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A B S T R A C T

Amplification of seismic waves due to surface topography and subsurface soils has often been observed to cause
intensive damage in past earthquakes. Due to its complexity, topographic amplification has not yet been con-
sidered in most seismic design codes. In this study, we simulate ground-motion amplification based on 3D
Spectral Element Method, using Hong Kong Island as a local testbed site. The analyses revealed that topographic
amplification of ground motions is frequency-dependent. If the site is made of homogenous rock, the amplifi-
cation factor is best correlated with the curvature smoothed over a characteristic length equal to half of the
wavelength in rock. Amplification of high frequency wave is correlated with small-scale features, and amplifi-
cation of long-period waves is correlated with large-scale features in horizontal dimension. The maximum to-
pography amplification generally ranges from 1.6 to 2.0 on the protruded areas. When a low-velocity subsurface
soil layer is considered, the topographic amplification pattern is significantly influenced by the thickness of the
soil layer, as wavelength in soil is relatively short. The characteristic length reduces as soil thickness increases,
and the amplification pattern becomes closely correlated to smaller-scale topographic features as well as slope
angles. Results also show that the effect of material damping can be decoupled from the topographic effects and
modeled using a theoretical attenuation factor. The study proposed parametric models to predict 3D topographic
amplification using simple proxies considering subsurface soils, material damping and input wave frequencies,
which gives accurate results with a standard deviation of residuals within 0.1–0.15.

1. Introduction

Amplification of seismic waves due to surface topography has often
been observed as one of the major causes of intensive damage in past
earthquakes. Due to focusing or defocusing of seismic waves, ground
motions are usually amplified at convex features such as ridges and hill
tops, and deamplified at concave features such as canyons and valleys
(e.g. [1]). During the 1994 Northridge earthquake, a high peak ground
acceleration (PGA) of 1.8 g was recorded at the Tarzana hill station [2].
A PGA as high as 1.25 g at the Pacoima Dam station caused damage to
the abutment in the 1971 San Fernando earthquake [3]. These ex-
amples demonstrate that topography amplification is important for
seismic design of buildings, retaining structures, pile foundations etc.
on top of these features. Considering topographic amplification is par-
ticularly important for seismic design in mountainous regions like Hong
Kong.

Due to its complexity, topographic amplification has not yet been

considered in most seismic design codes, with only a few exceptions
such as the Eurocode 8, the 1995 France seismic code and the 2010
Chinese seismic code [4]. Eurocode 8 [5] prescribes a topographic
amplification factor that is frequency-independent using a simplified
classification of ridge geometry and slope angle [6]. Based on field
observations and 2D numerical analyses, the recent Chinese code spe-
cifies a topographic amplification factor of 1.1–1.6 according to the
thickness of soils/rocks in the protruded area and average slope angles
of the terrain. Although researches have indicated the topographic
amplification is frequency-dependent, the code specifications are still
frequency-independent. With the advancement of computational tech-
nology, numerical simulation of wave propagation becomes increas-
ingly important to advance our understanding of the topographic am-
plification of ground motions, together with considerable efforts in field
instrumentation and case-history studies. In the past, most of numerical
analyses, and thus some existing seismic design codes, were based on
analysis of simple 2D topography with uniformly distributed soils (e.g.,
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[7,8]). Compared with these simple 2D simulations, 3D numerical si-
mulations have been successful to predict the observed topographic
amplification (e.g., [9–11]). In addition, more evidence recently un-
derscores the necessity of modeling coupled effects between topo-
graphy and subsurface soils, which gives rise to complex wave propa-
gation patterns due to scattering and diffracting of waves within the
low-velocity near-surface layers [12–16]. Therefore, coupled 3D topo-
graphy-soil amplification analyses should be conducted to realistically
assess the topographic amplification.

In this study, large-scale numerical simulations are conducted to
investigate the influence of topography and subsurface soils on ground
motion amplification, using Hong Kong Island as a testbed. Hong Kong
is a densely populated region with many buildings and infrastructures
built on hill tops and steep slopes due to paucity of land. Owing to the
subtropical climate, the volcanic and granitic rocks are subjected to
extensive weathering, varying from Grade I (fresh rock) to Grade VI
(residual soils) [17]. Therefore, investigating the extent of soil cover
and weathered rock profiles in the study region is important. The latest
Chinese Seismic Code [4] prescribes a peak ground acceleration of
0.11 g for the 475-year return period motion on “rock” outcrop. It is
noted that the obtained design ground-motion are only applicable for a
level ground. To date, scientifically based standard for design ground
motions on steep slopes is still not available.

Since 3D coupled soil-topography modeling is time-consuming, the
overarching goal of the research is to parameterize the ground-motion
amplification using simple proxies, such that these effects can be easily
incorporated into seismic hazard assessment and design maps. It is only
recently that Rai et al. [18,19] proposed simple empirical models to
incorporate the topographic effects into ground motion prediction
models using simple characterization of topography (relative eleva-
tion). Note that the study only quantifies the average effects of topo-
graphy based on regression analysis of strong motion data without
considering physical modeling. Another notable recent development
includes Maufroy et al. [20], who proposed a frequency-scaled curva-
ture as a proxy for topographic amplification based on 3D numerical
simulation. The present study will further develop simple parametric
models for 3D topography effects by considering additional factors such
as the influence of subsurface soils and material damping. The study
will immediately benefit Hong Kong and many other areas’ ongoing
efforts in assessing topographic amplification of ground motions and
seismic performance of infrastructure on steep terrain.

2. Large-scale 3D spectral element simulation

In this study, the 3D Spectral Element Method (SEM) is used for the
simulation of wave propagation and topographic amplification on 3D
topography. The SEM is a high-order finite element method that uses a
special nodal basis. The SEM method is superior to the commonly used

finite-difference method in many ways. The SEM uses a pseudo-spectral
method to achieve high accuracy in modeling wave propagation. If a
polynomial degree of 4 is used (5 interpolation points in each direc-
tion), one SEM element per wavelength has been found to be accurate.
For example, if the element size is 20m and shear wave velocity is
200m/s, the highest frequency that SEM can simulate will be up to
10 Hz, which is important to capture the high-frequency component of
ground response. As a comparison, the finite difference method will be
very expensive since a great number of grid points will be needed to
achieve the same accuracy. The SEM can be easily implemented in
parallel computing because its mass matrix is diagonal [21–23]. Be-
cause of these advantages, the SEM has been recently widely used in
global and regional scale wave simulation with a simulation domain up
to hundreds of kilometers [11,24,25].

Fig. 1(a) illustrated an elevation map of Hong Kong Island. The
computational domain is the western part of Hong Kong Island with
dimensions of 8 km×9 km. A Digital Elevation Model (DEM) of
0.5 m×0.5m resolution is used to extract elevation data in numerical
simulations and topographic geometric parameter calculation, which is
fine enough to cover very detailed topographic features. The DEM data
were collected by means of airborne LIDAR measurement. The highest
point in this region, Victoria Peak, is about 554m above the sea level.
The average water depth in Victoria Harbor is around 12m. The in-
fluence of offshore features is considered to be minor when compared
with that of the mountain topography. Therefore, the seabed terrain is
not considered in the simulation. The illustration of constructed SEM
model is shown in Fig. 1(b). The bottom of the numerical model is
100m deep under the sea level. For most cases of the simulation, the
SEM element is chosen as small as 20m in size using a polynomial
degree of 4. Note that the smallest mesh size is chosen according to the
highest frequency of the wave considered in the analysis. The actual
resolution of the SEM is much less than that of the Digital Elevation
Model (0.5 m).

Ricker wavelet is used as acceleration input in the simulation. An
uniform ground excitation is input at the base of the model, so the input
motion is vertically propagated plane wave. Note that variation of in-
cidence angle is not considered in the present study, which may affect
wave amplification of high frequencies according to a recent parametric
study [8]. Fig. 2(a,b) shows an example of Ricker wavelet with pre-
dominate frequency of 5 Hz and its frequency content. Lysmer-Kuhle-
meyer transmitting boundary [26,27] is implemented to mimic the
infinite half space at the bottom, and absorbing boundaries are used on
the sides to avoid wave reflection from the boundary. As illustrated in
Fig. 2(c), a viscous dashpot with a damping coefficient of ρVs is attached
to the lower boundary of the computational domain, where ρ and Vs are
the density and shear wave velocity of the truncated base material.
Meanwhile, an equivalent shear stress time history, τb, is applied at the
bottom of the domain,

Fig. 1. (a) Hong Kong Island elevation map and study region, (b) Illustration of 3D SEM mesh.
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where ∂ ∂u t/i is velocity time history of the incident wave.

3. Amplification of homogeneous rock case

Recently, Wang et al. [25] studied the topographic amplification of
ground motions for the western part of Hong Kong Island, by assuming
the site is made of homogenous, linearly elastic rock with Vs =1000m/
s. The ground-motion amplification factor, AFRock

D3 , is defined as the PGA
on the rock topography surface divided by the PGA on the rock outcrop,
which is assumed as a flat ground at zero-level elevation.

Fig. 3 shows amplification factor maps under wavelet excitations
with predominant frequencies of 5 Hz, 2 Hz, 1 Hz and 0.5 Hz, respec-
tively. The maximum amplification factor is around 2 for all cases. It is

obvious that the amplification/de-amplification is closely related to
very localized topographic features under the high frequency (5 Hz)
excitation and global topographic features under low frequency
(0.5 Hz) excitation. Note that the wavelengths associated with the 5 Hz,
2 Hz, 1 Hz and 0.5 Hz wave are 100m, 500m, 1000m and 2000m,
respectively. The results are in line with the generally accepted notion
that long wavelengths mainly influence large features while short ones
influence small features. Results also show that amplification generally
occurs where convex features are presented and deamplification occurs
where concave features are presented. The ground motion amplification
factors can be correlated with the following geometric parameters.

3.1. Smoothed topographic curvature

We use the method adopted by Maufroy et al. [20] to quantify the
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Fig. 2. (a) An example of Ricker wavelet and (b) its frequency content; (c) transmitting boundary.

Fig. 3. PGA amplification maps excited by different frequency wavelets. Topography contours are from 0 to 550m with a 50m interval.
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topographic curvature. In this method, general curvature is defined as
the summation of second derivative of elevation in two horizontal di-
rections. If the Digital Elevation Model (DEM) of the region E is a
rectangular matrix with evenly spaced elevation values with space in-
crement h, the curvature at any point x y( , )i i can be computed using the
following Eq. (2),

= ″ ≈ − × + ×x y x y δ ηC E( , ) ( , ) 2 ( ) 100,i i i i (2)

where δ and η are second-order derivative of elevation in x and y di-
rections, which can be approximated by finite difference as
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Note that E and h should have the same unit (in meters), and the
curvature is a point-wise quantity. To account for the influence of
length scale, Maufroy et al. [20] introduced a smoothed curvature, Cs,
by using a box blur smoothing operator, which consists of a double
convolution (one per derivative) of matrix C with an n× n matrix of
ones:
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when n is dimension of the matrix, ×n h defines the spatial extend of

the smoothing operation. The smoothing operation applies two times
successively to every entry of matrix C. For example, if n=3 and an
entry of matrix with an initial value of 50, see Eq. (6), the first
smoothing operation averages 3×3 values surrounding that entry and
assigned the averaged value to that entry, i.e.

(6)

According to Maufroy et al. [20], the smoothing length is defined as
= × ×L n h2s , because double convolution has a support size twice as

large as the smoothing function. The general curvature maps smoothed
over different smoothing lengths are shown in Fig. 4. Apparently, more
localized topography (convex/concave) details can be captured if a
shorter smoothing length is used.

3.2. Relation between smoothed curvature and topographic amplification
factors

Similar patterns in Figs. 3 and 4 suggest a parametric relationship
between the ground-motion amplification on homogenous rock and
smoothed curvatures. Regression analysis is performed to determine the
coefficient of determination R2 between these two quantities by varying
the smoothing length, as shown in Fig. 5. It is found that the amplifi-
cation factor (AFHomo

D3 ) can be best correlated with the smoothed cur-
vature (Cs), if the smoothing length Ls is half of the input wavelength,
i.e., =L λ /2s Rock , which is referred to as the “characteristic smoothing

Fig. 4. Smoothed curvature maps using different smoothing lengths. Topography contours are from 0 to 550m with a 50m interval.
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length”.
Fig. 6 shows the correlation between topographic amplification and

curvature smoothed over the characteristic length for different fre-
quency excitations. The data can be cast into an exponential form:

= ×AF λ C a λ C L( , ) exp[ ( ) ( )]Rock
D

Rock s Rock s s
3 (7)

where = × −a λ λ( ) 9.24 10Rock Rock
4 , and Cs (Ls) is the curvature smoothed

over the characteristic length =L λ /2s Rock . The term λRock is the wave-
length in rock (unit in meter), which can be determined by shear wave
velocity in rock (Vs Rock, ) and excitation frequency (f) via =λ V f/Rock s Rock, .
Eq. (7) manifests that the frequency-dependent amplification is related
to a scale-dependent topographic feature, similar to the findings re-
ported by Maufroy et al. [20]. Amplification of high frequency wave is
correlated with curvature smoothed over a small length scale. On the
other hand, amplification of long-period waves is correlated with large-
scale topography features. It is worth pointing out that for higher fre-
quency wave, R2 of the correlation becomes smaller, i.e., Eq. (7) is more
accurate for long-period waves. As shown in Fig. 6(d), all the fitting
curves pass through the point of (0,1), which is reasonable because for
the special case when the surface is flat (Cs=0), there is no amplifica-
tion or deamplification.

3.3. Topographic relative elevation

Apart from smoothed curvature, relative elevation (Hr) is another
commonly used parameter for land surface geometry [18,19]. Hr is
defined as the difference between the elevation at a point and the mean
value of the evaluations within a specified neighborhood. In this study,
we use a square neighborhood with the length defined as Lh. The
parameter is effective to represent topographic features. A positive Hr

value indicates features such as ridges and a negative Hr is for valleys.
The relative elevation maps calculated over different length scales are
shown in Fig. 7.

Regression analysis is performed to determine the correlation be-
tween the smoothed curvature and the relative elevation. As shown in
Fig. 8(a), the R2 between Cs and Hr is calculated for different Ls and Lh
respectively. It is found that the best correlation is obtained when

= ×L L1.5h s and the corresponding R2 is as high as 0.94. Fig. 8(b)
shows an example of the strong correlation between Cs and Hr with

=L m750h and =L m500s . A linear function can be used to describe
this relationship given = ×L L1.5h s,

⎜ ⎟= ⎛
⎝

× ⎞
⎠

×C
L

H1.095 10
s

s
r

3

2 (8)

Therefore, it can be concluded that the smoothed curvature and the
relative elevation for given length scales represent similar information
about the topography. Either of them can be used in developing para-
metric models, and Eq. (8) can be used to conveniently convert one to
the other.

4. Influence of subsurface soils on topographic amplification

Due to extensive weathering of in-situ rock, residual soils often exist
at the topographic surface. The influence of subsurface soils on ground-
motion amplification is considered in the following study. At the pre-
sent stage, the soil is assumed to be linearly elastic without considering
nonlinearity, and the depth of the soil layer is uniform overlying the
rock. The shear wave velocity is assumed to be 200m/s, which is a
typical value for residual soils in Hong Kong [17]. Thus, the wavelength
in soil layer is 1/5 of that in rock, i.e., =λ λ1/5Soil Rock. The predominant

Fig. 5. Coefficient of determination obtained between smoothed curvature over different smoothing lengths and amplification factors.
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frequencies of the input wavelet are 5 Hz, 2 Hz, 1 Hz and 0.5 Hz, re-
spectively. Accordingly, the corresponding wavelength in soil λSoil
equals to 40m, 100m, 200m and 400m, respectively. For the soil case
under 5 Hz excitation, we used a finer horizontal mesh of 10m and
smaller domain to compensate for the simulation time.

4.1. Amplification on layered soils

The topographic amplification factor, TAF, is defined using the
following Eq. (9),

=TAF AF AF/ ,Layered
D

Layered
D3 1 (9)

where AFLayered
D3 is the PGA on 3D topography surface of layered soils

against the PGA on rock outcropped at zero-level elevation, AFLayered
D1 is

the PGA on horizontally layered soil against the PGA on the rock out-
crop. AFLayered

D1 shows the amplification of the soil layer without con-
sidering the topographic effects, and it can be easily obtained by 1D site
response analyses. By normalizing the 1D soil amplification, TAF re-
flects topographic amplification factor coupled with subsurface soils.

Fig. 9 shows the soil amplification obtained from 1D response
analyses. As expected, the amplification factors coincide for different
input frequencies if the soil depth is normalized by the wavelength λSoil.
The AFLayered

D1 yields a peak value of 2.35 when the soil depth equals to
λ0.2 Soil. The peak value corresponds to the natural frequency of the soil

layer, which would occur at the soil depth equal to λ0.25 Soil.
The TAF factors under 1 Hz excitation are shown in Fig. 10. Four

cases with different soil depths are illustrated, including the homo-
geneous rock case (SD=0m) and cases with the soil depths of 20m,
40m and 60m, respectively. Due to existence of surface soils, the
amplification pattern has changed significantly compared with the
homogeneous rock case, which is closely correlated to large-scale

topographic features. With an increasing soil depth, the amplification
zones become narrower, although they are still around the mountain
ridges, as shown in Fig. 10 (a) and (b). If the soil depth further in-
creases, the amplification pattern generally changes to the case of a
homogeneous soil site, with the amplification pattern more closely
correlated to small-scale topographic features, i.e., curvatures
smoothed using a smaller smoothing length. This is reasonable because
the wavelength in the surface soils is 1/5 of that in rock, =λ λ1/5Soil Rock,
therefore, the presence of the soil layer tends to be influenced by small-
scale topographic features. It is also interesting to notice that when the
soil depth is greater than a certain threshold, the amplification pattern
will no longer change significantly and can be approximated as a
homogeneous soil case.

4.2. Influence of subsurface soil depth on characteristic smoothing length

In order to obtain the characteristic smoothing length for the
layered case, parametric study has been conducted using 5 Hz, 2 Hz,
1 Hz and 0.5 Hz wavelet excitation by assuming different soil depths.
The results are compared with the homogenous rock case (SD=0m) as
shown in Fig. 11, where the characteristic smoothing length for
homogenous rock case ( =L λ1/2s Rock) is highlighted using a solid line
for each case.

It is observed that the characteristic smoothing length (corre-
sponding to the maximum R2) becomes smaller with an increasing soil
depth. This is due to the fact that λSoil is much shorter than λRock,
therefore, the size of influenced features should be smaller. Moreover,
the maximum R2 also decreases with an increasing soil depth. When the
soil reaches a certain depth, no significant change is observed for the
characteristic smoothing length and its associated R2.

Finally, the relation between the modified characteristic smoothing

Fig. 6. Correlation between amplification factor and curvature smoothed over characteristic smoothing length ( =L λ /2s Rock ) for different frequency excitations.
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length (Ls) and soil depth (SD) is shown in Fig. 12. If Ls and SD are
normalized by λSoil, a rather consistent relationship can be obtained for
different wave frequencies. For the layered site, Ls decreases linearly
from 2.5 λSoil (corresponding to a homogenous case 0.5 λRock) to 0.5
λSoil(corresponding to a homogenous soil case), when the soil depth
increases from 0 to 0.2 λSoil. Beyond that depth limit, Ls remains to be
unchanged. A simplified fitting curve, shown as the dash red line in
Fig. 12(b), can be used to describe the unified relationship for different
input wave frequencies.

It is important to note that 0.2 λSoil correspond somewhat to the
natural frequency of the soil column, which would occur at SD=0.25
λSoil for the first mode. This implies the relationship between the soil
depth and the shear-wave velocity of the subsurface soils is very im-
portant in quantifying the effect of topographic amplification.

4.3. Prediction equation for topographic amplification

Although it is tempting to use a simple functional form, such as Eq.

Fig. 7. Relative elevation maps calculated over different scale lengths. Topography contours are from 0 to 550m with a 50m interval.

Fig. 8. (a) Coefficient of determination obtained between the smoothed curvature and the relative elevation for different Ls and Lh; (b) An example showing Cs vs Hr

for =L m500s and =L m750r . A linear fitting line and error bars (mean± 1 std) are also plotted.
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(7), to predict the amplification factor for the layered soil case, the
model exhibits considerable bias in its residuals against slope angles. As
shown in Fig. 13(a)(b), the residual is not biased over curvature, yet,
they has a clear trend against the slope angles, especially when the
slope angle is greater than 15°. The spatial distribution of the residuals
show a similar pattern as the map of the slope angle, as shown in
Fig. 13(c)(d).

Therefore, the TAF prediction can be significantly improved by in-
troducing a linear term with respect to slope angles as follows:

= ⎛

⎝
⎜

⎞

⎠
⎟

= ⎧
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× + <
× + × − + ≥
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D
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D

s s

s s

3

1

(10)

where SD is the soil depth (in m), a SD( ) and b SD( ) are parameters
dependent on SD, C L( )s s is the curvature smoothed over the char-
acteristic length shown in Fig. 12, θ is the slope angle (in degree), and ε
is the residual that follows a normal distribution with a zero mean and a
standard deviation of σ=std(ε)⊡

The a SD( ) and b SD( ) values for different wavelet frequencies and
soil depths have been computed through regression analyses as illu-
strated in Fig. 14. If these two parameters are normalized by the wa-
velength in soil λSoil, a unified relation can be obtained for these two
parameters, as represented by the red dash lines in Fig. 14. The para-
meter a SD( ) for the curvature decreases when the soil depth is less than
0.2 λSoil and remains as a constant for deeper soils. The parameter b SD( )
for the slope angle first decreases and then increases to zero. A
minimum value of b (termed as b0) occurs when the soil depth is 0.15
λSoil. This trend also indicates that when the soils are deeper than 0.3
λSoil, the slope angle has minor influence on topographic amplification.
The b value assumes zero for that case.

Fig. 14(c) further illustrates dependency of b0 on the wavelength in
soils. It is worth pointing out that the absolute value of b0 linearly
decreases if the wave wavelength increases from 40m~400m, i.e,
when frequency reduces from 5Hz to 0.5 Hz. For wave frequencies less
than 0.5 Hz, the influence of the slope angle can be neglected.

Fig. 9. AFLayered
D1 computed using 1D site response analyses.

Fig. 10. TAF maps of layered soils with different soil depths under 1 Hz wavelet excitation. Topography contours are from 0 to 550m with a 50m interval.
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Statistical analyses are performed to evaluate the importance of the
slope angle in the prediction. As shown in Fig. 15, adding the slope
angle term could improve the coefficient of determination R2 and re-
duce the standard deviation of residuals considerably. The improve-
ment is most significant when the soil depth is within the range of
(0.1–0.2)λSoil. In general, the standard deviation of Eq. (10) falls into
the range of 0.1–0.15, which slightly increases with the increase of soil
depth.

5. Influence of material damping

In the previous section, the soil and rock are assumed to be uniform
and linearly elastic without damping, yet damping should be con-
sidered for more realistic cases. For a 1D harmonic plane wave, the
motion in undamped elastic media can be written as [28]:

= −u u i ωt κZexp[ ( )]0 (11)

Fig. 11. R2 obtained between different smoothing lengths and TAF factors.

Fig. 12. Modified characteristic length for the layered soil with different soil depths.
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where u0 is the displacement amplitude, ω is the angular frequency, κ is
the wave number ( =κ π λ2 / ) and Z is wave traveling distance. For the
case of vertically propagated wave, Z represents the elevation. If the
material damping is considered, the wave solution can be written as

= − −u u exp αZ i ωt κZ( )exp[ ( )]0 (12)

where = + − ≈α Q Q κ ζκ( 1 )2 is the attenuation factor, Q is the
quality factor, and ζ is the damping ratio. Theoretical solutions of Eqs.
(11) and (12) show that the amplitude of the harmonic wave decays
exponentially along traveling path with an amplitude multiplier of

−exp αZ( ), as illustrated in Fig. 16.

5.1. Amplifications of homogenous rock with damping

Large scale numerical simulations have been also conducted to
study the topographic amplification of ground motions with material

damping. In the SEM simulation, standard linear solids are used to
achieve constant damping over the frequency range of interest [23]. For
a homogenous rock site, the rock damping is assumed to be constant,
varying from 1% to 3%. Predominant frequencies of the input wavelets
are 5 Hz, 2 Hz, 1 Hz and 0.5 Hz, respectively. The amplification factors
are shown in Fig. 17 for illustration purpose.

It can be observed that the amplitude decays with an increasing
elevation for different damping ratios. According to the theoretical
solution, the wave function in viscoelastic material can be treated as the
wave function in an undamped elastic medium multiplied by an at-
tenuation factor, −exp αZ( ). Dividing the amplification factor from the
viscoelastic simulation by that from undamped elastic simulation, we
can derive the attenuation factor from the numerical simulations, which
is compared with that from theoretical solution in Fig. 18. Results show
that although topographic features are present in the 3D model, the

Fig. 13. Residual analysis of TAF under 2 Hz wavelet and SD=10m: (a) residuals against curvature, (b) residuals against slope angle; (c) spatial distribution of
residuals, (d) slope angle map.

Fig. 14. Parameters (a) a SD( ) and (b)b SD( ) derived with different soil depths and input wavelet frequencies; (c) Dependence of b0 on the wavelength in soils.
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derived attenuation factor α generally follows theoretical solution. The
good match of Fig. 18 is probably because a single pulse is used in the
simulation, and multiple scattering due to various input cycles is ne-
glected. Another reason may due to the fact that the wave mainly
propagates vertically. Therefore, the elevation Z becomes a good in-
dictor to measure the wave travel distance and associated damping
effects. For these special cases, the damping effects can be decoupled
from the topographic effects, and theoretical attenuation factor can be
used for approximation of ground motion amplifications.

Therefore, if the material damping is considered, the prediction
equation Eq. (7) can be modified by adding a damping term as follows

⎜ ⎟= × × ⎛
⎝

− ⎞
⎠

AF λ C a λ C L π
λ

ζZ( , ) exp[ ( ) ( )] exp 2
Rock

D
Rock s Rock s s

rock

3

(13)

where ζ is the damping ratio and Z is the terrain elevation (in m, as-
sume the elevation of rock outcrop is 0m). The standard deviations of
the model residuals, σ=std(ε), are generally less than 0.1.

5.2. Influence of material damping on layered soils

A more realistic scenario is now considered for a viscoelastic soil
layer with a uniform depth overlying a viscoelastic rock site. The
properties of the soil is same as that in Section 4, i.e. shear wave ve-
locity is assumed to be 200m/s. Therefore, =λ λ1/5Soil Rock. The
damping ratio of the soil, ζSoil, is assumed as 10% and the damping ratio
of the rock, ζRock, is 1%. Recall Eq. (9), the topographic amplification
factor, TAF, is defined as the amplification on 3D layered topography
divided by the 1D amplification factor with material damping con-
sidered in both cases, i.e., =TAF AF AF( ) ( / )damped Layered

D
Layered

D
damped

3 1 . The
normalization eliminates the effect of 1D soil amplification and soil
damping. Finally, the topographic amplification factor for the damped
case can be related to the undamped case through the following re-
lationship:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

TAF TAF πζ Z
λ

( ) ( ) exp 2damped undamped rock
rock (14)

where only rock damping, ζrock, is involved and Z is the elevation (Z=0
for the rock outcrop). The amplification maps under 1 Hz wavelet ex-
citation are shown in Fig. 19.

Finally, the general prediction equation can be established as:

⎛

⎝
⎜

⎞

⎠
⎟ =

⎧

⎨
⎪

⎩
⎪

× − ⎛
⎝

⎞
⎠

+ <

× + × − − ⎛
⎝

⎞
⎠

+ ≥
ln

AF

AF

a SD C L πζ ε for θ

a SD C L b SD θ πζ ε for θ

( ) ( ) 2 , 15

( ) ( ) ( ) ( 15) 2 , 15

Layered
D

Soil
D

damped

s s rock
Z

λrock

s s rock
Z

λrock

3

1

(15)

where Ls, a SD( ) and b SD( ) depend on the soil depth and wavelength, as
shown in Figs. 12 and 14. θ is slope angle (in degree), Z is elevation and
ζrock is rock damping. The derived R2 and standard deviation of residuals
σ for Eq. (14) is shown in Fig. 20, which are similar as the results in
Section 4.3 (Fig. 15). The parametric model gives quite accurate results
with a standard deviation of residuals generally falling in the range of
0.1–0.15. It is worth pointing out that Eq. (15) essentially represents
topographic amplification that is frequency dependent, as the wave-
length is simply related to wave frequency via =λ V f/s .

Fig. 15. R2 and standard deviation of residual obtained using prediction equation with and without the slope term.

Fig. 16. Theoretical attenuation of harmonic plane wave in elastic and vis-
coelastic materials.
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6. Conclusions and discussions

In this study, a region-scale 3D numerical simulation has been
conducted to quantify ground-motion amplification considering 3D
topography and subsurface soils, using Hong Kong Island as a testbed.
The numerical analyses revealed that the topographic amplification is
frequency dependent. If the site is made of homogenous rock, the to-
pographic amplification is best correlated with topographic curvature
smoothed over a characteristic length, which equals to half of the wa-
velength in rock. Amplification of the high-frequency wave is correlated
with curvature smoothed over a small length scale, and amplification of
long-period waves is correlated with large-scale topography features in
horizontal dimension. The maximum topography amplification gen-
erally ranges from 1.6 to 2.0 in the protruded areas. Deamplification of
the high-frequency wave is observed in the locally concaved areas even
at high elevations. Results obtained from the 3D analysis are generally

greater than those obtained from 2D analyses.
Considering a layer of low-velocity subsurface soil, the topographic

amplification factor (TAF) is significantly influenced by thickness of the
soil layer and wavelength, even though TAF is normalized by 1D soil
amplification. Compared with the homogeneous rock case, the ampli-
fication pattern becomes more closely correlated to small-scale features
as the layer thickness increases, which is due to the fact that the wa-
velength in soil is relatively short. When both topography amplification
and soil amplification are considered, the total amplification factor
(compared with the rock outcrop) could be greater than 4 if the soil
depth is around λ0.2 Soil. The study also demonstrates that the effect of
material damping can be decoupled from the topographic amplifica-
tion, and can be modeled using a theoretical attenuation factor for 1D
plane wave propagation parameterized by terrain elevation. Based on
numerical simulation, parametric models were proposed to quantify the
topographic amplification considering subsurface soils, material
damping and input wave frequencies. The model is parameterized by
the curvature smoothed over a modified characteristic length, the slope
angle and the terrain elevation, and provides accurate predictions on
the topographic amplification with a standard deviation of residuals in
the range of 0.1–0.15.

Admittedly, wave interference over topography is a complicated
nonlinear process. A more comprehensive picture of the surface and
subsurface topography is needed to consider all wave interference. It
should be noted that the smoothed curvature, which demonstrated
certain efficiency in predicting amplification for homogenous rock
cases, becomes less effective to capture the physics behind when soil
layers are considered. This is clearly shown by low R2 values especially
for higher frequencies and larger soil depths (Fig. 11).

For simplicity, wavelet pulses are used as input motions in this
study, whose durations are much shorter than real earthquake motions.
The simplification may lead to underestimation of the topographic
amplification. In addition, the soil stratum is assumed with a constant
thickness and stiffness. The sharp contrast existed between the soft soil
layer and the rock base may exacerbate the soil resonance effects.

Fig. 17. TAF maps for homogenous rock cases with different damping ratios, excited by 5 Hz and 1 Hz wavelet.

Fig. 18. Attenuation factor α obtained from theoretical solution and simulation
results.
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Realistic layering with gradually changed soil profile may result in
different scattered wavefield and amplification pattern. At the present,
we are collecting and reviewing thousands of borehole information in
order to model realistic near-surface geology of the study area.
Emphasis will be placed on investigating the variation of soil cover and
weathered rock profiles on the hill top and hill slope, which may have
great impact on site amplification as revealed by this study.

Further, the spatial correlation of soil properties needs to be in-
vestigated using geostatistics analyses, such as the co-kriging technique
[29,30], in order to interpolate data at locations without direct mea-
surement. Extensive parametric study needs to be performed to quan-
tify the uncertainty and variability of the ground-motion amplification
through varying stratification and properties of soil/rock units. Re-
corded or simulated ground motions (such as [31,32]) need to be used
to examine the effects of ground motion duration, energy/frequency

content and nonstationary on topographic amplification. The proposed
topographic amplification models can be combined with Newmark
displacement analysis [33–35] to assess regional co-seismic landslide
hazards. These topics will be addressed in future studies.
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Fig. 19. TAF maps on layered soils with different soil depths under 1 Hz wavelet. The damping ratio of soil ζSoil is 10% and the damping ratio of rock ζRock is 1%.
Topography contours are from 0 to 550m with a 50m interval.

Fig. 20. R2 and standard deviation of residual obtained using the general prediction equation.
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