify Sa(T)d around or 
away from the dominant periods of short-period buildings. 
The resulting demands therefore capture not only topo-
graphic, basin, and site effects, but also the characteristics 
of earthquakes governing short-period building fragility, 
namely events associated with the source and path param-
eters identified in Fig. 2 (a).

3.3 Structural analyses
The short-period structures selected for this case study 
were the prototypical village house and warehouse RC 
buildings, shown in Fig. 6, which are ubiquitous in the Tuen 
Mun-Yuen Long region. The single-story warehouse struc-
ture is 40 m wide (five-bay frame) and 72 m long (12 bays). 

Fig. 3 Construction of the Tuen Mun-Yuen Long regional SEM model
Fig. 4 CMS fitting and corresponding input acceleration time histories
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It was modelled in ETABS as a 3D portal frame structure 
with RC columns measuring 0.6 m × 0.6 m, beams measur-
ing 0.5 m × 0.6 m, and no diaphragms. C35/45 concrete and 
S550 reinforcement steel were assigned as material proper-
ties. The three-story village house (2.7 m per story) is 6 m 
wide (single bay) and 11 m long (three bays). It was mod-
elled as a 3D portal frame structure with rigid diaphragms, 
and equivalent diagonal links representing masonry infill 
walls. The RC columns measured 0.2 m × 0.3 m, the beams 
0.2 m × 0.2 m, and the diaphragms were 12 cm thick. C30/37 
concrete and S220 reinforcement steel were assigned. The 
equivalent width of the diagonal links was calculated fol-
lowing FEMA 356 report [26]. Assuming a wall thickness 
of 15 cm, the equivalent link area, Al , was obtained. The 
equivalent stiffness, kl , and failure load, Ff  , of the links 
were then calculated using Eqs. (5) and (6), respectively:

k
E A
Ll
m l= , 	 (5)

F f Af m l� � , 	 (6)

where Em = 3400 MPa is the Young's modulus of masonry 
in "good" condition according to FEMA 356 report [26], 
Al  is the equivalent link area, L is the length of the link 
(diagonal length of the infill wall), and ′fm  = 6.2 MPa is 
the compressive strength of masonry prisms in "good" 
condition according to FEMA 356 report [26]. The total 
weight of each infill wall was assigned to its correspond-
ing link for the dynamic analyses.

Nonlinearity in beams, columns, and masonry infill 
walls (links) was modeled using FEMA 356-pre-
scribed  [26] plastic hinges, with force-deformation rela-
tionships calibrated for each structural component. The 
adopted tri-linear curves correspond to the building 
performance levels of Collapse Prevention (CP), Life 
Safety (LS), and Immediate Occupancy (IO).

Since the two prototype buildings exhibit a high degree 
of geometric and structural symmetry, the coupled transla-
tional and torsional modes possess negligible modal partici-
pation factors and masses. Consequently, their contribution 
to the overall dynamic response is insignificant. Therefore, 
for simplicity and without significant loss of accuracy, 
only the modal response in the governing modal direc-
tion, corresponding to the weak structural axis, is consid-
ered in fragility assessment this case study. The weak-axis 
modal properties of each structure, later used to calculate 
the least favorable Vb demands via Eq. (2), are summarized 
in Table 1. Multi-modal pushover analyses, following the 
procedure described in Section 2.3, were then performed 

Fig. 5 Spectral acceleration amplification maps at the first period of 
the two example structures: (a) SaAmp at village house T0; (b) SaAmp at 

warehouse T0

Fig. 6 The prototypical RC structures: (a) Warehouse; (b) Village house 
and their properties
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to determine the yield base shear and threshold base shear 
values listed in Table 2. The B1041.041b component clas-
sification from FEMA P-58-1  [6], corresponding to ordi-
nary RC moment frames with weak joints and column flex-
ural response, was adopted for both structures to define the 
threshold IDR values associated with each DSi.

3.4 Structural damage probability maps
To demonstrate the damage probability mapping proce-
dure, the 2%-in-50-years hazard level (PGA = 1.95 m/s2) 
from the seismic hazard analysis of Hong Kong [18] was 
selected as the ground motion intensity for evaluating 
the damage probability of the two prototypical structures 
ubiquitous in the Tuen Mun-Yuen Long region. In practice, 
the PGA value can be obtained directly from an  EEWS 
to enable real-time structural damage mapping during 
an earthquake event.

Given PGA = 1.95 m/s2, the design spectral demand 
on a rock outcrop, Sa(T)d , was calculated following EC-8 
(Fig. 7 black curve). The spectral demand accounting for 
topographic, basin, and site effects, Sa(T), was then calcu-
lated at each map grid point as:

Sa T Sa T SaAmp Td� � � � � � �� . 	 (7)

Accounting for these effects substantially amplifies the 
base EC-8 demand, particularly near the representative 
conditioning period (0.1 s), as illustrated for an example 
basin grid point (Fig. 7, green curve). Fig. 7 further com-
pares these results with the EC-8 soil Class C spectrum 
corresponding to local conditions (Vs30 = 268 m/s) and 

the deterministic response spectrum from SEM simula-
tion of wave propagation. The results indicate a 1.5–2× 
increase in short-period spectral demand when using the 
mapped SaAmp(T) factors relative to the EC-8 soil-fac-
tors to modify the design spectrum. This discrepancy 
reflects the inherent limitations of simplified code-based 
site classification, where EC-8 soil factors (S = 1.0–1.4) 
represent empirical regionalized average adjustments and 
cannot explicitly capture basin resonance, wave focusing, 
or 3D site effects. In contrast, SEM simulations resolve 
these mechanisms directly, producing period-dependent 
amplifications frequently exceeding factors of 2–3 at basin 
focusing and resonance effect-controlled periods. Herein, 
this is further pronounced at short periods as SaAmp(T) 
was derived for short-period dominant earthquake scenar-
ios (by fitting the 0.1 s CMS), and the selected grid point 
is in the center of a shallow (~ 40 m) alluvial basin struc-
ture. Comparable underestimations by design code spec-
tra of site amplification have been reported in basin envi-
ronments including Mexico City [28], the Los Angeles 
Basin [29], Kathmandu Basin [30], and sedimentary val-
leys in Hong Kong [5]. Neglecting such effects may lead 
to unconservative seismic demand estimates and fragil-
ity predictions, particularly for structures whose funda-
mental periods align with amplification peaks controlled 
by 3D site (e.g., basin resonance) or seismic event-type 
(e.g., short period dominant) effects. This highlights a key 
limitation of uniform amplification approaches in EC-8 
relative to spatially-distributed, region-specific amplifica-
tion factors derived from ground motion simulations. Such 

Table 1 Weak-axis modal parameters of the example structures

Modal parameter Village house Warehouse

T0 [s] 0.42 0.37

T1 [s] 0.14 0.26

T3 [s] 0.08 0.18

Γ1 [–] 0.94 1

Γ2 [–] 0.93 1

Γ3 [–] 0.95 1

132 1314

15.4 9.8

5 0.7

m ti ii
� 2

1
� �� � � ��
m ti ii
� 2

2
� �� � � ��
m ti ii
� 2

3
� �� � � ��

Table 2 Damage thresholds for the example structures

Damage parameter Village house Warehouse

Vy [kN] 501 7450

VDS1 [kN] 503 9062

VDS2 [kN] 532 9288

VDS3 [kN] 555 9503

Fig. 7 Design spectra for PGA = 1.95 m/s2 at a basin grid point, obtained 
using EC-8 [7] provisions, deterministic SEM simulation results, and the 

EC-8 [7] spectrum scaled via SaAmp(T) derived from SEM analyses
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an approach is also more consistent with the principles of 
performance-based seismic design.

Using the Sa(T) data and structural modal parameters, 
the base shear demand, Vb, was calculated at each grid 
point using Eq. (1) for both the village house and ware-
house structures. Herein, only fragility associated with 
the North-South, 'y', directional Sa(T) is considered, as 
they represent the highest demand (see Fig. 5). The total 
dispersion associated with the fragility function was then 
determined. βgm corresponds to the weighted average stan-
dard deviation of the five attenuation relationships used in 
the seismic hazard analysis [18] to estimate the 2%-in-50-
years PGA for Hong Kong, resulting in βgm = 0.621. 
Dispersion for base shear, βVb, is not provided directly in 
FEMA P-58-1 [6]; however, the dispersion defined for floor 
acceleration, βaa, was adopted as an equivalent measure 
because horizontal acceleration is directly proportional to 
the generated base shear through mass. Finally, the mod-
elling uncertainty dispersion, βm, is specified directly in 
the FEMA P-58-1 report [6]. Therefore, βVb = βaa and βm 
were obtained from the standard according to S and T0 (see 
Eq. (4)). The total dispersion for each building was then 
calculated using Eq. (3). Finally, given β, and Vb at each 
map grid point, the probabilities of exceeding the damage 
states, P[DSi | Vb ], were calculated using Eq. (2).

The resulting structural damage probability maps for the 
village house and warehouse structures are shown in Fig. 8, 
with zones of high building density highlighted. For visu-
alization purposes, a value of 1.0 was added to the calcu-
lated probability for each surpassed DSi level. For example, 
P[DSi | Vb ] = 1.2 indicates a 20% probability of exceeding 
DS2 and a greater than 50% probability of exceeding DS1.

Fig. 8 (b) shows that the village house type structures 
can be at collapse level risk in the event of 2%-in-50-years 
earthquakes. The spatial pattern of high-risk zones closely 
follows the SaAmp distribution at the fundamental mode 
of the structure (Fig. 5 (a), Tx0 ).

This occurs because the first mode captures 85% of the 
participating mass and therefore dominates the structural 
demand. Regions with greater than 50% probability of 
exceeding the DS3 (collapse state) correspond to areas where 
soil and structural modal responses coincide, producing 
double resonance. Soil depths of approximately 20–30 m 
in the Tuen Mun-Yuen Long region resonate with the  
0.4–0.5 s period seismic waves [5], which coincides with the 
village house fundamental period. Consequently, spectral 
demands are amplified by approximately 3–5 times in these 
regions (Fig. 5 (a)), placing such structures at unacceptable 

Fig. 8 Regional damage probability maps of the study region 
highlighting zones with high density of prototypical structures: 

(a) Satellite map; (b) Village house; (c) Warehouse structures
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risk under the 2%-in-50-years earthquake hazard level. 
These results suggest that typical three-story residential 
buildings founded on soils of this depth are subjected to 
substantially increased seismic demand. Future develop-
ment in regions with soil depths around 30 m should there-
fore incorporate rigorous seismic design considerations.

Similarly, the damage probability map for the warehouse 
structure (Fig. 8 (c)) shows that the highest-risk zones cor-
relate closely with the pattern of high SaAmp at the funda-
mental mode (Fig. 5 (b), Ty0 ). However, amplification lev-
els are lower, and the structure exhibits substantially higher 
VDSi  thresholds (see Table 2) than the village house. Apart 
from several localized high-curvature hill peaks affected by 
topographic amplification, where significant probabilities 
of exceeding DS2 are observed (blue in Fig. 8 (c)), the high-
est-risk zones still below 50% probability of DS1 exceed-
ance. This indicates that even under the highest expected 
seismic hazard in Hong Kong, single-story RC frame ware-
houses are unlikely to experience any damage.

The presented results demonstrate that consider-
ing seismic scenarios that control structural fragility, 
e.g., short-period dominant earthquakes when evaluating 
short buildings, and the accurate estimation of the spatial 
variability of seismic demand can strongly influence the 
predicted probability of structural damage at the regional 
scale. This effect is particularly evident in Fig. 8  (b). 
In most areas, where strong topographic, basin, and local 
site effects are limited, village houses exhibit less than 
50% probability of exceeding DS1. In contrast, in regions 
with strong basin effects and soil depths of 20–30 m, the 
same structures are likely to collapse under the same 
earthquake hazard level. The case study also highlights the 
importance of accurately quantifying structural capacity. 
While the prototypical three-story residential buildings 
exhibit high fragility, large single-story warehouse struc-
tures remain largely insensitive to earthquake damage. 
Overall, these observations emphasize that rigorous con-
sideration of fragility-controlling earthquake demands, 
complex site effects, and accurate structural capacity 
assessment are essential for urban seismic resilience and 
performance-based design. Oversimplification or neglect 
of these factors may lead to severe consequences.

4 Conclusions
This study presented a FEMA P-58-1-aligned [6], perfor-
mance-based methodology for regional structural damage 
prediction that explicitly accounts for topographic, basin, 
and site effects.

The framework was demonstrated through a regional 
case study involving two prototypical low-rise structures 
common in the Tuen Mun-Yuen Long region. The results 
indicate that under the 2%-in-50-years hazard level, mod-
erate-magnitude earthquakes with Mw ∈  [5.5, 6.5] and 
near-field distances R ∈  [10 km, 50 km], originating from 
the onshore seismic zones identified in Pappin at al. [18], 
generate high-frequency ground motions that pose sub-
stantial risk to low-rise residential village houses. 
In  areas with soil depths of 20–30 m, collapse proba-
bilities exceeding 50% were predicted. Consequently, 
during moderate-magnitude near-field earthquakes, gated 
communities and village districts in Tuen Mun-Yuen 
Long should be prioritized for emergency response and 
resource allocation. Furthermore, seismic retrofitting 
of existing structures and performance-based seismic 
design of newly constructed prototypical three-story res-
idential buildings, incorporating the SaAmp(T) datasets 
presented herein, are recommended to improve public 
safety and reduce the risk of casualties.

In contrast, single-story warehouse structures are 
expected to withstand such earthquake scenarios with min-
imal or no damage. Financial losses in warehouse districts 
are therefore expected to remain limited, suggesting that 
these areas may be assigned low emergency response pri-
ority even during high-hazard earthquake events. The high 
seismic resilience of the warehouse structures is primarily 
attributable to their very low slenderness ratio (height-to-
footprint area), which provides substantial lateral rigidity.

Implementation of the proposed framework is straight-
forward, provided that sufficiently dense borehole data are 
available to characterize regional subsurface stratigraphy 
for ground motion simulations. Because the approach relies 
on analytical formulations for structural demand  (base 
shear) and closed-form fragility calculations, its computa-
tional cost is minimal. Consequently, the framework can 
be integrated into conventional EEWS as an additional 
layer for real-time regional structural damage mapping 
based on continuously updated PGA estimates. The pre-
sented results of the Hong Kong case study utilized 
SaAmp(T) datasets limited to 2%-in-50-year hazard levels 
and a CMS for 0.1 s. Therefore, the results are applicable 
only to earthquakes with PGA above 1.95 m/s2 and struc-
tures with fundamental periods around 0.1 s. Furthermore, 
SaAmp(T) uncertainty stemming from possible variations 
in ground motions fitting a CMS were lumped into mod-
eling dispersion as given by FEMA P-58-1 [6]. The uncer-
tainty of SaAmp(T) can be quantified rigorously through 
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linear propagation of CMS period-to-period uncertainty 
and will be addressed in future work. Future work will 
also extend the framework to coupled multi-directional 
fragility assessment and long-period high-rise structures, 
which are also prevalent in Hong Kong.
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