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Abstract

Topographic effects, the modification of seismic shaking by irregular topographies compared to flat ground, have been extensively
studied. Very few studies, however, have investigated the effects of the stratigraphy and nonlinear response of the underlying
geology on topographic amplification. Furthermore, most experimental studies have been performed in the field, where it is often
difficult to establish an ideal flat-ground reference station, as well as to characterize the soil properties and their spatial variability
in sufficient detail. Dafni [1] recently tested the seismic response of step-like slopes in a series of centrifuge experiments, where the
incident motion, reference station and material properties were characterized in detail. In this study, we investigated the influence
of the container boundary on topographic effects observed in the centrifuge experiments by performing numerical simulations with
and without the container boundary. Our analysis suggested that the rigid-body rocking motion of the centrifuge container likely
increased the experimental topographic spectral ratios, contributing to the discrepancy between the simulated and observed spectral
ratios. We also found that although the laminar box lateral boundaries caused spurious reflections, they didn’t qualitatively affect
the ground surface amplification pattern compared to numerical predictions of the same configuration without boundaries. At the
same time, and most importantly, however, we found that the baseplate –by trapping waves scattered and diffracted by the slope–
amplified the ground motion at the crest up to one order of magnitude compared to numerical predictions of the response in absence
of the baseplate. Our results show that topographic effects can be significantly affected by the underlying soil stratigraphy; and
allude to the potentially significant role of this phenomenon in elevating seismic risk in regions with strong topographic relief. The
findings of this study also suggest that future studies will benefit from clear understanding and careful considerations of capabilities
and limitations of different investigation methods and that the numerical modeling and the lab testing (or the field testing) methods
should complement each other.
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1. Introduction

The modification of seismic ground motion by ground sur-
face features such as hills, ridges, cliffs, and canyons, known
as topographic effects, is a well documented phenomenon [2–
6]. Observations from past earthquakes have systematically
shown that steep slopes or complicated topographies accen-
tuate earthquake damage compared to flat ground. Examples
such as the PGA = 1.82g ground motion recording on the
Tarzana hilltop during the 1994 Northridge Earthquake [7], the
Pacoima Dam (PGA = 1.12g) recording during the 1971 San
Fernando earthquake [5], and the recent extraordinary ground
motion (PGA = 2.74g) recorded at the Japanese Seismic Net-
work K-Net station MYG004 during the 2011 Tohoku Earth-
quake [8], are only a few of many records that have been linked
to topographic effects.

Field studies have confirmed the observational evidence that
surface topography significantly affects the amplitude and fre-

∗Corresponding Author
Email address: seokho.jeong@waikato.ac.nz (Seokho Jeong)

quency content of surface ground motion [4, 9–12]. These stud-
ies, however, have been based almost exclusively on ground
motions from small or distant events, and weren’t accompanied
by detailed models of subsurface stratigraphy and dynamic soil
properties that one could use to simulate the field observations.

Topographic effects have been extensively studied using tech-
niques such as closed form analytical solutions, finite differ-
ences, finite elements and boundary elements [3, 5, 6, 11, 13–
22]. More recently, large-scale numerical simulations have been
used to study realistic geometries of larger features, for which
researchers used high resolution digital elevation maps to ex-
tract the three-dimensional geometry [22–24].

Despite the qualitative agreement between simulations and
observations, however, theoretical predictions largely underes-
timate observations of topographic amplification compared to
field data, by a factor of 10 or more in some cases [11]. This
discrepancy has been attributed, at least in part, to idealiza-
tions made in published studies, such as the assumption that
topographic features lie on homogeneous, elastic soils, and that
monochromatic pulses can capture the topographic amplifica-
tion observed during earthquakes [21].
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Recently, a series of studies have highlighted the important
role that shallow material heterogeneities may be playing on the
observed amplification of ground motions on elevated sites [25–
29]. Results from these studies, however, may not be represen-
tative of topographic effects induced during large earthquakes,
which frequently trigger nonlinear response of the shallow ge-
ologic layers: recorded topographic amplification factors from
well-documented case studies are available primarily for weak
and moderate events [29–33], while most published numerical
predictions are valid for linear viscoelastic media.

To investigate the extent to which subsurface geology char-
acteristics affect topographic effects, Dafni [1] recently con-
ducted a series of centrifuge experiments. The experimental
data can be found in Dafni and Wartman [34]. The experi-
ments involved simple slope features of various geometries sub-
jected to ground motion suites that ranged from weak to strong
–adequate to cause nonlinear effects, but not strong enough
to cause slope stability failure; and frequency contents from
monochromatic to broadband.

In this study, we used results from Dafni [1] to understand
whether centrifuge experiments capture the expected charac-
teristics of the topographic effects, and specifically, whether
wave reflections caused by the centrifuge laminar box bound-
aries were strong enough to qualitatively alter the amplifica-
tion pattern compared to simulated results without the container
boundary. Using finite element simulations validated by a sub-
set of centrifuge observations, we studied changes in the ground
surface response near the peak that were induced by remov-
ing the lateral and vertical constraints (the laminar box and alu-
minum base plate) in our numerical model, while keeping the
geometry of the topographic feature constant. Results and in-
terpretation thereof in the context of field observations of topo-
graphic effects

The scope of our study was twofold: (i) to highlight the
advantages and limitations of centrifuge experiments in simu-
lating topographic effects, and in doing so, to guide the design
and interpretation of future experimental studies on 2D and 3D
site effects; (ii) to provide a detailed description of a numerical
model of free-field nonlinear topographic effects that we, and
other researchers, can use to expand our understanding for this
class of problems.

2. Validation: Numerical simulation of centrifuge experi-
ments

Dafni [1] conducted model test experiments at 27g and 55g
acceleration at the centrifuge facility of the University of Cal-
ifornia, Davis. The models were prepared with dry Nevada
sand in the flexible shear beam container of the facility (FSB-2),
which comprises an aluminum base plate and five metal rings.
The rings are separated by 12 mm thick soft neoprene rubber
layers that provide lateral flexibility. Technical specifications of
the centrifuge, shaking table (base plate) and containers at the
U.C. Davis experimental facility can be found in Kutter et al.
[35].

2.1. Geometry, boundary conditions and material calibration

We simulated the centrifuge experiments using the finite el-
ement (FE) code DYNAFLOWTM [36]. Of the three single slope
configurations (20◦, 25◦ and 30◦) tested by Dafni [1] we next
present numerical predictions for the 30◦ single slope. Since to-
pographic amplification is proportional to the feature steepness,
and slope instability of granular media increases as the natural
slope approaches the material friction angle, the 30◦ slope was
selected as the ‘worst case’ scenario configuration among all
single slopes tested. We also simulated the flat ground model
of Dafni [1] that we used as reference site for flat ground re-
sponse (Figure 1). The finite element meshes of the two models
are shown in Figure 2.

Figure 1: Nomenclature for studies on topographic effects: near-crest accel-
eration, a2D, is affected by both 1-D site response and topography effect; and
free-field acceleration, a f f , is affected only by 1-D site response.
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Figure 2: 2-dimensional finite element mesh of a centrifuge experiment model:
a flat ground configuration (top) and a single slope with angle of 30◦ (bottom);
dimensions shown are in actual model scale.
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We used plane strain elements (2D) to simulate the cen-
trifuge box and the soil, and calibrated the mass and stiffness
of the 2D numerical model of the container to match the cor-
responding properties of the three-dimensional (real) container.
The linear elastic properties that were selected for the metal
rings are described in detail in Kutter et al. [35], and the equiva-
lent material properties of the 2D container are listed in Table 1.

The neoprene foam rubber that connects the rings was mod-
eled as viscoelastic material. Using the experimental data pub-
lished by Snowdon [37], we estimated the shear modulus (G)
and damping (ζ) of neoprene rubber at the ambient tempera-
ture of the experimental facility as G = 0.25MPa and ζ = 6%,
respectively. Snowdon [37] also showed that the damping has
a mild frequency dependency (i.e. the critical damping ratio
reaches ten percent at f = 600Hz, or f = 11Hz in the proto-
type scale of this study). The Rayleigh damping parameters,
α and β, that we selected to simulate the energy dissipation of
the neoprene rubber as measured by Snowdon [37] are listed in
Table 1.

Table 1: Material parameters selected for the equivalent 2D nu-
merical model of the flexible container FSB-2

E [MPa] ν ρ*[Mg/m3] α β
Ring 1 70000 0.35 1.92 0 0
Ring 2 70000 0.35 2.19 0 0
Ring 3 70000 0.35 2.19 0 0
Ring 4 70000 0.35 4.14 0 0
Ring 5 70000 0.35 5.24 0 0

Rubber 1 2 0.499 2.0 9 0.0001
Rubber 2 ∼ 5 1.5 0.499 2.0 9 0.0001

∗ The mass densities of the container rings are not of the actual material,
but of the equivalent 2D model.

We rigidly linked the horizontal degrees of freedom of the
ring elements, so that the left and right container sides move
horizontally in sync; the implicit assumption here is that the
axial deformation of the rings during shaking is negligible.

We simulated the dry Nevada sand using the pressure de-
pendent multi-yield (PDMY) plasticity model by Prevost [36,
38]. The model is implemented in DYNAFLOWTM, and employs
a purely kinematic hardening rule with nested round-cornered
Mohr-Coulomb yield surfaces, an associated flow rule for the
deviatoric strains, and a non-associated flow rule for the vol-
umetric plastic strains. The PDMY model has two options for
modeling the monotonic shear stress-strain backbone curve: (a)
the modified hyperbolic model by Kondner [39], and (b) Hayashi’s
model [40], a generalization of the Kondner’s model. Lastly,
the model employs Masing’s hysteresis rule [41] for unloading-
reloading cycles.

To simulate the response of dry sand using the PDMY model,
the only relevant parameters are the initial (elastic) modulus
(G), the friction angle (φ) that governs the ultimate strength,
and the backbone curve (or integral of the shear modulus degra-
dation curve). The pressure-dependency of the shear modulus
was idealized by the power law of Equation (1), where G0 is the
elastic shear modulus at the reference hydrostatic pressure pre f .

G = G0

(
p

pre f

)n

(1)

Figure 3 shows the shear wave velocity (Vs) profile of dry Nevada
sand with relative density Dr = 100% measured by Stevens
et al. [42] in a previous centrifuge experimental study that used
the same container. We used the Stevens et al. [42] measure-
ments for the initial calibration of Equation (1), which we sub-
sequently re-calibrated using ground motion data recorded by
Dafni [1] during the flat ground model shaking tests. It turned
out that the final velocity profile we used for the simulation
differs by 14%, compared with the original profile by Stevens
et al. [42]. The difference could be due to the different batch
of the sand, or different person preparing the model. Another
possibility is that the measurement by Stevens et al. (1999) is
done by measuring the air hammer signals before the shaking
begins, whereas our calibration is done after shaking the model
at low amplitude, which could cause a very dense sand to dilate
slightly.
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Figure 3: Shear wave velocity profile of dry Nevada sand with relative density
of 100% as published by Stevens et al. [42]. The black dashed line shows fitted
power law used in the design phase of the centrifuge experiments; the black
solid line shows the final velocity profile after calibration using the result from
flat ground model.

Finally, we simulated the monotonic shear stress-strain re-
sponse of the soil using the generalized hyperbolic model by
Hayashi et al. [40] shown in Equations (2) and (3):

f (x, n) =

(
2
n x + 1

)n
− 1(

2
n x + 1

)n
+ 1

; n > 0 (2)

y = e−αx · f (x, nL) + (1 − e−αx) · f (x, nU) (3)
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where x in our case is the shear strain (γ) normalized with re-
spect to the reference strain γr = τ f /Gmax, τ f and Gmax are
the soil shear strength and maximum shear modulus respec-
tively, y is the shear stress τ normalized with respect to the
shear strength, y = τ/τ f , and α, nL and nU are three model pa-
rameters. Hayashi’s model combines two standard hyperbolic
models [39] as shown in Equation (3), and reduces to the stan-
dard hyperbolic form when nL = nU = 1. Such a versatile
formulation was necessary to allow simultaneous matching of
the soil’s shear modulus (Gmax) (at low strains), and ultimate
shear strength (τ f ) (at high strains).

For the model calibration, we used G0 and n from the Vs

data shown in Figure 3, and assumed a friction angle of φ = 42◦

for the dry Nevada sand with Dr = 100% to estimate τ f . We
then calibrated the parameters (α, nL, nU) for Equations (2)
and (3), such that the modulus reduction curve (G/Gmax) of the
model is in a good agreement with the existing model by Daren-
deli [43], while ensuring that the modulus reduction curve is
consistent with the estimated τ f . Figure 4 shows the modu-
lus reduction and the damping curves of the calibrated model,
in comparison with the model by Darendeli [43]. The PDMY
model itself does not dissipate any energy unless the material
stress reaches the first yield surface. Therefore, the hysteretic
damping is zero when the strain is very small (i.e. γ < 10−3% in
Figure 4). However, such lack of small-strain damping causes
spurious low-amplitude oscillation. In practice, this issue is of-
ten avoided by incorporating some other type of damping, and
the Rayleigh damping is perhaps the most popular choice in the
engineering community due to the simplicity of its formulation.
The global Rayleigh damping matrix was not implemented in
DYNAFLOWTM, and therefore we instead utilized the algorith-
mic damping inherent to the Newmark-β method to suppress
the spurious oscillation [44, 45], such that the global damp-
ing of the model is approximately equivalent to the stiffness-
proportional (i.e. linearly increasing with frequency) damping
with 10% of damping ratio at f = 10Hz. The median damping
in f ≤ 6Hz is therefore 3%, and later it will be shown that the
simulated motions have negligible energy in f > 6Hz. Figure 4
also shows that our model has significantly higher damping ra-
tio than Darendeli’s model when the strain is larger than 0.1%.
Such overprediction of the damping is a well-documented draw-
back of the Masing’s rule [43], and therefore it should be re-
alized that the simulated response could be affected when the
shear strain is large enough. The soil parameters that were used
in the simulations described in the following sections are sum-
marized in Table 2.

Lastly, we should mention here that we assumed perfect
contact between the laminar box and the soil elements. There
are a few different approaches with various levels of complex-
ity for modelling the interface between the soil and the con-
tainer. For example, several published studies [46, 47] ignored
the container in their numerical models, assuming the periodic
boundary condition, which is the ideal case the laminar box
is designed to simulate. Or one could go to the opposite ex-
treme by modeling the soil and container in full 3D, includ-
ing the container-soil contact model. Of course, our approach,
which we consider a good compromise between the reality and

10 -4 10 -3 10 -2 10 -1 10 0 10 1

 [%]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

G
/G

M
a

x

This study

Darendeli(0.25atm)

Darendeli(1atm)

Darendeli(4atm)

Darendeli(16atm)

(a) Modulus reduction curve

10 -4 10 -3 10 -2 10 -1 10 0 10 1

 [%]

0

0.1

0.2

0.3

0.4

0.5

0.6

D
a

m
p

in
g

 r
a

ti
o

This study

Darendeli (0.25atm)

Darendeli (1atm)

Darendeli (4atm)

Darendeli (16atm)

(b) Damping curve

Figure 4: (a) Calibrated modulus reduction curve and (b) the damping curve at
pre f = 100kPa compared to the data by Darendeli [43].

the simplicity, is still an approximation of a complex behav-
ior, and therefore cannot simulate localized highly nonlinear
effects, such as the local shear failure of the sand induced by
the laminar box shaking due to the instant loss of confinement
and subsequent container-soil pounding at the top ring’s dis-
placement reversals. However, we were able to approximate
this effect by using the PDMY constitutive soil model with zero
tensile strength, which captured failure caused by lack of con-
fining stress in the shallow layers of the soil-container interface,
as will be shown in the following sections.

2.2. Simulated ground motions
The ground motions we selected from Dafni [1] for our nu-

merical simulations are listed in Table 3; they include three
recorded (broadband) ground motions (BPTS315, JOS090 and
TCU078E), each scaled at two different amplitudes; a frequency
sweep (FREQ55NEW); and a sequence of Ricker wavelets (RICK55).
The time histories and corresponding Fourier amplitude spec-
tra, as recorded at the baseplate of the container, are plotted in
Figure 5.

2.3. Validation of simulated ground motions
Results from the simulated experiments were next compared

to recorded motions, which are here presented in prototype units
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Table 2: Material parameters of the PDMY model calibrated for dry Nevada sand at relative density DR = 100% and used in the simulations presented in this paper

ρ [Mg/m3] ν G0 [MPa] pre f [kPa] n φ [◦] Ψ [◦] Xpp α nL nU
1.7 0.25 108 100 0.62 42 35 0.05 0.4 0.5 1.0
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Figure 5: Baseplate acceleration time histories and Fourier amplitude spectra, used as input motions for numerical simulations.

unless otherwise stated. We first compared recordings from
the surface sensors A28-A29 located in the off-plane direction
along the centerline (see Figure 6); it was important to exam-
ine whether the ground surface response was contaminated by
boundary effects normal to the direction of shaking, because
such a finding could challenge our assumption of plane strain
conditions.

Ground motion variability was absent from the recordings
in the off-plane direction, as shown in Figure 7, which com-
pares simulated and recorded acceleration time histories of the
flat model subjected to the BPTS315, JOS090, and RICK55
motions (for code names refer to Table 3). The corresponding
Fourier amplitude spectra are shown in Figure 8. We then com-
pared simulated to recorded motions along the vertical array of
sensors at the centerline of the container (see sensors A29, A56,
A55, A54 and A53 in Figure 8). Results for the 30◦ slope are
shown in Figure 9. Overall, simulated and recorded ground mo-
tions showed good agreement in a wide range of frequencies for
the most ground motions considered.

2.4. Nonlinear response of the soil model

The physical model we tested in the geotechnical centrifuge
is expected to exhibit a significant nonlinear response, when it
is subjected to strong shaking. Understanding the level of such
nonlinear response is helpful for interpreting the experimental
data and the result of numerical simulations. However, measur-
ing directly the dynamic shear strain and stress of the soil in the
centrifuge container is not feasible in general. We therefore ob-
tained the shear stress-strain curves from the numerical model,

along the centerline of the model at the locations of sensors
A29, A56, A55, A54 and A53, as shown in Figure 10, for three
selected ground motions: BPTS315 scaled by 0.5, RICK55-
unscaled and TCU078E-unscaled. The simulated stress-strain
curves suggest that the maximum shear strain is in the order of
0.1%, which can be considered moderate or moderately large.
Figure 4 suggests G/GMax ratio of 0.38 and the damping ra-
tio of 0.15 at this strain level. Figure 10 also shows that the
shear strain of 0.1 is reached for a few largest cycles (except for
RICK55, for which the strain amplitude never reached 0.1%),
and there are many cycles of shear strain with amplitude less
than 0.03%, which corresponds to G/Gmax ratio of 0.6 and the
damping ratio of 0.09.

2.5. Goodness-of-fit evaluation

To quantify the goodness-of-fit (GOF) of simulated motions
to the recorded data, we chose the wavelet based method by
Kristeková et al. [48], which defines the GOF criteria in terms
of both time-frequency amplitude envelope and phase misfit
of observations and simulations. Figure 11 shows an exam-
ple of the said time-frequency GOF evaluation for the slope
model, subjected to the motion BPTS315 scaled by 0.5, using
the Python Obspy package [49].

Results from this simulation yielded a GOF envelope with
peak value EG = 7.47, and phase GOF value PG = 7.68.
The higher the GOF, the better the match between observa-
tions and simulations, with 10 indicating perfect fit between the
two. According to Kristeková et al. [48], the EG and PG of this
simulation lie in the GOF range between “GOOD” and “EX-
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Table 3: Ground motions selected for numerical simulations

Label Description Prototype Amplitude Moment Distance,
amplitude (g) scale magnitude RRup (km)

BPTS315 Superstition Hills–Parachute T S 315 0.25 0.5 and 1 6.5 1.0
JOS090 Landers–Joshua Tree 090 0.25 0.3 and 1 7.3 11.0

TCU078E Chi Chi–TCU078E 0.1 0.7 and 1 7.6 8.2
FREQ55NEW Frequency Sweep 1–7–1Hz 0.1 1 - -

RICK55 Ricker wavelets 1–2–4–6Hz 0.1 1 - -
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Figure 7: Validation of numerical model: Computed acceleration time histories
from the 30◦ single slope model at the center of the surface compared with the
centrifuge experiment results measured from sensors A28, A29 and A30.
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Figure 8: Validation of numerical model: Fourier spectra of computed acceler-
ation time histories from the 30◦ single slope model at the center of the surface
compared with the centrifuge experiment results measured from sensors A28,
A29 and A30.
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Figure 9: Validation of numerical model: Arrays of horizontal acceleration time histories computed along the depth of the numerical model (solid line) from the
30◦ single slope model compared to the corresponding experiment results measured at sensors A29, A56, A55, A54 and A53 (dashed line).
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CELLENT”. Most simulations that we conducted were found
to classify in the same category.

Figure 12 shows the envelope and phase misfit values as
function of frequency, for all motions considered in this study.
Despite some inevitable uncertainty, the misfit from different
simulations are broadly consistent, and mostly fall within the
GOF “EXCELLENT” category.
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Figure 11: Time-frequency goodness-of-fit (GOF) representation of the slope
model simulation, subjected to the motion BPTS315 scaled by 0.5, evaluated
using the approach by Kristeková et al. [48], implemented in Obspy [49]. In the
abbreviations for different criteria, EG and PG stands for the “envelope GOF”
and “phase GOF”, and T and F stands for “time” and “frequency”, respectively.

2.6. Topographic amplification factors: Empirical vs. Com-
puted

Traditionally, topographic effects have been quantified as
the modification (typically amplification) of ground motion in
excess of 1D site response [17, 21]. Previously published stud-
ies on topographic effects have specifically used the ratio of the
Fourier amplitude spectrum of ground motion at (or near) the
crest to the Fourier spectrum of the motion in the free-field, as
shown in Equation (4):

S R(ω) =
Ah

2D(ω)

Ah
f f (ω)

(4)

where A(ω) is the Fourier amplitude of acceleration time history
a(t), ω = 2π f is the circular frequency, and the superscript h
refers to the horizontal component of ground motion.

For compatibility with previously published results, we here
evaluated topographic amplification using that same ratio (SR).

However, we used the flat ground model response as represen-
tative of the free-field ground motion instead of the flat sections
of the sloped model (see stations A16, A18 or A20 for exam-
ple in Figure 6), to avoid recordings possibly contaminated by
reflections of surface waves caused by diffraction at the toe and
crest of the sloped models.

As mentioned above, the premise of Equation (4) is that
the stations that record a2D(t) and a f f (t) have the same soil
profile and the same input motion. Satisfying the latter con-
dition in centrifuge experiments, however, is not a trivial task.
Specifically in this case, while the input (command) displace-
ments of the flat ground and sloped tests were the same, the
total (recorded) baseplate motions were different because of the
differences in mass (and thus inertia feedback) of the two con-
figurations. To correct the experimental topographic amplifi-
cation factor for the baseplate motion difference, we used the
theory of reciprocity as shown in Equation (5):

ˆS R(ω) =
Ah

2D(ω)

Ah
f f (ω)

×
Ah

BP, f lat(ω)

Ah
BP,sloped(ω)

=
Ah

2D(ω)

Âh
f f (ω)

(5)

where Âh
f f (ω) is the corrected free-field reference ground mo-

tion, computed by convolving the recorded baseplate motion of
the sloped model with the experimental 1D transfer function
(surface over baseplate) of the flat ground model; BP stands for
baseplate, f lat for the flat ground model, and sloped for the
sloped model. The median and 68% confidence interval of the
correction term in equation (5) is shown in Figure 13, which in-
dicates that –although the command motion of the two series of
experiments was the same, as mentioned above– the difference
in spectral amplitude of the recorded baseplate motions was as
high as 50% for frequencies in the range f = 1.5 − 6Hz. We
should mention here that Equation (5) is technically valid only
for weak ground motions or linear elastic analyses, but its ap-
plicability can be extended to weakly nonlinear systems. In the
simulated experiments on the other hand, we prescribed the ex-
act same base plate motion for sloped and flat ground, so this
correction was not necessary. Figure 14 compares the corrected
experimental to the computed median topographic amplifica-
tion factor at the crest (station A35).

Results showed that topographic amplification manifested
at approximately the same frequencies in both cases, 3.5Hz and
6.5Hz. The first frequency peak, at f = 3.5Hz, is consistent
with what Ashford et al. [17] defined as topographic frequency.
Their study showed that for idealized single slope configura-
tions such as the one tested here, the maximum topographic am-
plification occurs at frequency f = VS /5h, where h is the slope
height. Currently, we do not have a clear explanation about the
second peak at 6.5Hz. However, considering that many previ-
ous studies have not reported such second peak, relatively close
to the first peak, it is possibly related to the complex wave in-
teraction specific to the model considered in this study.

Although the simulations and experiments agreed well in
terms of the frequencies of amplification, the agreement was
less favorable for the corresponding absolute peak amplitudes,
as shown in the same figure. The mismatch is likely due to in-
herent limitations of our numerical simulations and centrifuge
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Figure 12: Frequency domain envelope (FEM) and phase misfit (FPM) values for the flat and the slope model. Verbal evaluations are based on the recommendation
by Kristeková et al. [48]

experimental errors. Examples in the former category include,
but are not limited to, the assumption of linear or weakly non-
linear response in the spectral ratio correction that we employed
on the experimental data; the contribution of three-dimensional
effects and that was not accounted for in our numerical sim-
ulations; and the uncertainty in calibration of the constitutive
soil model to capture the hysteretic damping. We also found
that although the centrifuge test was intended to simulate shear
wave incidence, the rocking of the soil-container system was
substantial, which could have adversely affected the experimen-
tal crest-to-free field spectral ratio. We will be discussing this
subject in detail later in the paper.

3. Boundary effects of the centrifuge container

Considering that numerical simulations of all sloped mod-
els (of which the 30◦ is shown here) were found to be in good
agreement with the experimental data, we proceeded with the
assumption that the computed spectral ratio (solid line in Fig-
ure 14) was a realistic prediction of the empirical ratio that
would have been measured, had the base plate motions of flat
and sloped ground experiments been identical. With this premise,

we examined the extent to which: (i) the rocking of the soil-
container system; (ii) the laminar container lateral boundaries;
and (iii) the aluminum base plate (analogous to very hard bedrock
in the field condition) affected the experimental results of topo-
graphic amplification.

3.1. ‘Rigid-body’ rocking of the soil-container system

The dynamic shaker actuator of the centrifuge experimental
facility is designed to prescribe pure sliding motion; rocking of
the container-shaking table with respect to the reaction mass, a
byproduct of the sliding motion, centrifugal motion of the box
and non-symmetry of the soil specimen, is considered undesir-
able. Thus, while the experimental design is tailored to mini-
mize the rocking motion (e.g. Kutter et al. [35]), some level of
the coupled rocking motion is inevitable because of the practi-
cal difficulties associated with ensuring the pure sliding motion
at the actuator level (i.e. achieving free sliding and zero relative
vertical displacement above the base plate would be difficult).

This series of experiments was no exception; we quanti-
fied the rocking motion of the soil-container system using the
recorded vertical accelerations (A45 and A59 in Figure 6) on
the base plate. Assuming that the dynamic (i.e. de-meaned)
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Figure 13: Baseplate–to–Baseplate spectral ratios.

Figure 14: Validation of numerical model: Comparison of crest to freefield
median spectral ratio of all considered ground motions

vertical accelerations at those two accelerometers are purely
caused by the baseplate rocking, the recorded accelerations of
the two vertical accelerometers are expected to be equal and op-
posite, given that they are installed at equal distance from the
center of the model, and the center of rotation is expected to
be near the center line of the model. Unfortunately the sen-
sor A59 malfunctioned after a small number of initial spins.
Still, under the assumption of rigid-body rocking, the vertical
accelerometers A07 and A09 recorded accelerations that were
indeed equal and opposite, which strongly suggests that A59
and A45 would have recorded equal and opposite accelerations.
We therefore estimated the container rocking acceleration, θ̈,
using A45 only, and assuming that the center of rotation lied
approximately along the center line of the model:

θ̈(t) ≈ üz(t)/∆x (6)

in which ∆x is the distance of sensor A45 from the center

(and center of rotation) of the baseplate.
Further assuming that the center of rotation was station-

ary during the experiment, we estimated the contribution of the
rigid-body rocking to the surface horizontal (tangential) accel-
eration as follows:

üRocking
x (t) = θ̈(t)∆z (7)

in which ∆z is the distance of the surface from the center of
rotation.

Figure 15 shows the Fourier amplitude spectra of üRocking
x ,

estimated on the base of the foregoing assumptions, and nor-
malized by the baseplate motion. Interestingly, we found that
the baseplate rocking had a pronounced peak at frequency, f =

3Hz, which is very close to the topographic frequency revealed
by the experiments, f = 3.5Hz. Figure 15 in fact shows that
the amplitude of the baseplate rocking spectrum at f = 3Hz
–and thus the contribution of rocking to the horizontal motion
recorded on the surface– was comparable to the amplitude of
the baseplate horizontal motion itself, assuming here that the
center of rotation was located on top of the baseplate.

The question that naturally arises next is, “To what extent
did the container rocking affect the experimental topographic
amplification ratio?” To answer this question, we removed the
contribution of rigid-body rocking (as estimated above) from
the observed horizontal acceleration at the crest, by subtracting
the values of equation (7) from the recorded ground surface mo-
tion in the time domain. Figure 16 demonstrates the estimated
effect of the container rocking to the crest-to-freefield spectral
ratios: it compares the original spectral ratios before and af-
ter the rocking has been removed, and clearly shows that the
container rocking increased the amplitude of the experimental
spectral ratio at the crest by approximately 20% in frequencies
f = 3 − 4Hz.

We should stress here, however, that the procedure described
in this section to compute üRocking

x is an approximation based on
a series of educated assumptions, and thus Figure 16 should be
used only as qualitative–and not quantitative evidence of the ef-
fects of rocking. After all, removing the rocking effects did not
eliminate the discrepancy between the simulated and measured
spectral ratio amplitude, which we still attribute to a number of
simplifications of our numerical model described in Section 2
above.

3.2. Effects of the lateral boundaries

After studying the effects of container rocking on the mea-
sured topographic amplification, we examined the effects of the
laminar box lateral boundaries. Flexible containers, like the
one used in this study, minimize boundary reflections through
a stack of rigid rings [50, 51]. Previous studies showed that for
a 1D profile subjected to 1D motion, the stacked-ring container
models similar to what was used in this study approximate a
profile that extends laterally to infinity [50]: since the left and
right sides of the model are constrained to move in sync, two
models could be stitched in series without changing the prob-
lem, then three and so on. Consider now a 1D profile with a
scatterer (e.g. a hill, a boulder, a tunnel) subjected to uniform
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Figure 15: Contribution of container rocking to the horizontal acceleration at the surface. The median rocking spectral ratio is shown with the standard deviation of
all considered ground motions. The surface-to-baseplate spectral ratio is the median of all considered motions.

Figure 16: Effect of the container rocking to the crest-to-freefield spectral ratio
at the crest. Spectral ratios are the median of all considered motions.

base motion. While the input motion and soil profile are 1D,
the wavefield in the vicinity of the scatterer comprises shear,
compressional and surface waves, generated by scattering and
diffraction and traveling in multiple directions. In turn, if the
container boundaries are placed too close to the scatterer, this
complex wavefield and the 1D boundary response would dif-
fer and this difference would cause spurious reflections. To
avoid this artifact, the container sides should thus be placed ad-
equately far from the scatterer, to allow the complex wavefield
to dissipate, and the model response to converge to 1D, namely
to a motion compatible with the laminar box boundary condi-
tions. Too close and adequately far in this case are not defined
in absolute terms: since attenuation is proportional to the num-
ber of wavelengths travelled, higher frequency waves attenuate
faster than lower frequencies in the same medium, and thus the

former require shorter absolute distances to attenuate than the
latter.

The configuration tested in the centrifuge comprised a hor-
izontally stratified soil (1D) with the surface geometry acting
as a scatterer, and was subjected to approximately (due to con-
tainer and baseplate rocking) uniform horizontal base motion
(also see Dafni [1]). Based on the discussion above, the con-
tainer sides would not yield spurious reflections if the scattered
wavefield, caused by the topographic ground surface anomaly,
were allowed adequate distance to attenuate. To give an order
of magnitude sense, Bouckovalas and Papadimitriou [52] found
that the free-field condition defined in terms of peak accelera-
tion amplitude can be satisfied for distance from the crest any-
where between 2 to 8 times the slope height. The experimental
design, however, entailed several conflicting constraints in this
regard:

• The highest frequency (shortest wavelength) was bound
by the actuator capacity ( fmax = 5.5Hz, in prototype scale
with centrifugal acceleration of 55g, fmax = 300Hz in
model scale);

• In turn, because topographic effects manifest for slope
dimensions comparable to the dominant excitation wave-
length [2, 3, 11, 17, 53], the actuator’s highest frequency
also constrained the minimum slope dimension that would
trigger topographic amplification effects;

• At the same time, the experiment was designed with dense
sand (G0 = 108MPa; Dr = 100%) to prevent the slope
stability failure during the test; thus, at fmax, the short-
est incident wavelength was λmin = 45m (in prototype
scale), whose effects would manifest for a slope of simi-
lar dimensions;

• The fixed container dimensions, however, could not ac-
commodate the minimum distance between the toe and
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crest of the slope and the boundaries, that were required
to avoid spurious reflections.[21]

Given these constraints, the slope-to-boundary distance was
inevitably compromised during the test, creating the conditions
for spurious reflections of the scattered wavefield. We next ex-
amined how strong these reflections were and to what extent, if
any, they affected the recorded topographic amplification pat-
terns using the finite element model shown in Figure 17. The
material and slope geometry were identical to the centrifuge
configuration described above, but the container box was in
this case replaced by paraxial absorbing elements that minimize
energy reflections [54]. In other words, the numerical model
in Figure 17 is a slope on the surface of a Nevada sand layer
overlying a practically rigid bedrock (here, the aluminum base
plate). Boundary effects were revealed clearly when we exam-
ined the spatial distribution of peak (absolute maximum) accel-
eration on a model cross-section. Figure 18 compares the peak
acceleration contours produced by the centrifuge experimental
data, the full-container numerical simulations, and the extended
free-field numerical simulations, for three different broadband
ground motions of increasing intensity.

In the extended free-field simulations, the maximum am-
plification -while small- appeared in the vicinity of the crest,
and the response gradually approached 1D conditions both be-
hind the crest and away from the toe. The amount of amplifica-
tion also appeared to increase with increasing motion intensity;
specifically in the stronger of the three motions, the topographic
amplification distribution strongly resembles the displacement
field of a slope stability failure.

By contrast, the maximum amplification for both the cen-
trifuge experimental data and the full-container numerical sim-
ulations, and regardless of the shaking intensity, was observed
at the top left corner (see Figure 18). Considering that the in-
terface between soil and container –the interface of a granular
medium and a metal surface– has practically no cohesion, the
top corner of the model responds during load reversal as a ver-
tical (90◦) slope, much more prone to localized amplification
and slope stability failure than the 30◦ slope; It is also possible
that the pounding of the container rings may have accentuated
the high shaking at the top left corner.

Note also that the peak acceleration contours of the cen-
trifuge experimental data show a clear minimum at the mid-
point of the model close to the base, and a radially increasing
peak acceleration away from that point towards the bottom cor-
ners of the model. This effect, which did not appear in the full-
container simulations, is additional evidence of the rigid body
rocking of the centrifuge container, which contributed to the in-
creased level of acceleration near the container boundaries and
at the surface compared to our extended “free-field” simula-
tions.

We next estimated the effects of the lateral boundaries on
the measured crest-to-free field spectral ratio. Figure 19 com-
pares the spectral ratio predicted by the model shown in Fig-
ure 17, to the spectral ratio from the simulated centrifuge model
test (Figure 2). Although the comparison of maximum acceler-
ation contours shown in Figure 18 revealed significant lateral

boundary effects, the crest-to-free field spectral ratios weren’t
significantly affected by lateral boundary reflections. This find-
ing suggests that despite the prominent boundary effects in the
physical model experiments, reflections attenuated rapidly and
its influence on the response of the central part of the model
where the topographic feature was located was small.

3.3. Effects of the aluminum base plate

We lastly examined the contribution of the base plate to the
observed topographic amplification. For this purpose, we con-
structed a numerical model of a slope on the surface of a Nevada
sand halfspace (refer to Figure 17). Here, both side boundaries
and base plate were replaced with paraxial absorbing elements
[54], and the incident motion was introduced in terms of inci-
dent stress. For more details on free-field boundary conditions
for 2D site response problems, see Assimaki et al. [2, 53].

Comparison of the median surface-to-baseplate spectral ra-
tios shown in Figure 20 for the sloped and flat ground model
tests revealed that the crest to baseplate ratio of the former,
and the flat ground to baseplate ratio from the latter, are almost
identical in the frequency range 1-3Hz. In other words, in the
frequency range of shaking (1 ∼ 2Hz), the two models have
nearly identical, 1D site response. At frequencies higher than
3Hz, however, we observed a clear evidence of topographic ef-
fects, causing the differences in amplitude at 3.5Hz and 6.5Hz,
which manifest as topography amplification peaks in the ratio
Ah

Crest/A
h
f f shown in Figure 14.

We last compared the experimental topographic amplifica-
tion factor (corrected using equation (5)) to the numerical am-
plification factor of the free-field halfspace model, defined by
equation 8:

S RCrest =
Ah

2D(ω)

Ah
f f (ω)

(8)

where Ah
2D(ω) and Ah

f f (ω) here describe the Fourier amplitude
spectra of the response behind the crest and in the free-field, re-
spectively, computed on the surface of the same model as shown
in Figure 17; in contrast to equation (5), no correction was nec-
essary in this case.

Figure 21 compares the two factors, and reveals fundamen-
tal differences between the numerical free-field halfspace model
and the centrifuge experimental results: the former shows prac-
tically no topographic amplification in the entire frequency range
1-20Hz. Comparison between the free-field numerical mod-
els with and without baseplate (also in Figure 21), both free
of boundary reflections from the centrifuge box, shows that
the topographic amplification of the 30o slope (at 3∼4Hz and
7∼8Hz) most likely manifested as a consequence of energy re-
flections by the baseplate. In other words, the base plate in this
2D model trapped and amplified propagating waves –including
the inclined reflected, converted and scattered from the surface
slope– similarly to a 1D soil layer overlying bedrock. However,
the traditional approach of normalizing the 2D response at the
crest by the corresponding 1D surface motion does not remove
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Figure 17: Finite element mesh with free-field boundary condition. The material and slope geometry are identical, but the model (soils and the aluminum base plate)
is further extended to minimize the lateral boundary effect. Lateral boundaries are treated with paraxial absorbing elements and equivalent nodal forces.

the additional 2D amplification caused by the stiff layer; the to-
pographic amplification with rigid layer is thus higher than the
one resulting from the same geometry on a halfspace.

4. Conclusions

We presented a study where numerical simulations were
used to understand and extend a study of centrifuge experiments
on topographic amplification. First, we used the experimental
data to validate the numerical models. Then, we identified limi-
tations of centrifuge experiments for this class of problems, per-
taining to conflicting constraints of frequency input, material
stiffness, slope size, and container dimensions. Unavoidable
trade-offs in the experimental design led to compromises in the
distance of the scatterer (the slope) from the boundaries, which
likely yielded spurious reflections. Our analysis also suggested
that the rigid-body rocking motion of the centrifuge container
likely increased the experimental topographic spectral ratios,
contributing to the discrepancy between the simulated and ob-
served spectral ratios.

Despite the compromise made in designing the experiment
and the influence of the container rocking, we found that the
lateral boundary effect had a small impact on the crest-to-free
field spectral ratio. Our study also showed that the baseplate
(or a stiff underlying layer in a free-field configuration) was
instrumental in trapping and amplifying the non-1D scattered
waves, which manifested as spectral ratio peaks at 3∼4Hz and
7∼8Hz. In absence of the stiff baseplate, topographic amplifi-
cation would have been much smaller.

Results of this study suggest that topographic effects are sig-
nificantly affected by the underlying soil stratigraphy. Ground
motion amplification on the crest in excess of 1D response was
much more pronounced when we added a stiff layer several feet
below, indicating that soil amplification is coupled with topo-
graphic effects. This finding, consistent with numerous previ-
ous studies [22, 25–30, 55], is contrary to procedures of Euro-
pean design codes [56] and seismological models –where topo-
graphic effects are treated as path effects at best, and are thus
superimposed (uncoupled) to 1D soil amplification factors. In
this context, our study indicates that coupling of soil response
and topographic effects is an important, poorly understood phe-
nomenon that merits additional research, which should be ac-
companied by detailed geophysical investigations on elevated
sites.

More importantly yet, our results demonstrate how com-
bining centrifuge experimental data with numerical simulations
can deepen our understanding of geotechnical earthquake engi-
neering problems. Despite the limitations of the physical and
numerical models presented in this study (e.g. PGA up to 0.6g,
shear strain up to 0.1%, and the effect of container boundary),
they were each invaluable in providing an extensive and essen-
tial validation dataset and parametric search space correspond-
ingly. The validated numerical models further analyzed enabled
us to disentangle the interfering reflected waves recorded in the
centrifuge, and to demonstrate that flexible container tests can
be successfully used to understand the effects of topography in
strong ground motion. Overall, the findings of this study clearly
demonstrate that future studies will benefit from clear under-
standing and careful considerations of capabilities and limita-
tions of the investigation methods and that the numerical mod-
eling and the lab testing (or the field testing) methods should
complement each other.
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Figure 19: Comparison of median spectral ratios at the crest relative to the free
field. The difference between two curves represent the effect of lateral boundary
on the median crest-to-free field spectral ratio.
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